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Preface

The title of the present Doctor of Philosphy (PhD) dissertation is “Targeting Carbonic Anhy-
drases (CAs): Rational Design, Synthesis, Structural Studies and Biochemical Evaluation”.
This thesis describes the three–years research work aimed and develop novel Carbonic
Anhydrase inhibitors (CAIs) by a combination of structural and computational techniques.
The first chapter provides a brief overview of the different families of Carbonic Anhydrases
(CAs) identified so far, their structural features, function, catalytic and inhibition mechanism.
In the second chapter our efforts in the field of search of novel CAs inhibitors targeting the
human and bacterial classes are presented. The discussion focuses on the rational design,
synthetic procedures, the biochemical assessment, Structure Activity Relationships (SARs)
analysis, and investigation of the binding poses of the novel CA inhibitors through theoretical
(molecular docking) or experimental (X-ray crystallography) studies. In details, section 2.1–
2.3. show the results obtained searching for new CAIs targeting the druggable human CA VII,
CA IX and CA XII isoforms. These compounds have been rationally designed on the basis
of structural information collected from literature. The following sections (2.4–2.7) shift
the attention on the potential of CAIs as new agents to overcome the spreading phenomena
of antimicrobial drug resistance. Specifically, these sections explain various drug design
strategies that led us to identification of potent and selective inhibitors against the CAs classes
expressed by the pathogenic species Vibrio Cholerae.
The third part provides a full description of the experimental protocols employed for the
synthesis, the biochemical and pharmacological testing, molecular docking and X–ray crys-
tallographic studies for the novel designed CAIs. The CA inhibition assays were performed
at the University of Florence (Italy) in collaboration with the research group of Professor
Claudiu T. Supuran. The in vivo testing has been carried out in the laboratory of Professor
Giovanbattista De Sarro from the Magna Graecia University of Catanzaro (UniCZ, Italy).
X–ray diffraction data were collected at the Institute of Biostructure and Bioimaging (IBB) of
National Research Council (CNR, Italy) thanks to the collaboration with Dr. Giuseppina De
Simone and coworkers.
A part of this project has been developed during my seven–months external experience at
“The Institute of Organic Chemistry and Biochemistry” (IOCB, Czech Academy of Science)
of Prague (Czech Republic) under the supervision of Dr. Milan Vràbel. In the Appendix of
this dissertation, the research paper titled “Transition Metal–Mediated vs. Tetrazine–Triggered
Release Reaction. Direct Comparison and Combinations Thereof” is attached. This manuscript
documents the personal contribution given to the realization of a innovative project focused
on bioorthogonal release reactions performed during IOCB period.

Keywords: Carbonic anhydrase, inhibitor, sulfonamide, coumarin, synthesis, molecular docking,
X–ray crystallography.
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ABSTRACT

Carbonic anhydrases (CAs, E.C. 4.2.1.1.) are ubiquitous metalloenzymes present throughout
most organisms in all kingdom of life and they are classified in eight evolutionary unrelated
gene families namely α–, β–, γ–, δ–, ζ–, η–, θ–, τ-CAs. CAs catalyze the reversible hydra-
tion of carbon dioxide to bicarbonate and proton. In many organisms, these enzymes are
involved in CO2 and pH homeostasis, transport of CO2/HCO3

-, respiration and a multitude
of biosynthetic reaction [1, 2]. In humans, fifteen isoenzymes belonging to α–class have
been identified (hCAs I–IV, VA and VB, VI–XIV) in numerous tissues and organs. Since
many hCAs have been implicated and extensively studied in a multitude of physiological
processes (gluconeogenesis, lipogenesis, bone resorption, calcification, tumorigenesis, etc.),
the abnormal activity or deregulated expression of specific hCAs have been linked with a
wide array of pathological consequences (epilepsy and others neuropathic pain, osteoporosis,
glaucoma, obesity, cancer, etc.) [3, 4]. For these reasons, in the recent years several human
CAs (hCA VII, hCA IX and hCA XII) became well-established drug targets for designing
CAs modulators endowed with therapeutic and/or diagnostic applications. Although a large
number of molecules have been designed, synthesized and tested for their affinity against
human CAs to date, their use as drugs is still limited due to the lack of selectivity for a
specific isoform and the related wide onset of side effects. Hence, the main challenge in the
development of new CA inhibitors is to find selectivity against isoforms involved in human
diseases and to prevent off-target related side effects that are caused by the inhibition of the
ubiquitous isoforms hCA I and II.
In this scenario, the basis for the rational drug design of more selective compounds can be
provided by structural data on human CA isoforms collected so far and by the inspection of
their complexes with inhibitor molecules. A careful comparison between all the crystallized
hCAs revealed that the main differences in terms of oligomeric structure and sequence among
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A) B)

C) D)

hCA I hCA II

hCA IX hCA XII

Figure A.1: Representation of hCAs I, II, IX and XII binding site with focus on non–conserved
residue 131. In the ubiquitous hCA I and II this residue is a leucine (L131) or phenylalanine (F131)
which, due the bulky side chain, act as “steric blocker” reducing the accessible entrance to the active
site (Panel A and B). The tumor–associated hCA IX and XII possess in this position a residue of
valine (V131) or alanine (A131) which present shorter hydrophobic side chains (Panel C and D).
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the isoenzymes, are observed in the region comprising residues 127-136 located on protein
surface [5], which thus has to be considered the main suggestion in the drug designing of
novel selective hCAs inhibitors. For example, residue 131, located within this “selective
pocket” is not conserved among the different isoforms and it has been well explained that
it plays a critical role in determining compound selectivity (Figure A.1). In general, these
structural differences allow the compounds to easily enter the active site cavity and bind in a
conformation that favors interactions with residues in the hydrophobic pocket controlling
isoform selectivity [6]. Then, it is clear that this “selective valley” located in the rim of the
active site could be targeted to find isoform specific inhibitors. The most popular drug
design strategy employed to strike this specific area is the so called “tail approach”. This
consists in the design of a molecular template containing the portion addressed to catalytic
cavity through the zinc–binder group and an additional fragment (namely “tail”) to the
core structure molecule for enhancing interactions with specific hydrophobic or hydrophilic
residues lined the middle area or the rim of the active site.
In the last decade Gitto R. and coworkers at University of Messina contributed to expand the
chemical space of compounds which affect the catalytic activity of CAs, reporting a collection
of classical CA inhibitors bearing sulfonamide moiety [7–14]. Among them, several inhibitors
proved to be active in the low nanomolar range, but most of them were not characterized
by a good selectivity profile against the druggable isoforms human CAs VII, IX and XII.
Nonetheless, the discovery of these CAIs and the resolution of the X–ray complexes for the
most promising compounds, highlighted new suggestions for the development of novel series
of human CAIs that could specifically bind the target isoforms.
The first part of the research activity of this PhD project focused on the development of
new class of compounds strictly related to previously discovered sulfonamides. Specifically,
the main goal was the improvement of our knowledge about structure–affinity relation-
ships (SARs). Thus, we planned the synthesis of novel sulfonamide–based CAIs bearing
azepine/piperidine/piperazine core that differ mainly in the “tail” molecules. This wide set
of cicloalkylamines were tested against selected hCAs constituting interesting drug targets.
Then, structural and computational studies were carried out in order to investigate the bind-
ing pose of the most intriguing compounds and to identify residues within hCAs active site
involved in the stabilization of the protein–ligand complexes.
As second project of this PhD period, a novel series of non-classical CAIs has been investigated.
Based on the evidence that some coumarins showed high affinity and selectivity against the
tumor associated hCA IX and XII, the natural compound Umbelliferon (7–hydroxycoumarin)
was chosen as template for our novel design. By inserting different substituents on coumarin
core, we obtained a small library of coumarin derivatives. Thus, the evaluation of the in-
hibitory activity revealed that these compounds possessed nanomolar affinity and high
selectivity toward tumor–associated hCA IX and XII.
As it was recently found, three classes of CAs that are α–, β–, γ–CAs, seem to play a crucial role
in the growth, virulence and acclimation for several pathogenic bacteria in the host organism.
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As consequence, prokaryotic CAs represent excellent drug targets for the development of
novel chemotherapic agents. Based on this assumption, in the last part of this PhD course, we
discovered potent and selective inhibitors against the α, β and γ classes of the pathogenic
species Vibrio Cholerae (VchCAα, β, γ) by means of computer assisted drug design. Notably,
we disclosed the first modelled “open active site” of VchCAβ, as useful tool for the investigation
of binding mode of VchCAs inhibitors and as potential tool for a future structure-based drug
design.
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1

INTRODUCTION1
Chapter 1

1.1 Overview on Carbonic Anhydrases

Carbon dioxide (CO2) represents the primary source of carbon for all living organisms and it
plays a key role in the global carbon cycle. When CO2 dissolves in water and in absence of
a catalyst, it forms the unstable carbonic acid (H2CO3) that spontaneously dissociates into
bicarbonate and proton (Figure 1.1, reaction (I)). Carbon dioxide, bicarbonate and protons are
essential molecules/ions in many physiologic processes and the equilibration of these species
is assured by the action of a class of enzymes named carbonic anhydrases (CAs, EC 4.2.1.1).
CAs are found in almost all organisms that require these biological catalysts to manage the
great amount of carbon dioxide and to control the acid–base imbalance [2, 15–17].
CAs type also possess ability to hydrate further small molecules such as COS, CS2, cyanamide
leading to urea (Figure 1.1, reactions II–IV). In addition, the aldehydes have shown to be
hydrated to gem diols by CAs, whereas the esterase activity with carboxylic acid esters, sul-
fonic acid esters, phosphate esters (Figure 1.1, reaction V–VII), and thioesters have been also
reported. It is unclear if these additional reactions might be physiological relevant, although
the reported thioesterase activity may interfere with the generation of acyl–coenzyme A, thus
emerging derivatives thus possessing a relevant biological function.
So far eight CA genetic families are known: α–, β–, γ–, δ–, ζ–, η–, θ–, and the most recently
reported τ–CAs. The α–CAs are expressed in vertebrates, in many Gram negative bacteria,
protozoa, algae and green plants; the β–CAs are found in both Gram negative and positive
bacteria, algae, chloroplasts of mono– as well as di–cotyledons, and also in many fungi and
some Archaea. The γ–CAs were found in Archaea, cyanobacteria and most types of bacteria;
the δ– and ζ–CAs seem to be present only in marine diatoms. A unique η–CA has been found
in the protozoa Plasmodium Falciparum. A θ–CA has been identified in the marine diatom

1



1. Introduction

(I)

(II)

(III)

(IV)

(V)

(VI)

(VII)

Figure 1.1: CA–catalyzed hydrolytic reactions.
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1.2 – Structural features and catalytic mechanism of CAs

Phaedaodactylum tricornutum. Recently, a τ–CA has been found in marine phytoplankton
Thalassiosira pseudonana [16, 18–21].
In many organisms, these enzymes are involved in crucial physiological processes such as CO2
homeostasis, transport of CO2/HCO3–, respiration and a multitude of biosynthetic reaction,
such as gluconeogenesis, lipogenesis and ureagenesis. In addition, in mammals, CAs are
involved in secretion of electrolytes in tissues and organs, in many metabolic reactions and
others physio–pathological processes. In plants, algae and cyanobacteria, CAs play a crucial
role in photosynthesis; in marine diatoms, they play a role in CO2 fixation and in the SiO2
cycle [1, 16].

1.2 Structural features and catalytic mechanism of CAs

A large number of crystallographic and kinetic data elucidated the relationship between CAs
structures and their function. The CAs are metalloenzymes catalytically effective when a metal
ion is bound within the active site cavity, assuming a characteristic pattern of coordination
for which the metal ion(II) displays a tetrahedral geometry, three coordinating amino acid
residues and one water molecule or hydroxide ion that complete the coordination sphere.
In all eight genetically distinct families Zn (II) can be found, although it is exchangeable with
Co (II) in α–CAs without a significant loss of catalytic activity; Cd (II) has been found in ζ

class and Fe (II) in γ–CAs in anaerobic conditions [16, 22]. In the α, γ and δ–CAs the Zn (II) is
tetrahedral coordinated by three residues of histidine (His) and a water molecule/hydroxide
ion (Figure 1.2, Panel A). Regarding the β and ζ classes, the amino acid residues are two
cysteine (Cys) and one His (Figure 1.2, Panel B)[1, 2, 16].
Among the β–CAs class it is possible to distinguish two different subtypes: in the type I–
β-CAs (i.e. enzyme with an “open” active site) a water molecule or hydroxide ion represents
the fourth zinc ligand (Figure 1.2, Panel B), whereas in the type II– β–CAs (i.e. enzymes with
a “locked” active site) OH– is replaced by an aspartate (Asp) residue (Figure 1.2, Panel C).
Covarrubias et al. [23] highlighted that the “locked” active site of the II– β-CAs subtype
is transformed in a corresponding “open” form at pH values > 8.3 with cooperation of
arginine (Arg) residue that participates in the formation of a salt bridge with the coordinating
Asp residue. The formation of this bond makes free the metal ion for an incoming water
molecule/hydroxide ion, obtaining so a catalytically active species. By computational studies
it has been suggested the distinctive coordination mode for η–CAs, for which two His,
glutamine (Gln) and a water molecule/hydroxide ion are bound to Zn (II) [24]. CAs are among
the fastest enzymes known, they displaying a maximum catalytic efficiency approaching the
diffusion limit of 108 M-1s-1 in some α– and ζ–CAs. The efficient catalytic activity is also
linked to a singular architecture shared by all CAs. There are two different environments,
one constituted by hydrophobic residues and the other one lined by hydrophilic amino acidic
residue. A plausible explanation attributes to the hydrophobic wall the role of CO2 trapping.
In turn, the hydrophilic region is the way out for the polar species (bicarbonate and protons)

3
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A) B)

C) D)

Figure 1.2: Metal ion coordination pattern in the different CAs families. Panel A): α–, γ– and
δ–CAs: the three His residues in α and δ classes come from the same monomer, whereas in the
γ–CAs one residue is from an adjacent monomer. Panel B): β–CAs type I in its “opened” active site
form; the Cd–bound ζ–CAs shared the same coordination pattern. Panel C): β–CAs type II in its
“closed” active site form; an Asp residue constitutes the fourth zing ligand. Panel D): η–CAs class.

generated by CO2 hydration. This aspect has been confirmed at least for the proton release
pathway, in which a network of His residues and water molecules were shown to be involved.

As depicted in the following Equation 1.1a–1.1b, CAs employ a two steps catalytic mecha-
nism, in which the main active species is the metal hydroxide complex (EZnOH-). In the
first reaction step the nucleophilic species EZnOH- attacks the CO2 molecule located to a
hydrophobic pocket thus generating EZnHCO3- species. Then, HCO3

- is removed from the
active site by an incoming water molecule that determines the generation of the zinc bound
water molecule (EZnH2O). In the second and rate–determining step, EZnH2O is deprotonated
to regenerate the EZnOH- nucleophilic species by means of a proton transfer reaction from
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the EZn–H2O to an exogenous proton acceptor or to an active site amino acidic residue.

1st step : EZnOH− + CO2
 EZnH2O + HCO−3 (1.1a)

2nd step : EZnH2O + B
 EZnOH− + BH+ (1.1b)

A) B)

C) D)

Figure 1.3: Panel A): Monomeric α–CA: human CAs II (PDB code: 1F2W); Panel B): dimer of
dimers (tetramer) β–CA: Vibrio cholerae carbonic anhydrases (VchCAs; PDB code: 5CXK); Panel
C): trimeric γ–CAs from the archeon Methanosarcina Termophila (PDB code: 1THJ); Panel D):
monomeric ζ–CAs: R3 domain Cd(II)–bound from diatom Thalassiosira Weissflogii (PDB code:
3UK8).
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The oligomer state of CAs superfamily, is highly variable. Most of α–CAs enzymes exist as
monomers (Figure 1.3A), but homodimers are also reported for several human and bacterial
enzymes. The protein fold of β–CAs consists of a dimer, despite for some isoforms have been
observed a tetrameric state (dimers of dimers) (Figure 1.3B) or multiples of such homodimers
(mainly in higher plants). The catalytically active unit of γ–CAs has been characterized from
the methanogenic archeon Methanosarcina Termophila and it consists of a trimer with three
zinc–containing active sites, each located at the interface between two monomers (Figure 1.3C)
[25]. The ζ–CAs seems to be monomeric enzymes (Figure 1.3d), as observed for the enzyme
isolated from the marine diatom Thalassiosira Weissflogii, but the full–length enzyme consists
of three almost identical units (R1, R2 and R3) [22]. To date, representative isoforms for the
classes δ–, η–, θ– and τ–CAshave not yet been crystallized. However, preliminary homology
models have been reported for η–CAs from the pathogenic Plasmodium falciparum.

1.3 Inhibition and activation of carbonic anhydrase activity

CAs inhibition and activation mechanisms are well–understood processes; even though new
findings continue are emerging in this area. Inhibitors of these metalloenzymes (CAIs) started
to be studied more than 60 years ago and they found pharmacological application for the
treatments of a wide range of human diseases; the activators of CAs (CAAs) have not yet
found a clinical use.
To date, five different inhibition mechanisms are known so that they include:
i) The zinc–binders, including sulfonamides and their bioisosters (sulfamates, sulfamides,

etc), inorganic anion, hydroxamates, carboxylic acids, benzoxaboroles, phosphates, dithio-
carbamates and bioisosters, etc [4, 17, 26–30].

ii) Compounds anchoring to the zinc-coordinated water/hydroxide ion species, among
which are phenols, phenolic derivatives, polyamines, sulfocoumarins, etc [31–34].

iii) Compounds that produce active site entrance occlusion coumarins, six–membered lac-
tones, thiolactones and quinolinones [35–37].

iv) Compounds that bound out of the active site as for 2–(benzylsulfonyl)–benzoic acid [38].

v) Compounds that act with an unknown mechanism, tertiary sulfonamides, imatinib and
nilotinib, N–substituted saccharin, and so on [39].

The deprotonated form of primary sulfonamide (R–SO2NH2) is the most efficient and com-
monly use zinc binding group (ZBG) useful to design CAIs [1, 16]. Indeed, at least twenty
sulfonamides are in clinical use for decades and some of them have recently entered the
clinical trial phase [2, 4]. A detailed discussion about the pharmacological activity of CA
inhibitors, their actual clinical uses and the potential future medical applications, is reported
in Section 2.1.2.
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1.3 – Inhibition and activation of carbonic anhydrase activity

A) B)

C) D)

Figure 1.4: Schematic representation of inhibitory mechanism within CAs. Panel A): Zn–binders:
compounds which anchor to the Zn ion through a metal binding group (MBG). Panel B): Compounds
which anchor to the Zn(II)–coordinate water molecule/hydroxide ion. Panel C): Compounds that
occlude the active site entrance. Panel D): Compounds that bind out of the active site.

The first evidence that sulfonamides could act as efficient CAIs came from a study on the sim-
ple prototype sulfanilamide as reported in literature in 1940 [41]. Since this pioneering work,
this class of compounds has been widely investigated by means of kinetic, crystallographic
and pharmacological studies. Subsequently, a large number of substituted-sulfonamides have
been designed and tested for their CAs inhibitory activity. Benzenesulfonamide derivatives
represent the most common and well–characterized class of zinc–binders [17]. The literature
reports a large number of structural studies of sulfonamides in complex with different classes
of CAs, especially with for predominant human α–CA isoform II. It has been demonstrated
that benzenesulfonamides shared similar the interactions found for prototype benzenesulfon-
amide 1: the sulfonamide group is involved in the canonical interaction with Zn (II) metal
ion and the gate-keeper T199, whereas the phenyl ring establishes van der Waals interactions
with the key amino acid residues Q92, V121, F131, L198 and T200 (Figure 1.5).
The main sulfonamide bioisosters are sulfamide and sulfamate ones as ZBGs, in which an
additional electron–withdrawing atom/group (NH or O respectively) is connected to the
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A) B)

1

Figure 1.5: Panel A): Benzenesulfonamide (1) complexed with hCA II (PDB code: 2WEJ) [40].
The protein backbone is represented as surface. Panel B): Representation of the binding pocket of
hCA II/1 complex showing residues involved in the recognition process of the inhibitor molecule;
Chemical structure of compound 1.

sulfamoyl moiety, thus originating compounds with the general formula R–NH–SO2NH2 and
R–O–SO2NH2 [4, 17]. Structural studies demonstrated that the presence of this additional
heteroatom improves the network of hydrogen interactions as more efficient CA ligands [2]
(Figure 1.6).
Over the years, carboxylates, hydroxamates (Figure 1.7, compound 2 [28]) phosphonates
(phosphonoformic acid, compound 4 [42]) have been considered novel ZBGs. Most recently,

A) B)

Figure 1.6: Schematic representation of the binding pose of sulfamide (Panel A) and sulfamate
(Panel B) within hCA II active site.
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2 3 4

5 6 7

Figure 1.7: Chemical structures of non-classical zinc binders (derivatives 2–7).

A) B)

Figure 1.8: X–ray adducts of non–classical zinc binders. Panel A): N–(Hydroxy)–benzamide
(2) in complex with hCA II (PDB code: 4FL7) [28]; Panel B): 4–cyano–4–phenylpiperidine–1–
carbodithioate (7) in complex with hCA II (PDB code: 3P5L) [27].
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the X–ray adduct of simple inorganic anion trithiocarbonate (PDB code: 3K7K) with hCA II
inspired novel zinc binders chemotypes as dithiocarbamates (DTCs) (see Figure 1.8), xanthates
and thioxanthates [43]. In addition, the salycilaldoxime scaffold has been recently identified
as new intriguing ZBGs for the development of new CAIs. These prototypes generally bind
to the CAs active site as in their deprotonated state; they coordinate the Zn (II) ion in the
bottom of the catalytic pocket and replace the nucleophile water molecule/hydroxide ion.
A schematic representation of CA inhibition mechanism within hCAs with zinc binders is
shown in Figure 1.4. X–ray crystallographic studies confirmed this for all the chemotypes of
CAIs above mentioned (Figure 1.8), except for the xanthates and salycilaldoxime for which
computational docking methods revealed a hypothetical inhibition mechanism.
An increasing number of non zinc-binding CAs inhibitors has been recently reported. The
simple molecule of phenol (Figure 1.9, compound 8) was the first compound for which it
was investigated the ability to inhibit CAs by anchoring to the zinc–bound water molecule.
This alternative mechanism of action has been confirmed for various phenolic derivatives
(Figure 1.9, compound 8–9), some carboxylates (Figure 1.9, compound 10), polyamines

Phenol, 8 Resorcinol, 9 10 Xylariamide A, 11

Spermine, 12 Spermidine, 13

6–bromo–sulfocoumarin, 14 15

Figure 1.9: Chemical structures of non–zinc binding inhibitors 8–15.
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A) B)

C) D)

Figure 1.10: Several X–ray adducts of CAIs and the peculiar water–mediated binding to zinc–.
Active site view of hCA II in complex respectively with 2,5–dihydroxybenzoic acid (10) (Panel A,
PDB code: 4E3D) [44], Xylariamide A (11) (Panel B, PDB code: 3P4V) [45], spermine (12) (Panel
C, PDB code: 3KWA) [32] and with the hydrolysis product of 6–bromo–sulfocoumarin (14) (Panel
D, PDB code 4BCW) [33]. The protein backbone is depicted as yellow–orange ribbon. Amino acidic
residues involved in the recognition processes are shown as sticks. Zinc is showed as yellow sphere.
Water molecules are shown as red circles.
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(spermine 12 and spermidine 13), and sulfocoumarins (Figure 1.9, compound 14 [33]) by
means of kinetic and X–ray crystallographic studies. As depicted in Figure 1.4 (Panel B), this
class of CAIs is characterized by the presence of an anchoring group (AG) through which
they bind to the zinc coordinated water molecule/hydroxide ion. These AGs include OH,
primary amines, COOH, COOMe, SO3H moieties. The AG is generally attached to a scaffold
bearing a tail, which can interact with the two halves of the catalytic pocket (as seen or the
zinc–binders) catching additional interactions. X–ray crystal adducts of various isoforms in
complex with these chemotypes are available and some of them are reported in Figure 1.10.

Particularly, the X–ray crystal structure of spermine (12) in adduct with hCA II was solved
(Figure 1.10 [32], Panel C); the analysis of this structure clearly shows that spermine binds
CAs active site in a completely different orientation when compared to canonical binding
mode of sulfonamides. Indeed, the polyamine assumes a coiled conformation within hCA II
active site, and it binds the hydroxide ion by means of a strong hydrogen bond involving one
of its ammonium moiety. The same chemical moiety is able to create a further hydrogen bond
contact with the crucial gatekeeper residue T199. Additional hydrogen bonds with T200 and
P201 and several van der Waals interactions with different residues contribute to stabilize the
complex and exert CA isoform selectivity. As shown in Figure 1.11, X–ray crystallographic
experiments evidenced a similar binding pose for 2,5–dihydroxybenzoic acid (10) [44] and
Xylariamide A (11) [45] as well as for the hydrolysis product of 6–bromo–sulfocoumarin (14)
[33]. In this latter case the AGs is identifiable in the SO3H moiety.

The occlusion of the active site entrance can be considered the third mechanism of CAs
inhibition. A schematic representation is reported in Figure 1.4 (Panel C). It was evidenced
for the first time for coumarins, but thereafter other compounds have shown to act with a
very similar mechanism of action (quinolinones, six–membered lactones and thiolactones, the
anti–epileptic drug lacosamide and substituted coumarins) [35, 36, 46]. The first derivative
for which it was observed this singular mechanism of inhibition was the natural product 16
isolated from the Australian plant Leionema Ellipticum. X–ray crystallographic studies on the
6–(1S–hydroxy–3–methylbutyl)–7–methoxy-2H–chromen–2–one (17) or the simple coumarin
(16), in complex with hCA II demonstrated that coumarins (and sulfocoumarins) can act as
prodrugs in human CAs (Figure 1.11, Panel B). Indeed, the α–CAs possess esterase activity
which is responsible for the formation of 2-hydroxycinnamic acid derivatives (Figure 1.11,
Panel A). Interestingly, the binding interaction occurs in a region of the CA active site far
away from the metal ion. In particular, coumarins bind at the entrance of catalytic site which
is the region with the minor number of conserved residues among the different CAs and this
aspect justify the advantageous selectivity profile detected for a large number of coumarin
derivatives. In detail, several coumarins bind the enzyme cavity through a sticky group (SG)
attached to the heterocyclic scaffold which can also incorporate a tail which may be potentially
able to establishes additional interaction away from the catalytic hole (Figure 1.4C) [17].

The last known mechanism concerns compounds able to bind out of the active site (Figure 1.3,
Panel D). A structural study of the adduct of 2–(benzylsulfonyl)benzoic acid (18) with hCA
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A)

16

16a

17

17a

B)

Figure 1.11: Panel A) Chemical structures of 2H–chromen–2–one (16, coumarin) and 6–(1S–
hydroxy–3–methylbutyl)–7–methoxy–2H–chromen–2–one (17) and their corresponding hydrolytic
products. Panel B) Binding mode of the hydrolytic products of coumarins 16 (16a, in pink stick)
and 17 (17a, in green stick) within hCA II active site. The protein backbone is represented as wheat
ribbon, the Zn (II) ion is depicted as yellow sphere. The catalytic triad (His95, His96 and His119)
is evidenced as wheat sticks.

A) B) C)

18

Figure 1.12: Panel A): 2–(benzylsulfonyl)benzoic acid (18) in complex with hCA II. The protein
backbone is represented as grey surface. Residues delimiting the cavity are highlighted in pink.
Panel B): Representation of the binding pocket of hCA II/(18) complex (PDB code: 4QY3) showing
residues involved in the recognition process. Panel C): Chemical structure of compound 18.
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II (Figure 1.12) suggests that there is not the binding of any inhibitors to the metal ion and
not even to adjacent amino acid residues. Indeed, the carboxylate of compound 18 binds in a
suitable pocket located near to protein surface at a distance of about 14 Å from the Zinc ion;
polar interactions created an additional stabilizing network. In particular, one oxygen atom of
the carboxylate moiety accepted a H–bond interaction from the amino function of Y7, whereas
the other oxygen atom interacts with N11 (Figure 1.12, Panel B). Furthermore, the two oxygen
atoms are involved in two strong hydrogen bonding interactions with water molecules which
in turn are linked to G6 and to the proton shuttle H64. This latter water-mediated interaction
with the hCA proton shuttle, exerts a blockage for this crucial residue in its “out” conformation
disabling the entire catalytic cycle. Additional details for the key function of H64 residue in
hCAs are reported in Section 2.1.1. Moreover, the organic scaffold of 18 is stabilized into hCA
II binding pocket by means of numerous van der Waals contacts involving W5, G6, Y7, G8
and E239. Finally, the benzyl moiety interacts with F231 and N232.
The binding of inhibitors in this surface cavity had already been observed for other carboxy-
lates [44], namely 19 and 20. The structural superposition of the binding poses of these two
latter and of the 2–(benzylsulfonyl)benzoic acid (18) (Figure 1.13) [38], highlighted that the
phenyl ring assumes the same conformation and that the two water–mediated interactions
and the H-bonds network with Y7 and N11 are well conserved. Nonetheless, hCA II–19 and
hCAII–20 complexes evidenced that a further inhibitor molecule is bound to the zinc ion.
The fourth inhibition mechanism above described is well understood and several inhibitors

A)

19 20

B)

Figure 1.13: Panel A) Chemical structures of carboxylates 19 and 20. Panel B) Structural
superposition of 18– (purple sticks), 19– (deepteal sticks) and 20–hCA II (yellow sticks) complexes.
Residues involved in the binding recognition process are shows as sticks.
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Histamine, 21 DL–Hystidine, 22a and 22b
DL–Phenylalanine,

23a and 23b

DL-Tryptophan, 24a and 24b L–Adrenaline, 25

Figure 1.14: Chemical structures of several CAAs.

were highly investigated by means of X–ray crystallographic studies and kinetic measure-
ments. However, to date many classes of compounds that show inhibitory CAs activity with
an unknown mechanism of action have been reported. Generally, the non-understanding
mechanism of action is related to the low solubility of these CAIs. The secondary sulfon-
amides, as well as the tertiary, represent a classical examples of CAIs which act with an
unknown mechanism of action. Although some of these derivatives showed CA inhibitory
properties, their mechanism is still unclear. These compounds are unable to bind within the
active site due to the steric hindrance of side chain bound to sulfonamide moiety [39].
CAs activators (CAAs) have been a controversial topic for long time and their potential
clinical application started to be recently investigated . The CA activation phenomena was
reported for the first time in 1940s, for amines, amino acids and peptides. Since these early
discoveries, it started a long period of disputes because many researchers claimed that an
efficient catalyst, such as CAs, did not need to be activate. Only since 1990s, when it became
possible to work with extremely pure enzymes and accurate biochemical techniques, such as
stopped–flow assay, the existence of CAAs was then confirmed [16]. Following this, a general
CAAs mechanism of action has been proposed and it is summarized in the Equation 1.2:

EZnH2O + A
 [EZnH2O−A]

[
EZnOH− −AH+]
 EZnOH− + AH+ (1.2)

The activation mechanism of CAs has been investigated by kinetic, electronic spectroscopy,
crystallographic measurements. The binding of CAAs to several CAs isoenzymes, evidenced
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Figure 1.15: Superposition of CAAs in complex with hCA II. The selected activators are: histamine
21 in green (PDB code: 1AVN) [49], D–Hys (22a) in yellow (PDB code: 2EZ7) [50], D–Phe (23a)
in salmon (PDB code: 2FMZ) [51], D–Trp (24a) in deepteal (PDB Code: 3EFI) [52]. The enzyme
backbone is shown as pink surface, the zinc ion as yellow sphere. The enzyme proton shuttle His64
is evidenced as cyan stick.

activator to interfere with the rate–determining step of catalytic cycle that is the protons
shuttling between the Zn bound water molecule (EZnH2O) and the medium. CAAs hve
been hypothesized to act as exogenous proton acceptors as demonstrated by means of X–ray
data for histamine (21) in complex with hCA II. These data were corroborated by further
experiments for D– and L–Hys (22a and 22b respectively) bound to hCA I and II (Figure 1.15),
D– and L–Phe (23a and 23b), D–Trp (24a) and L–adrenaline (25) bound to hCA II [47, 48].

As shown in Figure 1.15, activators generally establish profitable contacts in the same region
of CAs catalytic cavity, also known as “Activator binding site A”. This binding area is located
in the opposite part of the active site region and in proximity of proton shuttle H64; it has been
supposed that the CAAs are able to create interactions with amino acids/water molecules. It
has been reported for D–Trp (24a) a further binding site named “Activator binding site B”
(see Figure 1.15). However, the amino and carboxylic moiety of D-Trp is retained in almost
the same region of the active site occupied by the other activators. Currently, X–ray adducts
are reported exclusively for hCA I and hCA II and CAAs, a wide panel of compounds has
been screened for the activation of all CAs classes (α–, β–, γ–, δ–, ζ–, η– and τ–CAs).

Therefore, the CAAs research field might be exploited in a near future. Actually, CAAs could
be employed for the treatment of CAs–deficiency syndrome for many mammal isoforms,
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that is a recessive disorder that produce renal tubular acidosis, osteopetrosis and cerebral
calcification, but also potential cognitive defects, short stature, development delay and history
of multiple facture by adolescence [53]. Again, interestingly CAAs could be useful to fight
memory disorder, considering that several animal models showed that the administration of
CAAs induced an enhancement of spatial memory and learning.
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RESULTS2
Chapter 2

2.1 The family of α–Carbonic anhydrases

Among the CA gene families, the α–CAs was the first to be discovered in 1933 in human ery-
throcytes [54], then, different α–CA isoforms have been identified in many living organisms.
The α–CAs from vertebrates have been largely investigated from a structural/biochemical
point of view [16, 21, 24, 54–60]. These numerous studies led to the identification of 15 dif-
ferent α–CAs isoforms, which differ for catalytic properties, oligomeric structure, tissue and
cellular distribution in mammals and others in nonmammalian vertebrates [3]. Nevertheless,
despite the biochemical heterogeneity, α-CAs present the same active site scaffolding (for
more details see section 1.2).

2.1.1 hCAs: distribution, kinetic properties and physio-pathological roles

Among the 15 human α–CAs (hCAs) identified so far, only twelve isoforms are catalytically
active (CAs I–IV, VA and VB, VI, VII, IX, XII and XIV), whereas the so called CA–related
proteins (CARPs, VIII, X and XI) are devoid of any catalytic activity due to the absence
of the crucial three histidine residues coordinating the zinc ion in catalytic cycle [3, 16].
Based on the different cellular localization the hCAs are classified in five cytosolic isoforms
(hCAs I, II, III, VII and XIII), four membrane–bound isoforms (CAs IV, IX, XII and XIV), two
mitochondrial ones (CAs VA and VB) and one single isoform secreted in milk and saliva
(CA VI) [55]. Several kinetic studies have highlighted the different catalytic effectiveness
of these isoenzymes, showing that the most efficient catalyst for the CO2 hydration process
is the hCA II with a Kcat/KM equal to 1.5 × 108 M-1s-1 (meaning that 108 CO2 molecules
are hydrated to bicarbonate in one second) [2]. The other measured kinetic constants are
summarized in Table 2.1. The molecular determinants responsible for their very different
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Kcat/KM
(M-1s-1)

ORGAN/TISSUES
DISTRIBUTION

CELLULAR/SUBCELLULAR
LOCALIZATION

PATHOLOGIES IN WHICH THE
ISOFORMS ARE INVOLVED

hCA I 5.0× 107 Erythrocytes, eye,
gastrointestinal tract

Cytosol Retinal/cerebral edema [61]

hCA II 1.5× 108

Erythrocytes, eye,
gastrointestinal tract,

bone osteoclasts,
kidney, lung testis, brain

Cytosol
Glaucoma, edema, epilepsy,

altitude sickness,
cancer [62–66]

hCA III 2.5× 105 Adipocytes, skeletal,
muscle

Cytosol Oxidative stress [67]

hCA IV 5.1× 107
Kidney, lung, colon,

heart muscle, pancreas,
brain capillaries, eyes

Membrane-bound
Glaucoma, retinis

pigmentosa, stroke [66]

hCA VA 2.9× 107 Brain, liver Mitochondria
Diabetic cerebrovascular
disease, obesity [68, 69]

hCA VB 9.8× 107

Gastrointestinal tract,
spinal cord, kidney,
pancreas, skeletal
muscle and heart

Mitochondria Obesity [69]

hCA VI 4.9× 107 Salivary and mammary
glands

Secreted Cariogenesis [70]

hCA VII 8.3× 107 Central nervous system
(CNS)

Cytosol
Epilepsy,

neuropathic pain [71]

hCA IX 5.4× 107 Gastrointestinal mucosa,
tumoratumors

Trans–membrane Cancer [72]

hCA XII 3.5× 107
Intestinal, reproductive
and renal epithelia, eye,

tumors
Trans–membrane

Cancer,
glaucoma [66, 72, 73]

hCA XIII 1.1× 107 Reproductive tract, gut,
lung, brain, kidney

Cytosol Sterility [55]

hCA XIV 3.9× 107 Skeletal muscle, liver,
kidney

Trans–membrane Epilepsy, retinopathies [63, 74]

Table 2.1: Organ/tissues distribution, cellular localization and diseases in which hCAs are involved.

catalytic efficiency have been identified in the presence of the histidine–64 residue that
facilitates the rate-limiting step acting as proton shuttle. Indeed, H64 is not present in the
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inefficient catalytic isoform, hCA III. The rate of the proton transfer process is also dependent
by the network of water molecules that connect the zinc–bound water molecule to the proton
shuttle residue: these molecules are stabilized by polar interaction with amino acid residues
of the active cavity. Therefore, it is clear that even few amino acid variation can significantly
affect catalytic efficiency for the isoforms [75–77]. The human CAs tissue distribution and
their physiological roles have been widely investigated. These studies highlighted that some
isoforms, such as hCA I and hCA II, are ubiquitous, whereas the distribution of many others
is confined to specific organs or tissues as summarized in Table 2.1.
The presence of hCAs in so many tissues and organs justify the plethora of physio-patological
processes in which these enzymes play an important role, among which pH and CO2 home-
ostasis, respiration and transport of CO2/HCO3

- between metabolizing tissues and excretion
sites (lungs, kidneys), electrolytes secretion, biosynthetic reaction, calcification, bone resorp-
tion and tumorigenicity [16, 55, 60–69, 71–74]. Therefore, it is evident that a wide array of
pathological consequences might occur as a result of a dysregulated expression or abnormal
activity of the various CAs. Table 2.1 collects the diseases in which the twelve catalytically
active human α–CAs isozymes play a determinate role. Therefore, in the last decades CAs
have been identified as molecular target for the development of inhibitors (CAIs) or activators
(CAAs) with diagnostic and/or therapeutic applications [2, 16].

2.1.2 CAIs in pre–clinical and clinical use

CAIs are mainly diuretic drugs with a wide variety of FDA-approved applications which in-
clude the treatment of elevated intraocular pressure (glaucoma), idiophatic intracranial hyper-
tension (IIH), edema due to congestive heart failure, epilepsies and prophylaxis of altitude sick-
ness. Acetazolamide (AAZ, 26), methazolamide (27), ethoxzolamide (28), dichlorophenamide
(29) and sulthiame (30) represent the first generation of CAIs, which are still in use as systemic
drugs for the management of the above mentioned disorders. Unfortunately, the systemic
use of CAIs is limited, due to the risk of serious adverse effects, such as metabolic acidosis,
hepatic failure, hypokalemia and so on. The topically active agents dorzolamide (31) and
brinzolamide (32) belong to the second generation of CAIs and they are drugs of choice for
the treatment of glaucoma [4, 16, 65, 78–83]. This class of drugs also includes compounds for
which the CA inhibitory properties were discovered after they were launched for other thera-
peutics applications, such as the anticonvulsants topiramate (TPM, 33) [84] and zonisamide
(34) [85], the COX-2 inhibitors celecoxib and valdecoxib (35-36) [86], the dopamine antagonist
sulpiride (37), the sweetener saccharine (38) [87], as well as the indoleamine–2,3–dioxygenase
inhibitor epacadostat (actually in Phase III clinical trials as antitumor agents) [88]. All these
derivatives share the presence of sulfonamide, sulfamate or sulfamide moieties. The main
drawback of most of the above–mentioned sulfonamides and congeners is the lack of isoform
selectivity that justifies their side effects and limited their use. Nonetheless, these compounds
resulted essential for the development of the third generation of CAIs from which the ureido
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substituted-benzenesulfonamide SLC–0111 43 is a promising antitumor agent that selectively
targets the two tumor–associated isoforms hCA IX and XII [89].
SLC-0111 entered in Phase I clinical trials for the treatment of metastatic solid tumors in 2014,
whereas Phase Ib/II are still ongoing in open-label study in combination with IV gemcitabine
in CA IX positive subject. Apart from the applications mentioned up to here, in the last years
the CAIs demonstrated to be useful for the treatment of other human disorders [90].

2.1.3 Human α–CAs as drug targets

Although the role of CA I is still obscure, several evidences demonstrated that this isoform is
involved in diabetic macular edema, proliferative diabetic retinopathy and anemia [16, 91].

Acetazolamide, 26 Methazolamide, 27 Ethoxzolamide, 28

Dichlorophenamide, 29 Sulthiame, 30 Dorzolamide, 31

Brinzolamide, 32 Topiramate, 33 Zonisamide, 34
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Celecoxib, 35 Valdecoxib, 36 Sulpiride, 37

Saccarine, 38 Epacadostat, 39 Furosemide, 40

Hydrochlorothiazide, 41 Indapamide, 42 SLC–0111, 43

Figure 2.1: Chemical structures of sulfonamides and sulfamates CAIs (26–42) in therapy or clinical
trials (43).

Altered levels of activity of the physiologically dominant CA II have well-known pathological
consequences, such glaucoma, edema, epilepsy, some form of cancers, mountain sickness and,
plausibly, also osteoporosis and atherosclerosis[65, 66, 72, 81, 92, 93]. CA III has been recently
proposed to be associated with acute myeloid leukemia and carcinoma progression, so CA III
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specific inhibitors may be useful against tumor proliferation and invasiveness in myeloid and
liver tissue [94]. Data are available on the involvement of CA IV in retinal pathogenesis and
the ability of dorzolamide (31) to provide protection against cell death; based on this evidence
CA IV inhibitors might be efficient agents for managing retinitis pigmentosa [95, 96]. The
involvement of CA VA and VB in metabolic processes and the evidence that the antiepileptic
drugs topiramate (33) and zonisamide (34) induce severe weight loss in obese patients led
to a growing interest in CA V as novel target for the treatment of obesity [69, 97]. It could
speculate that CA VI is involved in the onset of caries and therefore that its inhibition could
reduce cariogenesis [70]. In the aforementioned scenario of CAIs application as anticonvulsant
agents, isoforms specific inhibitors of CA VII may represent safe and efficient drugs in the
management of febrile seizure or other epileptic syndromes [98]. Considering that the use
of acetazolamide in combination with midazolam affect positively neuropathic allodynia
after spinal nerve damage, CAVII together with CAII can represent new targets for the
management of neuropathic pain [99]. The two tumor-associated CA IX and XII are object of
intense drug design campaigns, since they are validated as both therapeutic and diagnostic
targets [60, 100]. Among these, CA IX is the most investigated one because the constitutive
expression of this isoenzyme is limited, reducing the potential off target effects on normal
tissues [101]. Its expression in tumors is modulated by hypoxia–inducible factors (HIFs) as
response to decreasing oxygen levels and increased cell density. CA IX has been observed in
many aggressive tumors (brain, breast, bladder, cervix, colon, etc.) and an overexpression is
linked to poor prognosis, chemotherapeutic resistance, and poor clinical outcome. This aspect
explains why this isoform serves as prognostic/predictive factor for hypoxic and malignant
tumors [102]. Contrary, CA XII has been observed in many organs/healthy tissues (pancreas,
appendix, colon and so on) and its expression in tumors is not controlled by HIFS, though
observed in hypoxic condition. Because CA XII is regulated by estrogen, this isoform is
strongly associated with breast cancer. The use of selective CA IX and CA XII inhibitors was
shown to lead to the inhibition of primary tumors growth and metastatic processes, as well
as reduction of cancer stem cell population. It is therefore clear why there is an increasing
interest in new class of CAIs, prevalently for application in oncologic area. In addition, the
discovery of the overexpression of CA IX and XII in the inflamed synovium of patients with
arthritis paved the way to a new and unexplored research area. Considering the relevance of
pH and ion homeostasis in reproductive organs to ensure a normal fertilization, the use of
CA XIII inhibitors could be used for the development of anti–contraceptive agents. Finally,
several studies reported the involvement of CA XIV in the onset of seizures and some types
of retinopathies. Although CA I, III, IV, XIII and XIV are involved in serious pathological
conditions, these isoforms have not been studied in depth and are still considered “orphan
targets”. On the contrary, many drug design and structural biology efforts have been focused
on the well explored isoforms CA VII, IX and XII.
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2.2 Our focus on classical CAIs targeting druggable hCAs: discov-
ery of a promising template and structural modifications

In the last decade, Gitto and coworkers contributed to improve the knowledge about the
structure–affinity/activity relationships (SARs) of CAIs bearing sulfonamide moiety [7–14].
In particular, previous studies allowed the identification of a large numbers of potent hCAIs.
Among them, the arylsulfonamide N–(3,4–dimethoxyphenethyl)–4–sulfamoylbenzamide
(44), showed relevant inhibitory activity in the nanomolar range against hCA isoforms in the
a stopped flow CO2 hydration assay as a well–established screening procedure by Supuran
and coworkers at Univeristy of Florence (Italy). The X–ray adduct of compound 44 with
the ubiquitous hCA II has been solved (Figure 2.2), suggesting the mechanism of action of
this compound. However, compound 44 was not characterized by a good selectivity profile
against the druggable isoforms hCA VII, IX and XII (Table 2.2). Based on flexible proto-
type 44, a series of corresponding cyclic analogues , constituted by isoquinoline/quinoline
derivatives, has been designed and tested, thus identifying the promising compound 4–
(1,2,3,4–tetrahydroquinoline–1–carbonyl)benzenesulfonamide (45).
The following sections report details about the design, synthesis, SARs, structural and com-
putational studies for a newer series of cycloalkylamino–1–carbonylbenzenesulfonamide
derivatives inspired by the quinoline prototype 45. The chemical characterization for all final
compounds was supported by spectroscopic measurements (1H–NMR and 13C–NMR). The
purity of tested compounds was confirmed by elemental analysis (C, H, N).

2.2.1 Design and synthesis of cycloalkylamino–1–carbonylbenzenesulfonamide
derivatives

In order to understand the role of the benzene fused ring of the isoquinoline core in the
binding recognition process, we designed a novel series of compounds strictly related to
our lead compound 4–(1,2,3,4–tetrahydroquinoline–1–carbonyl)benzenesulfonamide (45)
containing piperidine, piperazine and azepine nucleus in place of isoquinoline one. Our drug
design was inspired by the visual inspection of the binding pose of inhibitor 45 within hCA II
active site, for which the heterocyclic portion was located into the hydrophobic cleft delimited
by the amino acid residues F131 and P202. Therefore, we have decorated the cycloalkylamine
core with hydrophobic substituents capable to establish additional contacts in the middle
and top area of CA cavity, thus addressing both affinity and isoform selectivity toward several
druggable human CAs. Indeed, the most used drug design method in the field of CAs is
the so called “tail approach”, which consists in the introduction of a “tail” to the scaffold of
sulfonamide–based inhibitors. The numerous inhibitors designated by tail approach and the
huge number of corresponding X–ray complexes to date available, validated it as one of the
most versatile method to readily develop a large variety of CA inhibitors.
Following this approach, we designed cycloalkylamino–1–carbonylbenzenesulfonamides
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A)

44 45

Table 2.2: Ki values (nM) against hCA I,
hCA II, hCA VII and hCA XIV for compound
44–45.

Ki (nM)a

hCA I hCA II hCA VII hCA IX hCA XIV

44 8.7 2.7 5.8 3.8 4.3

45 78.6 6.8 8.5 9.4 39.0

AAZ 250 12.1 2.5 25.8 41.0

B) C)

Figure 2.2: Panel A): Chemical structures of arylsulfonamide 44 and quinoline derivatives 45.
Panel B): Superposition of binding pose of 44 (deepteal stick) and 45 (deepsalmon stick) into the
active site of CA II (PDB code: 3V7X and 4Z0Q respectively). The protein backbone is represented
as surface and colored by hydrophobicity. The Zn(II) in depicted as green sphere. Panel C):
Representation of the CA II binding pocket in complex with 44 and 45, showing residues involved
in the recognition process of the inhibitors.

47a–e, 48a, 49a–f, 50a–c and 50d, which were obtained by following the procedure depicted
in Scheme 2.1. In particular, the commercially available 4–sulfamoylbenzoic acid (46) and
suitable cycloalkylamines were coupled at room temperature, in alkaline medium and in
presence of N,N,N,N–tetramethyl–O–(1H–benzotriazol–1–yl)uranium hexafluorophosphate
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46

47a–e, n=1
48a, n=2

49a–f

50a–c

50d

R1

a H

b 2–CH3

c 3–CH3

d 4–CH3

e 4–CH2–Ph

R2 R3

a H H

b OH H

c OH Cl

d OH Br

e CN H

f COCH3 H

R4 R5

a H Ph

b H 4–FC6H4

c Ph Ph

Scheme 2.1: Reagents and conditions: i) carbonylimidazole (CDI), THF, r.t., 3h, then RR’NH,
DMF, rt, 2hs; ii) RR’NH, HBTU, TEA, DMF, rt, overnight.

(HBTU) (pathway i). For compound 47a and 47d, carbonylimidazole (CDI) was used in order
to optimize the yield (pathway ii).
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2.2.2 In vitro and in vivo profiling of sulfonamides 47a–e, 48a, 49a–f and 50a–d

For all compounds thus obtained, the CA inhibitory effects were measured for human CA I,
CA II and the druggable isoforms CA VII, CA IX, CA XII and CA XIV by the before mentioned
stopped flow CO2 hydration assay and the potencies were expressed in terms of Ki values
(lower is more effective). The Ki value is equivalent to the dissociation constant (Kd) of the
enzyme–inhibitor complex for reversible inhibitor that competes for the same binding pocket
of the substrate. The obtained results are reported in Table 2.3 and compared with Ki values
of prototype 45 and two well–known inhibitors AAZ 26 and TPM 33 as reference compounds.
As shown in Table 2.3, the four 4–(piperidine–1–carbonyl)benzenesulfonamides (47a–e) and
the cyclohomologous 4–(azepane–1–carbonyl)benzenesulfonamide (48a) displayed signif-
icant inhibitory effects towards all studied CA isoforms when compared to well–known
inhibitors 26 and 33. They generally demonstrated inhibitory activity at low nanomolar
concentration, except for outlier compounds 47c, 47e and 48a against CA I. Moreover, all
tested compounds resulted poorer inhibitors of CA XIV to respect other studied isoforms.
By removing the benzene fused ring of prototype 45, it was registered an enhancement in
affinity toward human CA II isoform by an order of magnitude for 4–(2–methylpiperidine–1–
carbonyl)benzenesulfonamide (compound 47b) and 4–(4–methylpiperidine–1–carbonyl)benz-
enesulfonamide (compound 47d), suggesting an optimized orientation within CA II active
site cavity. Notably, for the 4–(4–benzylpiperidine–1–carbonyl)benzenesulfonamide (47e)
an improvement of affinity toward druggable isoform hCA VII has been found (Ki value of
0.63 nM), thus suggesting a crucial role of additional 4–benzylpiperidine moiety to address
hCA VII selectivity. By incorporating a phenyl moiety at C–4 position of piperidine nucleus,
a further increased affinity against CA II and CA VII was registered for compound 49a (Ki
values of 0.5 vs 5.7 nM) in comparison with analogous 47a (Ki values 5.7 nM and 8.3 nM). The
installation of additional hydroxyl group, nitrile or acetyl functionalities at C–4 position, did
not lead to significant improvement against CA II inhibition. As result the SAR analysis was
very flat for compounds 49a–f concerning CA II inhibitory activity. In contrast, the affinity
against CA VII has been optimized for compounds 49d (R1 = OH and R2 = 4−BrC6H4) and
49e (R1 = CN and R2 = Ph) showing Ki values of 0.55 and 0.68 nM, respectively. In particular,
compounds 49a, 49d and 49e proved high inhibitory effects toward brain–expressed CA VII
with Ki values comparable to those of the anticonvulsant agent TPM 33. For other studied
isoforms, no linear correlation between Ki values and structural modifications has been
observed for inhibitors 49a–f. The screening of piperazinyl derivatives 50a–d revealed that
all compounds generally displayed inhibitory effects towards the selected isoforms in the
nanomolar range. It appears that the installation of a 4–fluorobenzyl moiety on piperazine
core optimizes the affinity toward CA I and CA II isoforms for compound 50b.
To evaluate the in vivo effects of the most efficacious inhibitors against the brain expressed
hCA VII isoform 49a, 49d, 50b, and 50c, we carried out additional pharmacological studies.
Specifically, it has been evaluated the ability of these compounds to prevent seizures in mice
using pentylentetrazole (PTZ) as chemical proconvulsant agent. The four chosen compounds
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Ki (nM)a

hCA I hCA II hCA VII hCA IX hCA XII hCA XIV

47a 9.2 5.7 8.3 3.1 7.9 23.8

47b 4.4 0.63 4.6 2.6 7.8 31.4

47c 187 6.1 16.5 2.4 4.5 41.7

47d 7.7 0.79 6.9 3.4 3.1 13.7

47e 75.5 1.5 0.63 7.0 9.4 53.7

48a 85.0 3.8 13.3 16.8 2.7 37.9

49a 1.7 0.5 0.45 3.3 6.6 46.9

49b 9.3 0.6 2.6 22.6 7.8 52.5

49c 6.6 0.6 1.0 24.9 8.5 7.8

49d 6.3 0.7 0.55 4.7 8.1 7.7

49e 6.5 0.6 0.68 18.4 6.4 11.0

49f 7.7 0.6 4.4 3.1 59.4 29.8

50a 6.8 3.0 10.4 33.1 3.8 34.6

50b 0.69 0.5 7.8 45.1 5.6 15.2

50c 50.1 5.7 7.8 28.2 8.5 42.8

50d 91.1 2.0 9.5 4.8 7.3 41.5

AAZ (26) 250 12.1 2.5 25.8 5.7 41.0

TPM (33) 250 10 0.9 58 ND 1460

45 78.6 6.8 8.5 9.4 ND 39.0
aErrors in the range of ±10% of the reported value, from 3 different assays. Recombinant full–length hCA I, hCA II and hCA
VII and catalytic domains of hCA IX, hCA XII and hCA XIV were used.

Table 2.3: Ki values against hCA I, II, VII, IX, XII and XIV isoforms showed by derivatives 47a–e,
48a, 49a–f, 50a–d, the prototype 45 and the well–known CAIs AAZ 26 and TPM 33.
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were tested at the doses of 20 and 30 mg/kg, according to the knowledge that the ED50 values
of TPM 26 and AAZ 33. Unfortunately, none of the tested compounds was able to prevent
the occurrence of clonus. However, some signs of sedation were observed at the dose of
20 mg/kg, effect that was confirmed at the higher dose of 30 mg/kg by which animals were
clearly sedated. This effect may be potentially related to the toxicity of the tested compounds.
Therefore no higher doses were tested. Considering latency to clonus (time to reach the third
stage of seizure after PTZ administration), all compounds were able to increase significantly
(p < 0.05) this parameter, although no significant differences were observed at different doses
and between the tested molecules. All screened compounds seem to possess some neuronal
effects considering the sedation signs and the increase in latency to clonus. However, the
unexpected in vivo effects limit further studies in this animal model. The obtained results
suggested that for this class of benzenesulfonamides, the significant potency against the brain
enzyme CA VII might be not corroborated with anticonvulsant activity. Anyway, we cannot
exclude a potential onset of pharmacological effect with higher concentrations.

2.2.3 X–ray studies for Compounds 49a, 49b and 50b in complex with CA II and
CA VII

To gain more information about the mode of action of the novel synthesized compounds, the
crystal structures of some representative molecules in complex with the isozymes CA II and
CA VII were solved. hCA II was generally chosen as model isoform for crystallization, since
it readily forms crystals and many studies have been reported on its adducts with different
classes of inhibitors. The data collection and refinement statistics for these six crystal adducts
are summarized in Table 4.1 (Chapter 4) and deposited in the Protein Data Bank [103, 104]
with the codes 6H2Z, 6H33, 6H34, 6H36, 6H37 and 6H38. Since piperidine derivatives
49a–d and 49a–f piperazine displayed very high inhibitory activity against CA II and CA
VII with respect to the pioneer compound 45, the crystallographic structures of the 4–(4–
phenylpiperidine–1–carbonyl)benzenesulfonamide (49a) in complex with both enzymes were
initially solved. Inspection of (Fo–Fc) and (2Fo–Fc) electron density maps at various stages of
the crystallographic refinement showed features compatible with the presence of compound
49a within the active site of hCA II and hCA VII (Figure 2.3A and 2.3B). These maps were
very well defined in both cases, thus indicating absence of inhibitor flexibility within enzyme
active sites. As generally observed for sulfonamide–based CA inhibitors, in these adducts
compound 49a was anchored to the catalytic zinc ion via the primary sulfonamide moiety,
replacing the zinc–bound water molecule and creating hydrogen bond interactions with T199.
The benzene-sulfonamide core established strong hydrophobic interactions (distance < 4.0 Å)
with residues H94, L198 and V121 in the case of hCA II and with H94, V121 L198 and T200
in the case of CA VII (Figure 2.4A and 2.4C). Furthermore, the carbonyl group was hydrogen
bonded to Q92 in the CA VII active site, but this interaction is not detectable in the case of
CA II. Finally, 4–phenylpiperidine tail was oriented toward the hydrophobic cavity of the
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A) B) C)

D) E) F)

Figure 2.3: Electron density maps of CAIs. Sigma–A weighted |2Fo–Fc| simulated annealing omit
map of inhibitors bound in hCA II and VII active sites. A) hCA II/49a, B) hCA VII/49a, C) hCA
II/49b, D) hCA VII/49b, E) hCA II/50b and F) hCA VII/50b. Zinc is represented as a grey sphere.

active site establishing many hydrophobic interactions with residues of both proteins. It is
therefore clear that the binding poses assumed by 49a within CA II and VII and the network
of interactions that it forms with the two isoforms were very similar, with exception for the
H-bond established with Q92 in CA VII. Nonetheless, it appears that this additional hydrogen
bond did not influence the binding affinity since the Ki values of the inhibitor against the two
isoenzymes are comparable. Successively, it was investigated the binding pose of compound
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49b bearing an additional hydroxyl group at C4 position of the piperidine nucleus to respect
of parent derivative 49a. It has been found that the introduction of a polar moiety did not
significantly affect the interaction mode of the inhibitor with CA II and CA VII active sites
(Figure 2.4B and 2.4D) if compared with the unsubstituted 49a.
This evidence results in good agreement with the very closely Ki values against CA II (0.5

A)

B)
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C)

D)

Figure 2.4: Piperidine–1–carbonyl–benzenesulfonamides bound to the active site of hCA II (wheat)
and hCA VII (light teal). A) and C): compound 49a (yellow). B) and D): compound 49b (hotpink).
Zinc ion is depicted as dark green sphere. Residues involved in hydrophobic interactions and
hydrogen bonds (grey dashed lines) are shown. The figure was made using PyMol.
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nM and 0.6 nM for 49a and 49b, respectively); whereas the slight divergence found for Ki
values against CA VII (0.45 nM and 2.6 nM for 49a and 49b, respectively) is not consistent

A)

B)

Figure 2.5: (4–Fluorophenyl–piperazine–1–carbonyl)benzenesulfonamide 50b (orange) bound to
the active site of hCA II (wheat) (A) and hCA VII (light teal) (B). Residues involved in hydrophobic
interactions and hydrogen bonds (gray dashed lines) are shown.
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with their very comparable binding pose within the CA II and CA VII active sites. Thus, we
can hypothesize that the higher affinity of 49a with respect to 49b for the brain–expressed
isoform should be ascribed to other molecular factors. To understand how the replacement of
piperidine core with piperazine one could influence the binding process, the crystal structures
of the most active molecule of the series 50b in complex with CA II and CA VII were solved.
Surprisingly, despite kinetic experiments indicated for this molecule a higher binding affinity
for CA II with respect to CA VII, the electron density maps of the inhibitor were better defined
in the case of the adduct with the brain enzyme with respect to the adduct with the ubiquitous
CA II (Figure 2.3E and 2.3F). The analysis of the structures of the two adducts furnished
an explanation to this apparent inconsistency. Indeed, in both cases the inhibitor is bound
to the enzyme active site establishing the canonical interactions of the benzenesulfonamide
moiety with CA active site. Moreover, polar and hydrophobic interactions between the
phenyl-carbonyl-piperazine moieties and residues which delimit the cavity (see Figure 2.5A
and 2.5B) are detectable. However, in the case of CA VII/50b complex, additional interactions
are found between the inhibitor and residue R159 of a symmetry-related macromolecule.
Thus, it is obvious that the lower conformational flexibility of 50b is related to the crystal
packing and thus it is not present in solution. Finally, it is worth noting that both in CA
II/50b and in CA VII/50b the benzylpiperazine tail is oriented toward a rather unexplored
region of the active site located at the surface protein. Indeed, it has been reported that the
majority of hCAIs orient their tail toward either the hydrophobic or the hydrophilic region of
the catalytic cavity. Due to this unusual orientation, these piperazine–derivatives have been
further investigated to address selectivity issues.

All data reported in Section 2.2.3 were published in M.R. Buemi et al. European Journal of
Medicinal Chemistry. 2019, 163, 443-52 (doi: 10.1016/j.ejmech.2018.11.073).

2.2.4 From methylene to carbonyl bridge: design and synthesis of a new series
of 4-(4-aroylpiperazine-1-carbonyl)benzenesulfonamides

We designed a further set of 4–(4–aroylpiperazine–1–carbonyl)benzenesulfonamides obtained
by the replacement of the N–benzyl moiety with the N-benzoyl one (Figure 2.6). Our initial
idea was to explore how this slight chemical modification could affect the binding pose within
CA pocket. For instance, we focused our interest on CA IX and CA XII isoforms bearing
smaller residues (V131 and A131 in CA IX and XII, respectively) when compared to CA II
(F131), thus forming a more accessible subpocket site in CA cavity. Secondly, to improve
isoform selectivity over the ubiquitous CA I and CA II, our efforts have been addressed
to decorate the benzoyl tail by incorporating hydrophobic/hydrophilic substituents, for
enhancing interactions with residues located on the rim of the active site cavity characterized
by the highest diversity among the different isoforms. This region has been termed as "selective
pocket" because several amino acids present in this area are unique across the CA isoenzymes.
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The short and efficient synthetic pathway that has been employed to obtain the designed
4–(4–benzoylpiperazine–1–carbonyl)benzenesulfonamide is depicted in Scheme 2.2. In detail,
the coupling of suitable benzoyl chlorides 52a–p with 1-Boc-piperazine 51 and the N–Boc
deprotection was performed by a one pot procedure thus giving the N–aroylpiperazines 53a–p
in good yields. In the last step, the intermediates 53a–p reacted with the 4–sulfamoylbenzoic
acid to give desired 4–(4–aroylpiperazine–1–carbonyl)benzenesulfonamides 54a–p. This
reaction was carried out at room temperature, in alkaline medium for DIPEA and by using
in HBTU as coupling reagent. To study the influence of introduction of polar group on
outer benzoyl ring, it was also performed the nitro reduction of compounds 54n–p into
the corresponding amine derivatives 54q–s, by treatment with hydrazine hydrate (NH2–
NH2·H2O) as reductive agent, in ethanol (EtOH) and in the presence of carbon supported
palladium catalyst (Pd/C).

2.2.5 Carbonic anhydrase inhibition assays against hCA isoforms and structural
studies

The Ki values have been determined for all the synthesized 54a–p benzenesulfonamides
toward selected hCAs and the obtained results are summarized in Table 2.4, in comparison
with the Ki values of the structurally related amines 50a–50b, the well–known inhibitor AAZ
(26) and the ureido derivative SLC–0111 (43). By analyzing data reported in Table 2.4, some
hint of structure–activity relationships (SARs) can be described. Most of the synthesized
4–(4–aroylpiperazine–1–carbonyl)benzenesulfonamides have shown inhibitory effects in the
low nanomolar range towards druggable CA isoforms. However, it was not possible to find a
linear correlation between Ki values and the nature/position of groups on the phenyl ring.
A comparison of the Ki values measured for the amide derivative 4–(4–benzoylpiperazine–1–
carbonyl)benzenesulfonamide 54a with the corresponding amine–derivative 50a, showed that
introducing of this slight chemical modification did not lead to significant impact on affinity
for the druggable CA VII, CA IX and CA XII. At the same time, no improvement in selectivity
profile toward target isoforms over the physiologically dominants CA I and II was observed.
To compare the binding mode of this novel series of benzenesulfonamides with the previously
reported, X–ray crystallographic studies were carried out. In particular, the crystal structure

Figure 2.6: Designed hCAIs structurally related to the lead compounds 50a–50b.
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51 52a–p

53a–p54a–p

i, A and B

ii

R

a H

b 2–F

c 3–F

d 4–F

e 2–Cl

R

f 3–Cl

g 4–Cl

h 2–Br

i 3–Br

j 4–Br

R

k 2–OMe

l 3–OMe

m 4–OMe

R R

n 2–NO2 iii−→ q 2–NH2

o 3–NO2 −→ r 3–NH2

p 4–NO2 −→ s 4–NH2

Scheme 2.2: Reagents and conditions: i) A: DCM, DIPEA, rt, 3hs; i) A: TFA, 0◦C to rt, 4 hs; ii)
DMF, HBTU, 4–Sulfamoylbenzoic acid, DIPEA, rt, overnight; iii) EtOH, NH2-NH2·H2O, Pd/C, rt
to reflux, 1 h.

of CA II in complex with unsubstituted compound 43a (Figure 2.7) was determined at 1.0
Å. The data collection and refinement statistics for the crystal structure are summarized in
Table 2.4 and deposited in the PDB with code 6XXT. The electron density maps highlighted
the presence of inhibitor 54a within the hCA II catalytic site. As shown in Figure 2.7A,
it is possible to distinguish that 4–(4–benzoylpiperazine–1–carbonyl)benzenesulfonamide
assumed two slight different conformations, differing only for the orientation of the carbonyl
group between benzenesulfonamide and the piperazine ring. The electron density maps were
well defined for the entire inhibitor molecule with the exception of phenyl tail that showed a
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A) B)

Figure 2.7: A) hCA II/54a active site showing the σA–weighted |2Fo–Fc| electron density map
(contoured at 1.0 σ) relative to the inhibitor with the conformer A colored in cyan and the conformer
B in magenta. The zinc ion coordination and residues involved into polar and hydrophobic
interactions with 54a molecule are also depicted. B) Representation of hCA II surface showing
the inhibitor 54a located in the enzyme active site. The Zn2+ ion within the catalytic cavity is
represented as a yellow sphere. The amino acids constituting the catalytic pocket are colored in grey.

greater conformational variability. Inhibitor binding did not alter CA II 3D structure.

As expected, compound 54a was anchored to the active site by means of the deprotonated
sulfonamide moiety, which coordinated the catalytic zinc ion and established two hydrogen
bonds with the gate keeper T199. The inner phenyl ring engaged strong hydrophobic inter-
actions (distance < 4.0 Å) with residues Q92, V121, L198 and T199. The carbonyl group of
one conformer formed a weak hydrogen bond with of Q92NE2 atom, whereas in the case of
the other conformer the oxygen atom was involved into a polar interaction with a glycerol
molecule. Moreover, in both conformers the 4–carbonylpiperazine moiety was stabilized by
van der Waals interactions with F131, V135 and P202 residues. Finally, the phenyl tail was
located as expected on the border of the active site cavity establishing only few and weak
hydrophobic interactions (distance < 4.2 Å) with F131 and G132 (Figure 1.2A and 1.2B).
The structural data obtained encouraged us to further explore the aromatic “tail” by the
introduction of further hydrophobic/hydrophilic substituents.

This new series of CAIs in general exhibited medium inhibitory potency toward ubiquitous CA
I, isoform except for derivatives 54c, 54d and 54q for which theKi values fall in low nanomolar
range. It is worth to note that the meta–amine 54o and meta–bromine 54i derivatives showed
a potency over five times lower than the unsubstituted 54a, with measured Ki values of
404.9 and 460.0 nM. Since the inhibition of CA I, with clinically use CAIs is related to the
onset of serious side effects, this aspect can be considered a positive feature for these two
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Cmpd Ki (nM)a

R hCA I hCA II hCA VII hCA IX hCA XII hCA XIV

50a H 6.8 3.0 10.4 33.1 3.8 34.6

50b 4–F 0.69 0.5 7.8 45.1 5.6 15.2

54a H 69.1 3.7 70.7 37.1 8.5 85.5

54b 2–F 22.4 28.4 6.8 68.7 3.1 6.9

54c 3–F 0.84 0.41 66.1 3.8 29.1 35.7

54d 4–F 7.7 32.4 39.5 332.4 26.4 69.6

54e 2–Cl 94.4 5.6 2.9 62.2 63.1 86.1

54f 3–Cl 72.5 22.5 7.5 54.4 66.9 58.3

54g 4–Cl 87.5 7.2 61.7 29.2 6.3 63.4

54h 2–Br 58.0 3.0 45.3 60.4 48.7 73.9

54i 3–Br 460 0.6 3.5 16.2 8.5 85.3

54j 4–Br 85.1 4.4 9.1 8.0 37.4 86.0

54k 2–OMe 81.9 19.8 27.7 250.0 39.6 78.1

54l 3–OMe 87.6 36.3 46.7 360.3 26.5 48.0

54m 4–OMe 81.9 5.5 9.3 223.0 86.3 9.7

54n 2–NO2 81.2 42.4 39.2 9.8 6.9 61.6

54o 3–NO2 93.8 28.6 41.7 2.2 8.2 66.5

54p 4–NO2 60.8 23.9 64.2 11.2 6.2 46.1

54q 2–NH2 9.4 4.1 9.0 19.1 27.4 86.4

54r 3–NH2 404.9 51.1 65.0 15.2 7.7 91.7

54s 4–NH2 173.5 78.8 69.3 14.3 8.2 66.5

AAZ (26) – 250 12.5 2.5 25.8 5.7 41

SLC–0111 (33) 5080 960.0 8550 45.0 4.5 ND
aErrors in the range of ±10% of the reported value, from 3 different assays.

Table 2.4: Ki values against hCA I, hCA II, hCA VII, hCA IX, hCA XII and hCA XIV isoforms
showed by new benzenesulfonamides 53a–s and reference compounds AAZ and SLC-0111.
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benzenesulfonamides. The cytosolic CA II is strongly inhibited by all the tested compounds,
with Ki values ranging from 0.41 to 78.8 nM. Toward CA II, the two most active derivatives
were 54c (Ki value of 0.41 nM) and 54i (Ki value of 0.6 nM) bearing fluorine or bromine in
the meta position of the benzoyl ring. Regarding the brain–expressed CA VII, all compounds
displayed a remarkable inhibitory activity for this isoform with Ki value ranging from
6.8 to 70.7 nM. Undoubtedly, worth mentioning is the advantageous selectivity profile of
some compounds revealed by a careful interpretation of the collected data. For example,
compound 54e (R=2–Cl) showed a good affinity (Ki value of 2.9 nM) and selectivity toward
the brain–expressed CA VII isoform, resulting more then 20–fold more potent against the
brain isoenzyme if compared with the prototype 54a (Ki value of 70.3 nM). The crystal
structure for compound 54e in complex with the brain isoform CA VII was recently solved
(not yet deposited in the RCSB Protein Data Bank). Figure 2.8 shows the binding pose of
4–[4–(2–chlorobenzoyl)piperazine–1–carbonyl]benzenesulfonamide 54e superimposed with
the binding mode of the parent compound 54a assumed within the catalytic cavity of CA II.

With regard to the data collected by the biochemical screening against two tumor–associated
isoforms CA IX and CA XII, the data suggested the ability of all the tested compounds
to affect the inhibitory activity with Ki values spanning from the low-nanomolar to the
medium-nanomolar range (3.1–360 nM). By incorporating a methoxy group on the benzoyl
tail, obtaining so compound 54k–5m, a decreased affinity against CA IX was measured
with respect to unsubstitued compound 50a. The same effect was observed also for the

A) B)

Figure 2.8: A) Binding pose of 4–[4–(2–Chlorobenzoyl)piperazine–1–
carbonyl]benzenesulfonamide 54e (green stick) assumed into hCA VII superimposed with
the binding mode assumed by 54a into hCA II. Amino acid residues from hCA VII active site
involved in hydrophobic interactions and hydrophilic bonds (grey dashes) are represented in stick.
Zinc ion is shown as yellow sphere. B) Representation of hCA VII surface colored according to
hydrophobicity, showed the alignement of 54a and 54e located in the catalytic pocket.
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4–fluorine substituted 54d. The three nitro–substituted compounds 54n–5p and the two
amino derivatives 54r (R=3–NH2) and 54s (R=4–NH2) display the best selectivity toward
the tumor–expressed CA IX and CA XII.Specifically, the introduction of 3–nitro substituent
on phenyl ring significantly improved CA IX affinity, so that the inhibitor 54o (Ki = 2.2 nM)
was more active than the promising anti–tumour agent SLC–0111 (Ki value of 45.0 nM).
Interestingly, the 2–fluorosubstituted derivative 54b was very active inhibitor of CA XII
isoform (Ki value of 3.1 nM) displaying an inhibitory activity similar to that of SLC–0111
(Ki = 4.5 nM). Furthermore, compound 54b demonstrated also an enhanced selectivity over
the off-target isoforms CA I and CA II with respect to amine parent compounds 54a–b.
In order to decipher the chemical requirements which have determined the improvement
in CA XII affinity, molecular docking analysis for compounds 54b and SLC–0111 have been
performed. In detail, the crystal structure of hCA XII in complex with the inhibitor AAZ
was retrieved from the RCBS Protein Data Bank (PDB code: 1JD0) and used for docking
simulation carried out by Gold Suite 5.7.1. It should be note that today the number of
crystallographic complexes of CAIs bound to the tumors–associated isoenzymes CA IX and
XII is really limited, due to the technical difficulties in expression and purification of these
membrane–bound proteins. Figure 2.9 displays the plausible binding mode for compounds
SLC–0111 and 54b.
The docking results suggested that some similarities are present between the binding mode

A) B)

Figure 2.9: Panel A) Superposition of the suggested binding modes of compounds SLC–0111 (lime
stick) and 54b (magenta stick) docked into the hCA XII structure (PDB code: 1JD0). The key
residues of the pocket are presented, and the hydrogen-bond interactions are showed by grey dotted
lines. Panel B) Representation of hCA XII orange surface showing the inhibitor 54b located in the
enzyme active site. The Zn2+ ion within the catalytic cavity is represented as a yellow sphere. The
amino acids constituting the catalytic pocket are colored in sand.
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of SLC–0111 (colored in magenta) and compound 54b (colored in limegreen) within hCA
XII catalytic cleft. Indeed, in both cases, the benzenesulfonamide moiety engages canonical
H–bond contacts with T199 and T200 residues and establishes hydrophobic interaction
with V121, L141 and L198 residues of the active site, whereas the fluoro–substituted tail is
oriented toward amino acids S132 and S135. These two residues are located in the so called
“selective pocket” near the entrance of the active site cavity and they are a unique structural
characteristic of CA XII, since they are not conserved cross the other isoforms.

The results reported in Section 2.2.4 were published in F. Mancuso et al. ACS Medicinal
Chemistry Letters. 2020, 11(5), 1000-05 (doi: 10.1021/acsmedchemlett.0c00062).

2.2.6 Different heteroaromatic systems in place of benzoyl ring of compound 54

Our previous studies evidenced that a suitable substituent on aromatic tail of lead com-
pound 4–(4–benzoylpiperazin–1–carbonyl)benzene–1–sulfonamides (54a) endowed to an
improvement of affinity for brain expressed CA VII or the tumor–associated CA IX and XII.
Furthermore, the visual inspection of X–ray complexes furnished useful information for a
new drug design, thus prompting us to continue exploring this class of benzenesulfonamides
with the aim to improve the knowledge in terms of SARs and to identify novel CA inhibitors.
In particular, starting from the prototype 54a it was carried out the isosteric substitution of
the benzene ring with different hetero–aromatic systems, including naphthalene, thiophene,
furan, pyrrole and indole.
In the Scheme 2.3 it was reported the synthetic pathway to afford the 4–(4–heteroaroylpiperazi-
ne–1–carbonyl)benzene–1–sulfonamides (57a–m). Specifically, the choice of the substituents
on aromatic ring was driven by the commercial availability of the different aryl chlorides and
aryl carboxylic acids. The procedure is similar to that previously reported for derivatives
54a–s, but in this case the both two reaction steps were promoted by microwave irradiation.
In Table 2.5 have been summarized the results of a preliminary biochemical screening
collected for compounds 56a–c, 56h–i and 55k, whereas for other synthesized compounds
56d–g, 56j and 56m the biochemical screening is still in progress.
Notably, these preliminary findings showed that the tested 4–(4–heteroaroylpiperazine–
1–carbonyl)benzene–1–sulfonamides 57a–m are more potent inhibitors of CA VII when
compared to the parent compound 54a. However, they generally showed poor affinity against
the both tumor–associated CA IX and CAXII suggesting that the introduction of different
aromatic systems in place of benzene ring is detrimental for these isoforms.
Concerning CA VII, the best outcome was obtained for compound 57h moiety that resulted
17–fold up more active than the starting compound 54a with a Ki values of 4.3 nM. In
addition, it showed a significant selectivity ratio (CA I/CA VII ratios of 106 and CA II/CA VII
of 8) comparable with those of the classical anticonvulsant TPM (33). Molecular docking was
used to analyze the mode of binding of 57h within CA VII active site, with the aim to gain
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51 55a–m 56a–m

57a–m

i, A and B

ii

Ar

a 2–naphtyl

b 2–thienyl

c 3–thienylmethyl

d 3–bromotiophen–2–yl

e 5–chlorotiophen–2–yl

f 5–nitrotiophen–2–yl

g Benzotiophen–2–yl

h 2–furyl

i 3–methylfuran–2–yl

j 5–nitrofuran–2–yl

k Benzofuran–2–yl

l 2–pyrrolyl

m 2–indolyl

Scheme 2.3: Reagents and conditions: i, A) RCOCl, DIPEA, DCM/DMF (2:1, v/v), MW, 25◦C,
10 min; then, TFA, 0◦C to rt, 4 hs; B) RCO2H, HBTU, DIPEA, DCM/DMF (2:1, v/v), MW, 25◦C,
25 min; then, TFA, 0◦C to rt, 4 hs; ii) DMF, HBTU, 4-Sulfamoylbenzoic acid, DIPEA, MW, 25◦C,
25 min.

Ki (nM)a

hCA I hCA II hCA VII hCA IX hCA XII

57a 66.2 3.4 8.3 2989 91.8

57b 425.8 38.0 21.5 3279 644.3

57c 8.1 14.2 7.1 2920 481.9

57h 454.8 33.7 4.3 3175 494.6

57i 78.3 20.2 15.5 3045 49.6

57k 51.9 2.8 7.2 2938 240.6

54a 69.1 3.7 70.7 37.1 8.5

TPM (33) 250 10 0.9 58.0 1460
aErrors in the range of ±10% of the reported value, from 3 different assays.

Table 2.5: Ki values against hCA I, hCA II, hCA VII, hCA IX and hCA XII for the benzenesulfon-
amides 57a–c, 57h–l and 57k, compared to the reference compounds 54a, AAZ and TPM.
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A) B)

Figure 2.10: Representation of hCA VII surface colored according to hydrophobicity, showed 4–(4–
(Furan–2–carbonyl)piperazine–1–carbonyl)benzenesulfonamide (57h) (limegreen sticks) located
in the catalytic pocket. Panel B. Predicted binding pose of 57h into CA VII active site. Residues
around 6 Å are showed as cyan sticks. Hydrogen bond interactions are reported as grey dashed lines;
zinc ion and water molecule are are depicted as yellow and red sphere respectively.

insight about the enhanced 17–fold up affinity with respect to the parent compound 54a. The
computational analysis reveals that 57h binds via the primary sulfonamide group interacting
directly with catalytic zinc ion. In addition, the ZBG is engaged in a network of H–bond with
T199 and T200. The carbonyl group of the benzamide portion acts as H–bond acceptor to
Q92, whereas it establishes a water–mediated bond Q67. The furyl function targets the so
called “selective pocket”, mainly delineated by hydrophobic residues.

2.3 Breakthrough in CAIs drug design: coumarins as selective CA
IX and XII inhibitors

The real breakthrough in the drug design process of isoform-specific CAIs came in the last
decade with the discovery of coumarins CAs inhibitory activity. Since then, a large number of
substituted coumarin/thiocoumarin derivatives were investigated as CAIs and they showed
a high level of isoform selectivity against many enzymes, such as CA VA, VII, IX, XII and
XIV. In many cases, a strong inhibitory effect on the tumor–associated isoforms CA IX and
XII were observed without significant inhibition of the physiologically dominant CA I/II.
The basis for the optimal selectivity profile of coumarins resides in the peculiar mechanism
of action which does not involve the coordination of the prosthetic zinc ion. Indeed, they
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are hydrolyzed by esterase activity of the enzyme and subsequently bind at the entrance
of the active site cavity, acting as pro-drug (for a more detailed discussion on Coumarines
mechanism of action see section 1.3). We stress again that this is the most variable region
between the various mammalian isoforms and this aspect determines important consequences
in the drug design of CAIs, since compound binding in this area could interact differently
with the various mammalian isoforms and thus exhibit high isoform–selectivity.
The main factor influencing CA inhibitory activity was the substitution pattern on coumarin
core. A preliminary structure–activity relationship investigation highlighted that most
effective coumarin-based CAIs are compounds with no substituents or small substituents in
the C–3 and C–4 position of coumarin, whereas in the second ring (from C–5 to C–8 position)
a large variety of groups could be introduced without loss of CA affinity. Many of the most
potent coumarins, in fact, carry substituents on C6–C7 positions. Among which, the natural
compound Umbelliferon and its substituted analogues, were shown to be endowed with a
good selectivity/affinity toward the tumor–expressed isoforms CA IX and XII, with some
representative compounds demonstrating also cytotoxicity in different cancer cell lines.

2.3.1 Our focus on non-classical CAIs targeting tumors–associated CA IX and
XII: discovery of umbelliferone–based compounds

With the purpose to expand the chemical space of known coumarin–based CAIs and to
improve the knowledge in terms of SARs, we focused our interest on the development of
novel umbelliferon–based potentially able to produce anticancer effects through the inhibition
of the two tumor–associated isoforms CA IX and XII. We report the synthesis of a novel series
of coumarin derivatives designed to study the influence of substituents introduction in the
C4 and C6–C8 positions (R1–R4 respectively, see Figure 2.12) on coumarin scaffold.
To achieve this goal, initially attention has been paid to 7–hydroxycoumarin (commonly
named Umbelliferon, 59), 6–hydroxycoumarin and 6,7–dihydroxycoumarin (namely Es-
culetin, 60) which have been converted in the corresponding esters in order to explore the role
of hydroxyl group in the binding affinity. In particular we synthesized the acetate 62a–64a
and benzoate 62–64b analogues by the reaction with acetic anhydride (pathway A) or benzoyl
chloride (pathway B).

58

Figure 2.11: Chemical structure of simple coumarin 58
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Umbelliferon, 59 Esculetin, 60

Figure 2.12: Chemical structures of natural coumarins Umbelliferon (59) and Esculetin (60). A
general structure for the new designed compounds is also showed.

The inhibitory effects of the hydroxyl coumarins and the corresponding esters as acetate
(62–64a) and benzoate (62–64b) were evaluated against the target isoforms CA IX and CA
XII and the ubiquitous CA I and II. The collected Ki inhibition values are summarized in
Table 2.6 in comparison with the promising anti–tumors agent SLC–0111.

The analysis of the obtained results suggested that all the tested compounds showed a good
inhibitory activity against CA IX and CA XII with affinity in the range 23.1–116.2 and 9.3–
814.4 nM respectively; on the contrary, none of these compounds affect the catalytic activity
of the off–target isoforms CA I and II up to the 10,000 nM concentration. A preliminary
analysis of structure-affinity-relationships (SARs) for the esters 62–64a and 52–64b suggested
that the presence of acetyl or benzoyl groups, which mask the hydroxyl moieties of the parent
compounds 62–64, gave an opposite kinetic behavior against CA IX and XII. Specifically, the

59, R1=OH, R2=H
60, R1=R2=OH
61, R1=H, R2=OH

62a, R1=OAc, R2=H 62b, R1=OBn, R2=H
63a, R1=R2=OAc 63b, R1=R2=OBn
64a, R1=H, R2=OAc 64b, R1=H, R2=OBn

A or B

Scheme 2.4: Reagents and conditions: A) Ac2O, TEA, H2SO4, 0◦C to rt; B) BzCl, TEA, DCM, rt.
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Ki (nM)a

hCA I hCA II hCA IX hCA XII

62 >10,000 >10,000 24.9 45.1

63 >10,000 >10,000 36.4 9.3

64 >10,000 >10,000 30.5 33.9

62a >10,000 >10,000 40.2 573.2

63a >10,000 >10,000 116.2 48.2

64a >10,000 >10,000 23.1 47.0

62b >10,000 >10,000 51.4 814.4

63b >10,000 >10,000 38.4 292.4

64b >10,000 >10,000 29.9 87.4

SLC–0111 5080 960.0 45.0 4.5
a Errors in the range of ±10% of the reported value, from 3 different assays.

Table 2.6: Ki values against hCA I, hCA II, hCA IX and hCA XII isoforms for the coumarin
derivatives 62–64, 62–64a and 62–64b, compared to the candidate anti–tumors agent SLC–0111.

lack of the 6–, 7– or 6,7– hydroxyl groups lead only to a slight modification of inhibition
potency against CA IX, except for the 2–oxo–2H–chromene–6,7–diyl dibenzoate 63b (Ki of
116.2 nM) that resulted 3–fold less active with respect to the precursor esculetin 60 (Ki of
36.4 nM). Surprisingly, the same substitution pattern has greatly influenced the inhibition
affinity toward CA XII especially for umbelliferon and esculetin esters. In fact, moving from
umbelliferon (Ki of 45.1 nM) to the corresponding acetate 62a (Ki value of 573.2 nM) and
benzoate 62b (Ki of 814.4 nM) it was registered a decrease of affinity value of 12 and 18–fold
up respectively. A similar effect has been observed for the esculetin benzoate derivatives
59b. Surprisingly, the masking of 6–hydroxil moiety of coumarin 60 did not have a marked
influence on CA XII catalytic activity. Thus, we can speculate that the 7–hydroxyl polar group
might play a crucial role in the binding recognition process within CA XII active site.
From this first subseries of coumarin–based CAIs, it was chosen umbelliferon as lead com-
pound for further chemical optimization. In particular, in the second step of our study the
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tail approach drug design method was exploited on this class of non-classical CAIs. There-
fore, the second and the third subseries of 4–aryl–hydroxy–2H–chromen–2–ones [69a–i] and
4–aryl–hydroxy–8–methyl–2H–chromen–2–ones [70a–i] has been designed by introducing
a phenyl moiety in the C–4 position as well as a methyl group into the C–8 position of
coumarin ring. Successively, to in depth explore the role of C–8 substituent we synthesized
few representative compounds bearing chlorine atom in this position [71a,hi]. To synthesize
the designed coumarins 69a–i, 70a–i, 71a, h–i, the classical Peachmann condensation has
been employed. Thus, selected commercially available ethyl benzoylacetates [65a–h] reacted
with resorcinol 66, 2–methylresorcinol 67 or 2–chlororesorcinol 68 in strong acidic condition
to provide the desired products 69a–h, 70a–h, 71a and h. To study the influence of the
introduction of a polar group on the phenyl tail, it was performed the nitro–reduction of
compounds 69h, 70h and 71h affording the corresponding amine derivatives 69i, 70i and 71i.

The Ki values measured for 4–arylcoumarins 69a–i, 70a–i, 70a and h–i are summarized in
Figure 1.7 in comparison with the lead compound Umbelliferon. As you can see in Figure 1.7,
all compounds from this library of 4–aryl–7-hydroxy–2H–chromen–2–ones proved to be
potent and selective inhibitors toward the tumor–associated CA IX and XII. Among the
first subseries of compounds 69a–i, we found that the introduction of an unsubstituted
phenyl moiety on C–4 position of lactam ring led to a slight decrease of inhibitory activity
toward both the trans-membrane isoforms CA IX and XII if compared with the prototype
Umbelliferon. An in–depth analysis of inhibition values collected for compounds 69a–i
and 70a–i against CA IX, showed that the introduction of electron–withdrawing as well as
donating group on different position of the phenyl ring has not led to significant variations in
terms of affinity against this isoform. In fact, the Ki values are included in a very narrow range
between 17.0–95.9 nM, so this subseries is generally characterized by a flat SAR. Therefore,
we can hypothesize that the 4–arylsubstituent occupies a very large area of CA IX catalytic
pocket thus failing to establish profitable contacts with specific amino acid residues in the
rim of cavity. Again, concerning the inhibitory effects on CA IX an unexpected result has
been obtained through the introduction of chlorine atom in C8 position. Indeed, chemical
modification resulted extremely detrimental for the interaction with CA IX.

Significant inhibitory effects toward CA XII were observed for the subseries of the 4–aryl–7–
hydroxy–2H–chromen–2–ones 69, within which we can identified several compounds active
in the low nanomolar range with Ki values ranging from 6.5 to 8.9 nM. Specifically, the less
active compound is the unsubstituted 4–arylcoumain 69a, suggesting that the introduction of
substituents is advantageous for the interaction with this isoform. For compounds belonging
to the subseries 4–aryl–7–hydroxy–8–methyl–2H–chromen–2–ones of 70 it has been generally
observed a decrease of affinity, with exception of derivatives 70e, 70h and 70i that were
very potent inhibitors sharing a comparable Ki values with non–methylated analogues 69e
and 69h–i. Finally, the introduction of a chlorine atom in C8, affording the small set of
8–chloro–7–hydroxy–4–phenyl–2H–chromen–2–ones 71a and 71h–i, led to divergent results.

In order to confirm the role of the 7–hydroxyl group in the binding recognition process
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65a–h
66, R1=H; 67, R1=Me

68, R1=Cl
69a–h, R1=H
70a–h, R1=Me
71a and 71h, R1=Cl

72–73–74i, R=NH2

75, R2=Me

76, R2=Et

77, R2=Ph

78, R3=Me
79, R3=Et

80, R3=Ph77

69h, 70h
and 71h

i
ii (A or B)

R”COCl

iv

iii

iv

Scheme 2.5: Reagents and conditions. i) H2SO4, 0◦C to rt, 18–22 hs; ii) A: (MeCO)2O, H2SO4,
Et3N, 0◦C to rt, 2 hs; B: BzCOCl or EtCOCl, Et3N, DCM, rt, 24 hs; iii) AlCl3, 320◦C, 6 h; iv)
NH2NH2–H2O, Pd/C, EtOH, 70◦C, 1 h.

with CA XII also for the 4–arylcoumarin derivatives, we have synthesized the corresponding
acetate 75, propanoate 77 and benzoate 77 of 7–hydroxy–4–phenyl–2H–chromen–2–one (69a)
employing the same reaction conditions above mentioned (Scheme 2.4, ii). The obtained
esters 76–77 were further subjected to Fries rearrangement reaction conditions (Scheme 2.5,
iii) by employing as Lewis acid AlCl3, thus giving the desired 78 and 79 derivatives bearing
8–acetyl or 8–propionyl substituent, respectively. Unfortunately, we failed in all attempts to
obtain 8–benzoyl derivative 80 from corresponding benzoate 77.

In Table 2.8 the results of the biochemical screening for compounds 75–79 are summarized.
As observed for esters 62–64a and 62–64b the esterification of the 7–hydroxyl moiety did not
affect significantly CA IX inhibitory effects whereas negatively affected those towards CA XII.
Moreover, the Ki values measured for compounds 78 and 79 suggested that the introduction
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R R1 Ki (nM)a

hCA I–II hCA IX hCA XII

69a H H >10,000 47.2 90.8

69b 2–Cl H >10,000 30.8 7.8

69c 3–Cl H >10,000 31.0 7.6

69d 4–Cl H >10,000 31.5 8.9

69e 2–F H >10,000 31.8 8.0

69f 3–Me H >10,000 17.0 7.8

69g 4–Me H >10,000 35.8 64.7

69h 4–NO2 H >10,000 20.3 6.5

69i 4–NH2 H >10,000 21.6 7.7

70a H Me >10,000 39.5 402.2

70b 2–Cl Me >10,000 27.5 31.0

70c 3–Cl Me >10,000 36.6 369.2

70d 4–Cl Me >10,000 35.3 293.7

70e 2–F Me >10,000 95.9 9.0

70f 3–Me Me >10,000 37.4 89.1

70g 4–Me Me >10,000 38.2 44.9

70h 4–NO2 Me >10,000 30.9 9.3

70i 4–NH2 Me >10,000 24.2 5.5

71a H Cl >10,000 261.3 32.0

71h 4–NO2 Cl >10,000 302.0 648.1

71i 4–NH2 Cl >10,000 180.3 29.3

Umbelliferon – – >10,000 24.9 45.1

Table 2.7: Ki values collected for compounds 69a–i, 70a–i and against 71a, 71a–i against hCA I,
hCA II, hCA IX and hCA XII. Umbelliferon is reported as reference compound.

of MeCO– or EtCO– moiety at the C8 position of coumarin scaffold was detrimental for the
binding to hCA IX isoform. Concerning CA XII, it was observed an improvement of inhibitory
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R1 R2 Ki (nm)a

hCA I hCA II hCA IX hCA XII

75 OCOMe H >10,000 >10,000 56.2 734.1

76 OCOEt H >10,000 >10,000 97.8 523.5

77 OCOPh H >10,000 >10,000 21.8 384.6

78 OH COMe >10,000 >10,000 176.5 24.9

79 OH COEt >10,000 >10,000 3042 868.5

67a OH H >10,000 >10,000 47.2 90.8

Umbelliferonb – – >10,000 >10,000 24.9 45.1

aErrors in the range of ±10% of the reported value, from 3 different assays.

Table 2.8: Inhibition data for hCA I, II, IX and XII with compounds 75–79 as well as umbelliferon
and the prototype 17a.

activity for 8–acetyl–7–hydroxy–4–phenyl–2H–chromen–2–one 78. However, moving to the
homologue 79 we found a considerable decrease of affinity against CA XII when compared to
the starting compound 69a (Ki of 868.5 nM vs 90.8 nM). We can speculate that the presence
of a longer carbon chain prevents the access to the active site generating steric hindrance.
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2.3.2 Molecular docking studies for the most active coumarines

Docking analysis were carried out in order to gain further insight about the hypothetical
interaction mode into CA XII catalytic cleft for this class of 4-arylcoumarins. In silico studies
were performed by using AutoDock 4.2. software and the crystal structure of CA XII was
retrieved from the RCSB Protein Data Bank (PDB code: 1JCZ). Considering the CA esterase
activity, it was chosen to analyze the binding pose of the tested coumarins and the corre-
sponding 2–hydroxycinnamic acid derivatives ad Z– and E–isomers. Figure 2.13 summarizes
the hydrolytic ring opening of the lactone mediated by CAs for the most active compound
70i to afford the related hydrolyzed cis–/trans–hydroxycinnamic acid derivatives (70i–Z and
70i–E).

70i 70i–Z 70i–E

Figure 2.13: CAs mediated hydrolitic process of coumarin derivative 70i leading to (Z)– or (E)–
hydroxycinnamic acid derivatives 70i–Z and 70i–E.

Docking simulations suggested that all active coumarins shared a very similar binding pose.
Figure 2.14 showed the superposition of the putative binding mode for three representative
compounds 69i, 70i and 78 in the “close” form toward CA XII (Ki values of 5.5, 29.3, 24.9 nM
respectively). As an example, we discuss the result obtained for the most active compound of
the series that is 4–(4–aminophenyl)–7–hydroxy–8–methyl–chromen–2–one (70i).
As above mentioned, initially it was predicted the binding mode of coumarin 70i in the
lactone form. It is clear the ability of this compound to deeply occupy the middle area of
CA XII catalytic cavity, interacting closely with hydrophilic residues from the active site. In
particular, the benzopyrone system establishes a dense hydrogen bond network with N62,
H94 and T199. The 4–phenyl ring is projected toward hydrophobic wall in the middle area of
the pocket, lined by V121 and 141, L142, V143 and L198. In addition, the 4–amino functional
moiety engages H–bond donor interaction with the crucial residue S135 in the rim cavity.
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A)

B) C)

Figure 2.14: Panel A) Superposition of predictive binding mode for compounds 69i, 70i and 77
within CA XII active site. Panel B and C) Representation of the CA XII binding pocket in complex
with 70i–Z (light pink) and 70i–E (orange), showing residues involved in the recognition process of
the inhibitors. Polar interactions are evidenced as grey dashes.
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It is worth to note that the studied coumarin 70i oriented the lactone ring toward the Zn ion,
creating a favorable scenario for the hydrolytic process. Considering this hypothetical binding
mode, we can hypothesize that these selective inhibitors might be not capable to access to the
CA I and CA II active site, since these isoforms are characterized by the presence of bulkier
residues as gatekeeper of the enzymatic cleft if compared with CA IX and XII. Specifically,
L131 or F131 act as “steric–blocker” in CA I and CA II respectively. In the membrane-bound CA
IX and XII this residue corresponds to V131 and A131 ones, both amino acids characterized
by the presence of small hydrophobic chain which allows a more favorable binding.
A very similar binding mode was observed for (Z)–3–(4–aminophenyl)–3–(2,4–dihydroxy–3–
methylphenyl)acrylic acid 70i–Z with respect to the corresponding coumarin 70i. Indeed,
the phenyl ring is orientated in the proximity of the hydrophobic wall in the middle area
of cavity, whereas the 4–aminophenyl group maintains the hydrogen bond interaction with
S135.
In contrast, the (E)–3–(4–aminophenyl)–3–(2,4–dihydroxy–3–methylphenyl)acrylic acid 70i–
E binds to CA XII active site assuming a different orientation: this isomer turns the 4–
aminophenyl substituent toward the catalytic triad (H94, H96 and H119). The resorcinol
moiety assumes a peculiar disposition establishing two relevant H–bonds with S135 and T200
which lead the aromatic ring lying on hydrophobic wall. To conclude, the carboxylic moiety
establishes a strong bidentate interaction with the amino acid residues H119 and T199.

The results of this research work were published in De Luca et al. European Journal of Medic-
inal Chemistry, 2018, 143, 276-282 (doi: 10.1016/j.ejmech.2017.11.061) and F. Mancuso
et al. Journal of Enzyme inhibition and Medicinal Chemistry 2020, 35(2), 1442-49 (doi:
10.1080/14756366.2020.1786821).

2.4 Carbonic anhydrases as a drug target for the development of
novel antibacterial agents

The antimicrobial resistance (AMR) is one of the most complex global health challenge due to
the increasing incidence of infectious diseases that are untreatable with known antimicrobial
agents. This issue has raised enormous scientific interest towards the identification of novel
molecular targets controlling the life cycle of several pathogens. In the last years the DNA
sequencing method applied to microbial genome allowed the identification of numerous genes
encoding for enzymes involved in the bacterial central metabolism as bacterial CAs. A key
physiological reaction for the microbial survival is the CO2 hydration/dehydration essential
reaction for their biosynthetic processes and energy metabolism. Herein, the discussion will
be focused on the role of CAs in the survival/virulence of microorganisms and therefore in
their potential as drug targets.
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2.4.1 Bacterial CAs: distribution, kinetic properties and physio–pathological
roles

Across the eight genetically distinct families of CAs, bacterial genome encodes for α–, β-
and γ–CAs. The distribution pattern of CAs is peculiar for each bacterium: some organisms
frequently express only one family, whereas others encode for two or three different classes of
CAs. Specifically, α-CAs have been detected only in the genome of gram negative bacteria,
where they seems to play a key function for bacterial growth and survival. Instead, β– and γ–
CAs are the most widespread classes in all bacterial species. Figure 2.15 displays the transport
of CO2 and HCO3

- by bacterial CAs: it has been supposed that in gram negative bacteria
the α–CA is able to convert the metabolic CO2 or atmospheric diffused into the periplasmic
space; the β– and γ–CAs are cytosolic classes and are responsible for CO2 replenishment for
carboxylase enzymes, pH homeostasis and other intra–cellular functions, ensuring survival
and the metabolic needs of the microorganism [105].

Figure 2.15: The CAs role in Gram-negative bacteria. The α-CAs have a periplasmic localization
and can convert the diffused CO2 inside the periplasmic space into HCO3

-. The feeding of CO2 and
HCO3

- to the central microbial metabolism depends on the action of the cytosolic β– and γ–CAs.

In vivo experiments demonstrated that pathogenic and nonpathogenic gram negative bacteria
require functional CAs not only for their survival, but also for manifesting their virulence in
host organism. In this scenario, have emerged the pathogenic microorganisms Helicobacter
pylori [106, 107], Vibrio cholerae, Brucella suis, Mycobacterium tuberculosis, Neisseria gonorrhoeae
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and sicca, and the nonpathogenic bacterium Escherichia Coli and Ralstonia eutropha [108, 109].
The role of CAs in bacterial growth and virulence is well explained by the two striking
examples as follow. The pathogen H. Pylori requires functional α– and β–CAs for its acid
acclimation within the human stomach. The inhibition of these two CAs classes led to the
pathogen death and a plausible eradication of H. Pylori by its environment and therefore
has found clinical use for the treatment of gastric ulcers. Vibrio Cholerae uses all the three
classes of CAs (VchCA α, β and γ) to produce bicarbonate that induces its virulence. On this
basis, it is immediately apparent that prokaryotic CAs may be identified as excellent drug
targets for obtaining novel antibacterial agents characterized by a singular mechanism of
action, although many of them were not yet validated in vivo as drug targets.

2.4.2 CAs inhibition to fight cholera disease

Cholera is an acute diarrheal infection caused by the pathogenic gram-negative bacterium
Vibrio Cholerae, causing characteristic rice–water stool, dehydration, hypovolemic shock,
acidosis, and if not well–treated leads to death. The treatment of cholera infection actually
consists on the re–hydration using saline–glucose solutions that can be combined with
antibiotics, in order to stabilize highly dehydrated patients and reduce the duration of illness.
Tetracycline and quinolones have been widely used, but numerous multidrug–resistance
phenomena have been observed. On this basis, the development of new drugs with different
mechanisms of action become an important approach to fight a global public health problem.
There is evidence that protein ToxT is one of the transcription factors activating the V. Cholerae
virulence gene expression; therefore, ToxT represents a target for the development of cholera
therapeutics. ToxT activity is (i) negatively controlled by the unsaturated fatty acids (UFAs) of
the bile and (ii) enhanced by the presence of bicarbonate in the upper small intestine where
V. Cholerae preferentially colonizes. Therefore, bicarbonate is likely an important chemical
stimulus during the cholera infection. Figure 2.16 shows the virulence cycle of V. Cholerae.
Due to the lack of specific transporter proteins, V. Cholerae increases cytosolic HCO3

– levels
through the hydration of CO2 by the action of CAs.
As above mentioned, V. Cholerae genome encodes for VchCAα, β and γ classes. VchCAα

has been cloned, purified and characterized. The sequence analysis suggested that VchCAα

retains all the common features from enzyme belonging to α class, such as the amino acid
residues of the catalytic triad, the proton shuttle and the gate–keeping residues. The only
singular macrofeature in the primary structure of the bacterial α–CA is the deletion of three
amino acid loops, a feature shared by all the bacterial α–CA investigated so far. The absence
of these loops makes the bacterial proteins more compact and smaller [110]. To date no
crystal structures have been reported so far for VchCAα and only recently a homology model
was constructed by identifying the α–CA from Photobacterium profundum as template [111].
The VchCAβ X–crystal structure has been recently solved; it has been showed that the
biologically active molecule is a homotetramer with the active site located at the interface
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Figure 2.16: Model for induction of virulence gene expression by bicarbonate in vivo. On the left,
motile Vibrio Cholerae containing inactive ToxT protein enters the upper small intestine. In the
center, Vibrio Cholerae in the intestinal lumen encounters bicarbonate, ToxT becomes active, and
TCP production begins. Bacteria across the mucus layer, encountering higher levels of bicarbonate.
Virulence genes are fully induced and Cholera toxin production begins. The gradient of increasing
bicarbonate levels from the lumen to the mucosal surface is indicated by the triangle on the right.

of one dimer[112]. The active site displays the zinc (II) coordinated by C42, D44, H98 and
C101, with an approximate tetrahedral geometry (Figure 2.17). Therefore, VchCAβ belongs
to the type II subclass of β–CAs that are characterized by the presence of four protein-derived
ligands which coordinate zinc, in contrast with the type I subclass in which the fourth zinc–
coordination sphere is occupied by a water molecule/hydroxide ion. It is worth to stress that
also the β–CAs class employs a Zn–hydroxide mediated two steps mechanism like α–CAs.

In the type I subclass the residue D44 is employed in the formation an aspartate–arginine
dyad, whereas in type II this dyad is broken making D44 free to coordinate the zinc metal
ion and R46 is oriented away. It has been hypothesized that this “closed” conformation
corresponds to an allosteric form of the enzyme that is called “T–state”: this is an inactive
form present at pH values below 8. In fact, an elegant work demonstrated that at pH values
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Figure 2.17: Structural representation of active site of VchCAβ (PDB code: 5CXK) exhibiting a
‘closed’ conformation

> 8, the carboxylic moiety of D44 and the guanidine group of R46 form a strong salt–like
interaction, thus making free the fourth coordination position on the Zinc (II), in turn this
allows the binding of an incoming water molecule. This latter species is further activated by
the proton shuttle residue Y83, thus generating the nucleophile enzyme active species.

Interestingly, in VchCAβ, as well as in β–CAs from H. Influenzae and E. Coli, it has been
identified an allosteric bicarbonate binding site at a distance of 8 Å from the zinc located
between the residues W39, R64, Y181 and V47. Each residue forms a hydrogen bond with
HCO3

–, with the exception of the carbonyl moiety of V47 which acts as hydrogen bond
acceptor. As result, the bicarbonate bound to this allosteric site enforces the “T–state”
conformation: the bicarbonate expels the side chain of V47, causing a reorganization of
the 44-48 loop and a consequent break of aspartate–arginine dyad (D44-R46), allowing the
carboxylic group of D44 to displace the zinc–bound water molecule. Unfortunately, the
alternative open conformation of VchCAβ has not been determined. Anyway, the kinetic data
suggest that these enzymes adopt an “open” form in order to work in a cooperative manner.
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Recently, VchCAγ has been cloned and purified. It showed an identity of about 25–26% with
the γ–CAs prototype isolated by Methanosarcina thermophile (CAM), an anaerobic methane–
producing species from Archaea domain. However, the γ class lacks of an extended structural
characterization due to the limited numbers of available crystal structures. In fact, the only
deposited crystal structure of γ–CAs from bacteria is Yrda encoded by E. Coli (PDB code:
3TIS), obtained in a “closed” conformation like to the “T–state” form described for VchCAβ.
The following sections describe the drug design strategies employed by us to identify potent
and selective inhibitors against α, β and γ classes of the pathogenic species V. Cholerae.
Specifically, our pilot study began with the biochemical investigation of selected sulfonamides
from our database in house. This work led to the identification of some weak VchCA inhibitors.
With the aim to expand the chemical diversity of VchCA inhibitors and to improve the
knowledge in terms of SARs, two novel series of benzenesulfonamides were developed: the
first one was designed through a molecular simplification of already reported compounds,
whereas the second one was rationally developed through a computer-aided drug design
strategy. Like to previous designed CAIs all compounds were characterized by spectroscopic
measurements, investigated by computational studies and biochemically tested.

2.5 Starting point: discovery of promising VchCAs inhibitors from
our in house database

VchCAs were recently investigated with a panel of sulfonamides and sulfamates, detecting a
large number of nanomolar VchCA inhibitors, including acetazolamide (AAZ, 26), methazo-
lamide (27) and ethoxzolamide (EZA, 28), brinzolamide (32), etc. However, they generally
displayed low selectivity over human off–target α–class CAs (CA I and II), reducing their
potential therapeutic in humans [113]. Among the tested sulfonamides, EZA (28) proved to
decrease the HCO3

––mediated virulence gene expression impairing the growth of pathogen.
Previous studies (Section 2.2.1) allowed the identification of a small set of compounds
containing azepine/piperidine/piperazine nucleus linked to benzenesulfonamide fragment
able to act as CAI in the low nanomolar range. By considering the high inhibitory effects of
this series of potent benzenesulfonamides as human CAIs, we decided to further study their
CA inhibitory profile thus exploiting their capability to act as potential anti–infectives. In
particular, this set of sixteen sulfonamides 47a–e, 48a, 49a–f and 50a–d were assayed for their
inhibitory activity against VchCAα, –β and –γ . The three bacterial enzymes were prepared
by the novel protonography techniques established by C. Capasso and co-workers from the
National Council Research (NCR) of Naples (Italy) [114]. The VchCA inhibitory data are
summarized in Table 2.9 and compared with Ki values for the AAZ (26). For a comparative
purpose the inhibitory profiles against the ubiquitous hCA I and hCA II are also reported.
All tested compounds generally showed to be high potent inhibitors of the VchCAα class (Ki
ranging from 43.3–843.2 nM), whereas they are medium potent inhibitors toward VchCAβ,
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Ki (nM)a

hCA Ib hCA IIc VchCAα VchCAβ VchCAγ

47a 9.2 5.7 843.2 >10,000 >10,000

47b 4.4 0.63 296.4 >10,000 >10,000

47c 187 6.1 528.8 >10,000 >10,000

47d 7.7 0.79 588.9 >10,000 >10,000

47e 75.5 1.5 241.9 3754 >10,000

48a 85.0 3.8 275.4 >10,000 >10,000

49a 1.7 0.5 43.3 3308 >10,000

49b 9.3 0.6 193.8 3714 >10,000

49c 6.6 0.6 45.1 3945 >10,000

49d 6.3 0.7 58.8 2776 >10,000

49e 6.5 0.6 89.9 806.4 >10,000

49f 7.7 0.6 72.1 6612 >10,000

50a 6.8 3.0 470.4 >10,000 >10,000

50b 0.69 0.5 95.7 5008 >10,000

50c 50.1 5.7 275.5 4816 >10,000

50d 91.1 2.0 47.0 4156 >10,000

AAZ (26) 250.0 12.1 6.8 451 473
aMean from three different assays (errors were in the range of ±5–10 % of the reported values).

Table 2.9: Inhibition of hCA I, hCA II, VchCAα, VchCAβ, and VchCAγ for compounds 47a–e,
48a, 49a–f and 50a–d and acetazolamide (26, AAZ).
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with the exception of compounds 47a–d, 48a and 50a (KIs > 10,000 nM). Finally, all the
investigated sulfonamides did not affect the CO2 hydrase activity of the VchCAγ subclass. For
the VchCAα, the data collected in Table 2.9 suggested that the unsubstituted 4–(piperidine–1–
carbonyl)benzenesulfonamide (47a), the three methyl–substituted analogs 47b, 47c, 47d
as well as cyclohomologue compound 48a were less active than corresponding 4–aryl–
substituted compounds 49a, 49b, 49c, 49d, 49e and 49f. Compound 49a (VchCAα, Ki
value of 43.3 nM) demonstrated the best activity having the phenyl ring linked to 4–position
of piperidine nucleus. The introduction of an additional hydroxyl group, nitrile or acetyl
functionalities at C-4 position of piperidine nucleus induces a weak decrease of affinity. The
presence of 4’-chlorophenyl ring and hydroxyl group at 4–position of piperidine nucleus
of compound 49c afforded equi–active inhibitor of unsubstituted 4–phenyl analogue 49a.
Among the series of benzenesulfonamides 50a–d containing the piperazine core, the 4–(4–
phenylpiperazine–1–carbonyl)benzenesulfonamide (50d) displayed the best inhibitory effect
(Ki value of 47.0 nM), thus confirming that the presence of a bulky aromatic group anchored
to the 4–position of cycloalkylamine nucleus generally improves the affinity against VchCAα.
It is interesting to note the impact of the introduction of a methylene spacer between piper-
azine core and phenyl moiety: it was found a ten–fold reduction of activity of the compound
4–(4–benzylpiperazine–1–carbonyl)benzenesulfonamide (50a) (Ki value of 470 nM) when
compared to the parent compound 50d. This evidence might be due to a different binding
within the catalytic cavity. Moreover, the introduction of a fluorine atom in the para position
of the phenyl ring of benzylpiperazine–sulfonamide 50b (Ki value of 95.7 nM) improves the
affinity toward VchCAα. The presence of a benzhydryl moiety (compound 50c, Ki value of
275.5 nM) seems well tolerated to respect the benzyl–fragment (compound 50a).

Concerning the activity against VchCAβ several tested compounds proved to be inhibitors at
low micromolar concentration showing inhibition data ranging from 806.4 to 6612 nM value.

Overall, the presence of a 4–aryl moiety resulted advantageous for inhibitory effects toward
VchCAβ. The best affinity was found for 4–(4–cyano–4–phenyl–piperidine–1–carbonyl)benze-
nesulfonamide compound 49e (Ki value of 806.4 nM). The presence of other small sub-
stituents, such as acetyl for compound 49f or hydroxyl group for compounds 49b, 49c and
49d did not significantly influence the inhibitory effects toward VchCAβ. Moreover, the
replacement of piperidine nucleus with piperazine one resulted in divergent effects: (a) it
was found a completely loss of inhibitory activity for unsubstituted compound 50a; whereas
compounds 50b, 50c, and 50d shared similar potency as moderate inhibitors of VchCAβ class.
On the contrary, all studied compounds were totally ineffective inhibitors against VchCAγ

class. We can speculate that the incapability to inhibit γ–CAs may be related to smaller size
of the catalytic pocket of enzymes belonging to γ–class if compared with α and β–CAs.

Despite these compounds showed high affinity against VchCAα to respect β– and γ–classes,
they proved to be active inhibitors of ubiquitous expressed hCAI and hCA II at low nanomolar
concentration, thus impairing their potential employment as therapeutics in humans.
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2.5.1 Construction of a hypothetical “open active site” form of VchCAβ as first
in silico model

The structure–based drugs design is hampered by the lack of available crystal structures for
α and γ–CAs from Vibrio Cholerare. Despite the wealth of structural information reported for
VchCAβ class, to date it is not yet available a structure of its alternative “open” conformation.
However, other β–CAs crystal structures from different species have been obtained in the
active conformations and among them it was found a high level of sequence homology.

A) B)

C) D)

Figure 2.18: A) Superposition of active site residues from the recombinant VhCAβ (PDB code:
5CXK, wheat sticks) with those of β–CA from Co–CA (PDB code: 3UCJ, palecyan sticks). Zinc is
represented as blue sphere. B) Redesign of D44 and R46 side chains orientation using D49 and
R51 from Co–CA as template. C) Inserting of the X–ray conformation of AAZ retrieved by Co–CA
into VhCAβ active site (orange stick). D) Alignment of the X–ray conformation of AAZ (orange
stick) with the hypothetical binding pose suggested by docking studies within VhCAβ active site.
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By using the β–CA encoded by the green alga Coccomyxa (Co–CA) as template (PDB code:
3UCJ), we obtained a modelled structure of the accessible active site of VchCAβ (Figure 2.18).
In the first step of our theoretical study, we performed a simulation for the opening of the
catalytic site of β–CA from V. Cholerae. In more details, a superimposition of the 3D X–ray
structure of VchCAβ in its “closed” form (PDB code: 5CXK) to the “open” state of Co–CA in
complex with inhibitor AAZ (26) was performed. Based on the conformation of side chains
of the crucial residues D49 and R51 of β–CA from Coccomyxa (Figure 2.18, palecyan sticks),
the orientation of the corresponding side-chains of D44 and R46 (wheat sticks) was modified
in order to make free the fourth zinc coordination sphere. By assuming that the inhibitor
AAZ (26) displays a similar binding mode in these two β–CAs, AAZ X–ray conformation
from CoCA was positioned in the catalytic site of VchCAβ. Then, the side–chains of residues

Figure 2.19: Docking poses into our “modelled” VchCAβ catalytic cavity for acetazolamide (AAZ,
26). The VchCAβ backbone is showed as surface: chain A is colored in gold, chain B in sky blue.
Residue involved in hydrophobic and hydrophilic interactions are highlighted as lines. Zinc ion is
depicted as yellow sphere. Dark grey dashed lines represent hydrogen bond interaction.
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close to the inhibitor AAZ have been minimized. In the last step of our study, AAZ was
discarded from the theoretical complex with VchCAβ. The obtained protein was used to
perform docking studies on AAZ, in order to assess the ability of our protocol to restore
a similar binding pose. We found that the binding pose suggested by docking studies is
perfectly superimposable with the native conformation of AAZ, confirming the robustness
of our model (Figure 2.18). As result, we obtained a hypothetical structure of “open active
site” from VchCAβ as the “first in silico model” useful for mapping the inhibitor binding
interactions and to perform a structure–based drug design of potential anticholera agents.
As expected, the sulfonamide moiety anchors the catalytic zinc ion; additionally, the nitrogen
of the N-acetamido group forms a H–bond to the oxygen atom of G102, the thiadiazole
ring establishes π/π interaction with Y83 which is reinforced by further hydrogen bond
contacts between heterocyclic nitrogen atoms and hydroxyphenyl substituent. This network
of interactions might explain the affinity for VchCAβ at submicromolar concentration (Ki
value of 451 nM, Table 2.9), thus supporting the reliability of our modelled VchCAβ. Then
we investigated the docking poses into our “modelled” VchCAβ catalytic cavity for all 4–
(cycloalkyl–1–carbonyl)benzensulfonamide derivatives (47a–e, 48a, 49a–f and 50a–d).

Figure 2.20: Superposition of predicted binding mode for sulfonamide derivatives 47a and 49e into
“modeled” VchCAβ catalytic cavity. Residues involved in hydrophobic and hydrophilic interactions
are shown as gold (chain A) and sky blue (chain B) stickS. Zinc ion is depicted as dark green sphere.
Dark grey dashed lines represent hydrogen bond interactions.
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In Figure 2.20 we described the best pose of prototype unsubstituted sulfonamide 47a showing
the ability to create a network of interactions with the deep area of the catalytic site near
to zinc ion, establishing few contacts with residues located in the middle area and top of
CA cavity. We found hydrophobic interactions only with Y83, L113 and A106. Therefore,
we hypothesized that these interactions could be not sufficient to inhibit VchCAβ (Ki >
10,000 nM). This consideration might justify the low efficacy demonstrated by sulfonamide
derivatives 47b–d and 48a structurally related to parent compound 47a. Interestingly, the
best active inhibitor 49e (Ki value of 806.4 nM) demonstrated the ability to form additional
interactions with a cluster of hydrophobic residues A106, P111 and L113 when compared
with unsubstituted analogue 47a, thus suggesting that the 4–phenylsubstituent of compound
49e is a crucial fragment to make more favorable hydrophobic contacts in the top of the cavity.
This result indicates that the ligands having a good affinity towards VchCAβ are expected to
establish additional H–bond interactions or hydrophobic contacts in the middle or top region
of the enzymatic cavity.

The results of this research work were reported in Gitto R. et al. Journal of Enzyme Inhibition
and Medicinal Chemistry, 2019, 34(1), 1186–92 (doi: 10.1080/14756366.2019.1618292).

2.6 Design and synthesis of new VchCAs inhibitors by molecular
simplification approach

It has been suggested that the three bacterial CAs classes are characterized by a different
spatial reorganization, since a progressive reduction of catalytic pocket width has been
observed moving from α, to β and γ class [115] (Figure 2.21). This structural feature could
justify the poor affinity toward β and γ classes for bulky inhibitors.

α–CAs β–CAs γ–CAs

Figure 2.21: 3D–structures of bacterial α–, β–, γ–CAs with focus on catalytic pocket size.

65

https://doi.org/10.1080/14756366.2019.1618292


2. Results

In light of the above findings and as continuation of our research project to develop effective
antibacterial candidates targeting VchCAs, it was thought to extend our investigation. In
particular, the visual inspection of the bacterial CAs pockets prompted the design of a
new series of more flexible molecules based on benzenesulfonamide scaffold in which the
cycloalkylamine nucleus of compounds 47a–e, 48a, 49a–f and 50a–d, was replaced by glycine
linker (Figure 2.22). The follow up of this work was the investigation of the phenyl tail by the
addition of lipophilic substituents and the replacement of the phenyl ring with different aryl
systems. Successively, attention has been paid to linker modification through the substitution
of the glycine fragment with different amino acids. Finally, it was planned the synthesis of a
homologous series for which the biochemical screening is still in progress.

Figure 2.22: Schematic representation of the multi–step approach used for the design of N–(2–oxo–
2–((4–sulfamoylphenyl)amino)ethyl)benzamides [85a–g].

Initially, it was planned the synthesis of a small set of glycine derivatives. The route followed
to afford the N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)benzamides [85a–g] is depicted
in Scheme 2.6. The key intermediates N–aroyl glycine 83a–g were obtained from glycine (80)
and the appropriate aroyl chloride (79a–g) in alkaline water medium. In the second and last
step, the aroyl glycine intermediates 83a–g were treated with the activating agent HBTU and
coupled with p–aminobenzenesulfonamide (84) affording final compounds 85a–g.
The small set of N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)benzamides 85a–g thus ob-
tained has been then biochemical screened against VchCAα, –β and –γ and the collected data
are summarized in Table 2.10 in comparison with Ki values measured for the most active
compound of previous series 49e and AAZ. The inhibitory profiles against the physiologically
dominant isoenzymes CA I and II have been also measured in order to evaluate the ability of
this compounds to discriminate the bacterial CAs over human off-target isoforms.
All these data evidenced how changes in core molecules significantly impact the inhibitory
profile toward VchCAs. Indeed, all the tested compounds proved to affect the carbon dioxide
hydrase activity of the three classes of CAs encoded by the pathogen V. Cholerae. In particular,
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Cmpds Ar

a phenyl

b 2–chlorophenyl

c 3–chlorophenyl

d 4–chlorophenyl

e 2–fluorophenyl

f 2–furyl

g 2–thienyl

81a–g 82 83a–g

84
85a–g

i

ii

p–aminobenzenesulfonamide

Scheme 2.6: i) NaOH, H2O/CH3CN, 2.5 h, 0◦ C to rt; ii) HBTU, p–aminobenzenesulfonamide
(84), DBU, DMF, 12 h, rt.

N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)benzamides 85a–g revealed inhibitory effects
in the low nanomolar range towards VchCAα with Ki ranging from 0.4–18.5 nM, whereas
they are medium potent inhibitors of VchCAβ (Ki comprises between 59.7–884 nM).

Ki (nM)a

VchCAα VchCAβ VchCAγ hCA I hCA II

85a 0.4 884 562.8 524.3 19.9

85b 8.9 795.5 8933 564.1 29.6

85c 18.5 82.8 363.6 127.2 14.7

85d 9.6 59.7 282.2 81.3 3.3

85e 9.2 311.6 70.0 162.7 3.1

85f 4.8 635.7 6025 429.6 38.5

85g 6.8 460.0 7750 620.8 22.2

49e 89.9 806.4 >10,000 6.5 0.6

AAZ 6.8 451.0 470.0 250 12.1
aMean from three different assays (errors were in the range of ±5–10 % of the reported values).

Table 2.10: Inhibition data for VchCAα, β–and γ and for the human hCA I and II with compounds
83a–g. Compound 49e and AAZ are reported only for comparative for a comparative purpose.
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Confirming the proof–of concept that a flexible linker might improve the binding affinity
toward γ–CAs, these new series of compounds showed to be effective inhibitors also against
the class (Ki comprises between 70.0–8933 nM). The screening toward VchCAα evidenced
that any structural modification introduced on tail molecule of parent compound 85a did not
significantly affect the inhibitory potency of derivatives 85b–g. The inhibitory trend toward
VchCAβ revealed that the introduction of a chlorine atom in meta (85c) or para (85d) position
resulted advantageous for the interaction with this CA class. As result, we can speculate that
additional hydrophobic interactions can greatly contribute to stabilize these two ligands, 85c
and 85d, within VchCAβ active site. With the aim to corroborate this hypothesis, molecular
docking studies were carried by using the previously validated protocol. The hypothetical
binding pose for the most active compound 85d is shown in Figure 2.23. As expected, docking
analysis revealed that the sulfonamide moiety participates in the canonical interactions with
the catalytic zinc ion. Furthermore, the sulfonamide is engaged in a network of H–bond
interactions involving residues C101, G102 and A67 (chain A, colored in wheat). Interestingly,
the aromatic ring of the benzenesulfonamide portion is stabilized by a π–π interaction with
the enzyme proton shuttle Y83 (chain B, colored in sky blue) [112]. In addition, the hydroxyl
group of Y83 acts as H-bond donor to the carbonyl group of the glycine spacer. Finally, it was
found that the tail extends towards the rim cavity and it is retained by interactions mediated
by T105, A105, I108 lining the hydrophobic valley along chain A (in gold).

A) B)

Figure 2.23: A) Predicted binding pose of the inhibitor 4–chloro–N–(2–oxo–2-((4-
sulfamoylphenyl)amino)ethyl)benzamide 85d into a “modelled” VchCAβ. The key residues of
catalytic pocket are presented as gold (Chain A) and sky blue sticks (Chain B). The zinc (II) is
depicted as dark green sphere. Hydrogen bond interactions are showed as dark grey dashed lines. B)
Representation of VchCAβ surface showing compound 85d located in the active site.
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Concerning VchCAγ, the best outcome has been obtained for fluorinated derivative (85e)
that resulted 7–fold up more active then reference compound AAZ. The lack of VchCAγ
crystal structure did not allow to explore the 85e binding pose and, as consequence, to
identify the key amino acid residues regulating the affinity towards this CA class. As con-
tinuation, several structural modifications have been introduced to the linker of compound
85a with the aim to catch new profitable contacts in the middle area of VchCAs catalytic

86a, R=Me
86b, R=iPr
86c, R=iBu

87a, R=Me
87b, R=iPr
87c, R=iBu

88a, R=Me
88b, R=iPr
88c, R=iBu

89a, R=Me
89b, R=iPr
89c, R=iBu

90a, R=Me
90b, R=iPr
90c, R=iBu

91a, R=Me
91b, R=iPr
91c, R=iBu

i(B)

i(A) ii(B)

ii(A) iii(B)

Scheme 2.7: Reagents and conditions. i(A): NaOH, H2O/CH3CN, 0◦ C to rt, 2.5 h; i(B) HBTU,
p–aminobenzenesulfonamide (84), DBU, DMF, rt, 12 h. ii(A) HATU, DIPEA, DMF, 0◦ C to rt,
overnight; ii(B) DBU, DMF, rt, 10 min.; iii(B) EDIPA, DCM/DMF mixture (4:1), 0◦ C to rt, 3h.
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cavity, thus improving the binding potential. Therefore, a second subseries of N–(2–oxo–
2–((4–sulfamoylphenyl)amino)ethyl)benzamides has been designed. The new compounds
bear aliphatic amino acids including alanine, valine and leucine fragments (91a–c) in place
of glycine building block. Many experimental attempts of synthesis have been made to
afford the new designed derivatives 91a–c by following the same synthetic route of glycine
analogues 85a–g, but the final coupling between the N–benzoyl amino acids 86a–c and p–
aminobenzenesulfonamide (84) did not lead to desired compounds (Scheme 2.7, pathway A).
Different coupling conditions have been used to overcome this obstacle, but in any case it was
observed the formation of final products in a low percentage due to the high percentage of
unreacted sulphanilamide and to the side-reactions occurred. Therefore, a highly effective
synthetic procedure has been developed and it is described in Scheme 2.7 (pathway B).
In particular, the intermediates 89a–c have been obtained via a coupling reaction between the
commercially available Fmoc–L–amino acids 86a–c and p–aminobenzenesulfonamide (84).
This first step of reaction was performed in DMF solution by using different coupling reagent
as well as (1–[Bis(dimethylamino)methylene]–1H–1,2,3–triazolo[4,5–b]pyridinium–3–oxide-
–hexafluorophosphate) (HATU) , HBTU or (1–Cyano–2–ethoxy–2–oxoethylidenaminooxy)di-
methylamino–morpholino–carbenium hexafluorophosphate) (COMU), and DIPEA as base.
The best result was obtained by using HATU and by adding this in different time in ice bath.
Following this procedure, it was possible to minimize the formation of side products and to
increase consistently the yield. The derivatives 89a–c were then subjected to a deprotection
reaction using different bases as well as TEA, piperidine, DBU to afford compounds 90a–c.

83a, R=H
87a, R=Me
87b, R=iPr
87c, R=iBu

92

93a, R=H
93b, R=Me
93c, R=iPr
93d, R=iBu

i

Scheme 2.8: Reagents and conditions. i) HBTU, DIPEA, DMF, rt, 12 h.
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2.6 – Design and synthesis of new VchCAs inhibitors by molecular simplification approach

Finally, the intermediates 90a–c were dissolved in DMF/DCM mixture and treated with
benzoyl chloride (81a) in order to achieve the final compounds 90a–c in excellent yield.

The Ki values measured for compounds 92a–c against VchCAα, β– and γ and the ubiquitous
hCA I and II are summarized in Table 2.11. In order to investigate the role of the benzoyl tail
in regulation the binding affinity toward the bacterial CAs and the selectivity over the human
off–target isoforms, also the intermediates of synthesis 92a–c were screened.

The SAR analysis pointed out the introduction of methyl 90a or isopropyl 90b side chains
weakly affected the affinity against VhCAα compared to the not–branched derivative 85a;
whereas the replacement with bulkier isobutyl group of leucine derivative 91c highly reduced
the binding affinity. As regard VhCAβ, there is not a linear correlation between the increase
of side chain steric hindrance and the variation of affinity. Unexpectedly, compounds 91a–c
proved to be high potent inhibitor of VhCAγ, suggesting that this aliphatic side chains could

R R1 Ki (nm)a

VchCAα VchCAβ VchCAγ hCA I hCA II

90a H Me 869.3 382.7 35.7 380.6 23.7

90b H iPr 608.7 182.6 658.8 362.5 88.6

90c H iBu 86.9 5.4 323.5 237.0 770.9

91a Bz Me 9.5 3000 80.5 46.1 4.4

91b Bz iPr 9.2 389.3 24.3 51.5 3.7

91c Bz iBu 690.2 642.4 87.7 4.7 2.5

85a Bz H 0.4 884 562.8 524.3 19.9

AAZ – – 6.8 451.0 470.0 250 12.1
aMean from three different assays (errors were in the range of ±5–10 % of the reported values).

Table 2.11: Inhibition data for VchCAα, β–and γ and for the human hCA I and II with compounds
90a–c and 92a–c. Compound 85a is reported for comparison reasons.
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provide hydrophobic stabilizing interactions within the middle area of VhCAγ. It is worth
to note that the ramification led to an enhanced inhibitory activity against the, in this case,
human off–target isoforms CA I and II, hinting that the affinity and selectivity profile of this
small set of compounds could be in future investigate for different clinical applications.
The biochemical test of the intermediates 90a–c has led to amazing results in terms of both
affinity and selectivity; indeed, the 2–amino–4-methyl–N–(4–sulfamoylphenyl)pentanamide
90c (Ki of 5.4 nM) resulted about 84– and 120–fold up more active than the classical CAI
inhibitor AAZ and the parent compound 91c respectively. In addition, compound 90c showed
a low affinity towards the ubiquitous isoforms CA I and II, making it a promising lead
compound for more in-depth biological studies aimed to identify agents useful in treatment
of cholera disease. However, considering the highest level of sequence homology found for
VchCAβ to the β–CAs from Salmonella enterica (63% identity), from E. coli (61% identity) and
from H. influenzae (58% identity), it is possible to suppose that VchCAs inhibitors reported so
far could potentially be employed in the management of other human infectious diseases.
Continuing our exploration of the chemical space of VchCAs inhibitors, in the last part of
this study we planned the synthesis of a homologous subseries (93a–d) identifying as useful
synthon the 4–(aminomethyl)benzenesulfonamide (92). The synthetic approach used to
afford compounds 93a–d is depicted in Scheme 2.8. The intermediates 83a, 87a–c were easily
coupled with 4–(aminomethyl)benzenesulfonamide 92, in alkaline medium for DIPEA and
using HBTU as coupling reagent. All the designed compounds 90a–c were easily obtained in
good yields thanks to the high nucleophilicity of 4–(aminomethyl)benzenesulfonamide 92;
on the contrary this approach failed to furnish branched derivatives 91a–c. The biochemical
screening for this last series of compounds is still in progress.

This part of project has been carried out during the period abroad at the Institute of Organic
Chemistry and Biochemistry (IOCB) of Prague under the supervision of Dr. Milan Vrabel.

2.7 Generation of pharmacophore model for the development of
new VchCAs inhibitors

Computer-aided drug design strategies have been successfully applied to attempt the iden-
tification of novel CA inhibitors. Herein we report the first ligand-based pharmacophore
model as computational tool to identify novel scaffold for VchCAβ target. By applying this
strategy, it was initially obtained a three–dimensional pharmacophore model which has been
validated to confirm its robustness as valuable tool to identify potent inhibitors. Then, a
structure–based virtual screening of 3D–databases allowed us to select hypothetical drug–like
sulfonamides able to establish favorable interaction within catalytic cavity. Finally, several
compounds were synthesized and screened to confirm the reliability of our computational
protocol and to reach new information about the Structure Activity Relationships (SARs).
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Figure 2.24: Our workflow to develop VchCAβ inhibitors.

It is well known that the virtual screening of compound libraries is a process that can be di-
vided into well–defined steps. Figure 2.24 describes the screening workflow that was applied
by us to discern novel VchCAβ inhibitors. The first step of our method was the creation of
a query pharmacophore model for CA inhibitors targeting VchCAβ class. For this purpose,
we selected from literature nineteen well–known inhibitors (Figure 2.25 and Figure 2.26)
that possess the RSO2NHR chemical moiety as common ZBG. In order to guarantee the best
reliability of the pharmacophore hypotheses, it has been selected a homogenous series of
inhibitors that have been assayed by employing the stopped–flow CO2 hydrase assay. The Ki
values for the chosen compounds range from 68 to 6000 nM. The data set compounds were
distributed in two subsets, that are the training set (Figure 2.25) and the test set (Figure 2.26).
The two data set of sulfonamides have been employed to generate a collection of ten pharma-
cophore model by means of LigandScout. The pharmacophore hypothesis with the best score
value (72.7165) has been chosen from the ten generated models. To validate this model, its
discriminatory ability has been assessed by considering the enrichment factor and the area
under the curve (AUC) of the Receiver Operating Characteristic (ROC) curve. The model
displays a preference for active compounds with an AUC value of 0.97 and EF of 11.5. As
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shown in Figure 2.27A the obtained ligand–based pharmacophore consists of one aromatic
ring feature (blue ring), two H–bond donors (green spheres), one hydrophobic feature (yellow
sphere), three H–bond acceptors (red spheres), one negative ionizable (red star) and thirty-one
exclusion volumes (gray sphere).
The superposition of the 3D coordinates of the classical inhibitor AAZ (Ki value of 451 nM) on
generated pharmacophore (see Figure 2.27B) highlighted that the deprotonated sulfonamide
moiety (RSO2NH-) is defined by two oxygen atoms as H–bond acceptors as well as one
nitrogen atom corresponding to a H–bond donor or a negative ionizable group. Furthermore,
the thiazolidine core of AAZ well fitted hydrophobic/aromatic ring features. Additionally, the
nitrogen atom of amide portion corresponds the the other H–bond donor feature. The above
described features corroborated with previously reported interactions found for AAZ docked
into our modelled open conformation of VchCAβ. This strong matching found between the
hypothetical binding pose of AAZ and the pharmacophore model, prompt us to exploit this
plausible model as virtual screening (VS) tool to identify potential VchCAβ inhibitors.
The second step of our computational study involved the construction of a plausible database

Acetazolamide, 26 Hydrochlorothiazide, 41 49e

84 94 95 96

97 98

Figure 2.25: Chemical structure of selected VchCAβ inhibitors constituted the training set.
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Methazolamide, 27 Sulthiame, 30 Brinzolamide, 32

Sulpiride, 37 Saccarine, 38 99 100

101 102 103

Figure 2.26: Chemical structure of selected VchCAβ inhibitors constituted the test set.

of VchCAβ inhibitors through the collection of para–benzenesulfonamide derivatives retrieved
from SciFinder chemical database (https://scifinder.cas.org). Specific filters have been applied
to select commercially available compounds with drug–likeness properties. Therefore, 8.208
molecules were collected and thus screened on pharmacophore model, thus obtaining 661
compounds. Among them, a set of 118 sulfondamides was chosen on the basis of fit-score
values (major than 72.86). A visual inspection has allowed the selection of a subseries
concerning of 40 compounds, that were docked into our modelled β–CA cavity by Gold
software. Therefore, docking analysis afforded to nine sulfonamides that were selected on the
basis of easy synthetic accessibility. The chemical structures of the selected hits compounds
can be generalized as reported in Figure 2.28. Compounds 104a–i are characterized by the
canonical ZBG linked to the lipophilic cap–group by an amide spacer as crucial motif to bind
VchCAβ catalytic cavity through the requested hydrogen bond donor group; additionally, the
cap group might furnish a selective interaction with VchCAs over other CA classes.
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A) B)

Figure 2.27: Panel A) Representation of the best generated pharmacophore hypothesis. Panel B)
AAZ mapped into pharmacophore model.

It was performed the synthesis of the desired compounds by following the easy on step proce-
dure reported in Scheme 2.9. The computationally designed N–(4–sulfamoylbenzyl)amide
derivatives 104a–i were readily obtained by coupling the 4–aminomethylbenzenesulfonamide
(92) with commercially available carboxylic acids or aroyl chlorides.
The N–(4–sulfamoylbenzyl)amide derivatives 104a–i thus obtained, were assayed for their in-
hibitory activity against VchCAα, –β and –γ. The collected biochemical data are summarized
in Table 2.12 and compared with Ki values of AAZ as reference compound. For a comparative
purpose the inhibitory profiles against the ubiquitous hCA I and hCA II have been also inves-
tigated. All computationally–inspired compounds 104a–i affected the CO2 hydrase activity of
VchCA classes showing Ki values ranging from 6.2 to 6442 nM. The screening toward VchCAα

Figure 2.28: Schematic representation of structural moieties shared by sulfonamides 104a–i.
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92 104a–i

R=

a b c

d e f

g h

i

i, A or B

Scheme 2.9: Reagents and conditions: i, A) RCOCl DIPEA, DCM/DMF (2:1, v/v), MW, 25◦ C,
10 min; B) RCO2H, HBTU, DIPEA, DCM/DMF (2:1, v/v), MW, 25◦ C, 25 min.

highilighted that the R substituent not significantly affected the inhibitory potency of tested
compounds 104a–i. Notably, the 1–(biphenyl–4–yl)–substituted compound 104e resulted the
most active VchCAβ inhibitor with a Ki value of 95.6 nM. Compounds 104b, 104f, 104g and
104i were about 5–fold less active VchCAβ inhibitors when compared with analogue 104e.
The presence of m–tolyl or 2,5–chlorophenyl as hydrophobic cap group, respectively in com-
pounds 104a and 104c, proved to be dramatically detrimental for VchCAβ binding potential.
On the contrary, compounds 104d and 104h were more active when compared with 104a
and 104c, whereas they were weakly active if compared with the most interesting inhibitor
104e. All these data evidenced how changes in the size and/or shape of the hydrophobic
tail can strongly affect the affinity toward VchCAβ. The inhibitory trend against VchCAγ

revealed that compounds 104a, 104d, and 104i were active at low nanomolar concentration,
whereas no intriguing results have been found for the remaining compounds of the series.
Taken together these data confirmed that VchCAα is more able to accommodate the various
R–substituents compared the other tested classes VchCAβ and VchCAγ, certainly due to the
wider size of its catalytic pocket. Overall, the most relevant result was the identification of
compound 104e as a potent and selective VchCAβ inhibitor that displayed very low affinity
toward hCAs I and II (Ki values of 2113.0 and 919.7 nM, respectively).

A further step of our study has been to analyze the hypothetical orientations into VchCAβ
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Ki (nm)a

VchCAα VchCAβ VchCAγ hCA I hCA II

104a 45.0 6442.0 56.1 60.7 3.3

104b 9.1 626.7 250.8 65.9 5.1

104c 8.8 3596.0 722.4 77.8 31.6

104d 18.1 179.2 98.4 95.0 63.0

104e 11.6 95.6 174.6 2113.0 919.7

104f 12.1 586.1 657.4 98.3 54.4

104g 6.2 553.9 593.0 269.3 26.3

104h 10.0 200.4 775.0 44.2 83.8

104i 7.7 538.5 79.6 571.5 69.5

AAZ 6.8 451.0 470.0 250.0 12.1
aErrors in the range of ±10% of the reported value, from 3 different assays.

Table 2.12: Inhibitory effects against VchCAα, VchCAβ, VchCAγ , hCA I and hCA II collected for
benzenesulfonamides 104a–i and reference compound acetazolamide (AAZ, 26).

cavity for synthesized compounds by docking analysis, that were performed by using the
same protocol employed for the already investigated VchCAβ inhibitors. The docking results
confirmed that N–(4–sulfamoylbenzyl)amide derivatives 104a–i adopted the canonical orien-
tation of sulfonamide-based CAIs for which the deprotonated form of sulfonamide moiety is
anchored to the zinc ion coordinated by residues C42, H98 and C101 (chain A, colored in
blue). As expected, the aromatic ring of the benzenesulfonamide portion is stabilized through
a π–π interaction with Y83 (chain B, colored in wheat). In addition, the –NH– group of amide
spacer establishes H–bond interaction with the oxygen atom of G102 backbone. Our studies
suggested that the cap–group might be involved in a network of interactions with a cluster of
residues T105, A106, A139, I108 lining the hydrophobic subpocket along the rim of chain A.
The network of above–mentioned interactions is displayed in Figure 2.29 for the most active
inhibitor N–(4–sulfamoylbenzyl)biphenyl–4–carboxamide (102e, Ki value of 96.5 nM).

The screening and the docking efforts established that this compound might be a promising
lead compound for further biological studies and structural optimization aimed to the
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Figure 2.29: Plausible binding mode of 104e within VchCAβ active site. VchCAβ backbone is
represented as surface and cartoon. Amino acid residues involved in hydrophobic and hydrophilic
interactions are showed as lines. Zinc ion is depicted as dark green sphere. Dark grey dashed lines
represent hydrogen bond interaction.

identification of novel anti–infective agents characterized by a peculiar mechanism of action,
in order to overcome the global threat of antibiotic resistance.

The data collected in this last part of our research are reported in F. Mancuso et al. ACS Medici-
nal Chemistry Letters, 1 September 2020, In press, (doi: 10.1021/acsmedchemlett.0c00417).
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3

CONCLUSIONS3
Chapter 3

In attempt to carefully investigate the structure–activity relationships (SARs) of novel human
CA inhibitors containing benzenesulfonamide scaffold, a series of forty–two compounds has
been synthetized and tested for their CA inhibitory activity by a stopped–flow carbon dioxide
hydrase assays against selected human CAs. The design of the CAIs has been performed by a
structure–guided drug discovery method, thus taking into account the visual inspection of
the X–ray crystallographic complexes previously obtained from our group.

Among the first series of cycloalkylamino–1–carbonylbenzenesulfonamides (47a–e, 48a–b,
49c–f and 50a–d), the most potent compounds demonstrated excellent inhibitory effects
against several CA isoezymes at subnanomolar concentration. These findings were corrob-
orated by crystallographic structures of the hit compounds 49a, 49b and 50b in complex
with both hCA II and hCA VII isoforms. These structural analysis confirmed that the com-
bination of the crucial benzenesulfonamide moiety with a suitable “tail” can enhance the
affinity profile toward specific isoforms, suggesting the design of 4–[4–(aroylpiperazine–
1–carbonyl]benzenesulfonamides series (54a–p). The best outcome has been the identifi-
cation of for 4–[4–(2–fluorobenzoyl)piperazine–1–carbonyl]benzenesulfonamide (54b) and
4–(4–(furan–2–carbonyl)piperazine–1–carbonyl)benzenesulfonamide (57h). Interestingly,
compound 54b showed very high affinity against the tumor–associated isoform, displaying an
inhibitory activity similar to that of the prominsing anti–tumour agent SLC–0111. The bind-
ing interaction and the chemical requirements which have determined the improvement in
hCA XII affinity, have been investigated by docking analysis. Concerning the furyl derivative
57h, it combines an advantageous affinity and selectivity profile against the brain–expressed
human CA VII comparable with that of the clinical use anticonvulsant agent Topiramate (33).

Furthermore, we identified a novel series of thirty–two coumarins structurally related to the
natural compound Umbelliferon, possessing high affinity toward the tumor–expressed hCA
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IX/XII and selectivity over hCA I/II isoforms. The most relevant result has been obtained for
4–(4–Aminophenyl)–7–hydroxy–8–methyl–chromen–2–one (70i), for which docking analysis

49a 49b

50b 54b

57h 70i

Figure 3.1: Chemical structures of novel promising human CAI inhibitors.
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confirmed the relevance of the amino group in the binding process within CA XII active
site. This evidence confirms that coumarins represent useful heterocyclic system for further
chemical optimization in order to obtain CAIs characterized by a singular mechanism of CA
inhibition which does not involve the coordination of zinc ion within catalytic site.
Finally, our efforts have been also addressed to the development of novel inhibitors targeting
α, β and γ classes from the pathogen Vibrio Cholerae (VchCAα, β, γ) potentially useful in the
management of cholera disease. In order to identify a new class of VchCAs inhibitors, different
drug design strategies have been applied. All the designed compounds were synthesized and
tested for their in vitro inhibitory activity against VchCAα, –β and –γ classes in comparison
with ubiquitous hCA I and II. Overall, these studies led to the identification of three promising
hit compounds: 4–chloro–N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)benzamide (83d),
2–amino–4–methyl–N–(4–sulfamoylphenyl) pentanamide (90c), N–(4–sulfamoylbenzyl)–
[1,1’–biphenyl]–4–carboxamide (104e). Across them, hit compound 104e has been found to
combine high affinity toward VchCAs with surprising selectivity over the human off–target
isoforms. This result makes 104e a promising lead compound for further biological studies
and structural optimization. Indeed, it could represent the starting point for the identification
of novel anti–infective agents characterized by a peculiar mechanism of action, in order to
overcome the global threat of antimicrobial drug resistance.

85d 88c 104e

Figure 3.2: Chemical structures of novel bacterial CAI inhibitors.

Overall, the results of this three years PhD research project might contribute to expand the
chemical space of both human and bacterial CA inhibitors. At the same time, the synthetic
accessibility for all the discovered compunds has been ensured. The analysis of the many
collected biochemical data furnished relevant knowledge about structure–activity relation-
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ships (SARs) of benzenesulfonamide and coumarine derivatives. Structural investigation by
means of computational or X–ray crystallographic studies have shed light on to the crucial
interactions which affect affinitiy/selectivity towards the CA druggable isoforms. All the
biochemical and the structural data reported so far, may provide useful insight for the future
discovery of CAIs potentially employable in the treatment of important human diseases.

Research supported by “Fondo di Ateneo per la Ricerca” (PRA grant number ORME09SPNC –
Università degli Studi di Messina). PO FSE Regione Siciliana 2014–2020 doctoral scholarship.
(XXXIII Cycle – University of Messina, Italy).
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EXPERIMENTAL SECTION4
Chapter 4Chapter 4

4.1 Chemistry

All starting materials and reagents commercially available (Sigma–Aldrich Milan, Italy; Alfa
Aesar Karlsruhe, Germany) were used without further purification. Microwave–assisted
reactions were carried out in a focused Microwave Synthesis System (CEM Technology Ltd
Buckingham, UK). Melting points were determined on a Buchi B–545 apparatus (BUCHI
Labortechnik AG Flawil, Switzerland) and are uncorrected (±0.4). Elemental analyses (C,
H, N) were carried out on a Carlo Erba Model 1106 Elemental Analyzer (Carlo Erba Milano,
Italy); the results confirmed a ≥ 95% purity. Thin–layer chromatography was performed on
aluminum sheets from Merk (Silica gel 60 F254, 20× 20). Chromatograms were visualized
by UV light (λ = 254 nm/366 nm) or by staining with ninhydrin or vanilline solution. Merck
silica gel 60 F254 plates were used for analytical TLC (Merck KGaA, Darmstadt, Germany).
Flash Chromatography (FC) was carried out on a Biotage SP1 EXP (Biotage AB Uppsala,
Sweden). High–resolution mass spectra were recorded on an Agilent 5975C MSD Quadrupol,
Q–Tof micro from Waters or LTQ Orbitrap XL from Thermo Fisher Scientific. HPLC–MS mea-
surements were performed on an LCMS–2020 system from Shimadzu equipped with a Luna®

C18(2) column (3µm, 100 A, 100×4.6 mm) using a linear gradient of CD3CN+0.05% HCOOH
(5 → 95% in 9 min) in H2O +0.05% HCOOH at a flow rate of 1.0 mL/min. 1HNMR and
13CNMR spectra were measured in dimethylsulfoxide-d6 (DMSO-d6) or or Deuterochloro-
form (CDCl-d3) with a Varian Gemini 500 spectrometer (Varian Inc. Palo Alto, California
USA) or with a a Bruker Avance III TM HD 400 MHz NMR system equipped with Prodigy
cryo–probe; chemical shifts are expressed in δ (ppm) and coupling constants (J) in hertz. All
exchangeable protons were confirmed by addition of D2O.
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4. Experimental Section

4.1.1 General synthetic procedure for compounds 47a–e, 48a, 49a–f, 50a–d

Pathway I: To a solution of 4–(aminosulfonyl)benzoic acid 46 (6 molar equivalents) in tetrahy-
drofuran (THF) (15 mL) the 1’-carbonyldiimidazole (CDI) (6 molar equivalents) at 0◦C was
added. The obtained mixture was stirred at room temperature for 3h and then the appropriate
amine derivative (15 molar equivalents) in N,N–Dimethylformamide (DMF) (5 mL) was added
drop wises. The reaction mixture was stirred vigorously at 350 rpm and room temperature
for two hours. The solvent was removed in vacuum. The addition of aqueous solution of
NaHCO3(5 mL) to the crude led to compounds 47a and 47d, which were purified through
crystallization by a mixture of diethyl ether (Et2O) and ethanol (EtOH) (50%, v/v).
Pathway II: A mixture of 4–sulfamoyl benzoic acid 46 (2 molar equivalents) and N,N,N,N–
tetramethyl–O–(1H-benzotriazol–1–yl)uronium hexafluorophosphate (HBTU) (2 molar equiv-
alents) in DMF (2 mL) was stirred at room temperature for 1 h. Then, a solution of the
appropriate amine derivative (2 molar equivalents) in triethylamine (TEA) (2 mmol) was
added drop wises. The reaction mixture was left overnight and then quenched with water (10
mL) and extracted with EtOAc (3× 5 mL). The organic phase was dried over sodium sulphate
(Na2SO4) and then the solvent was removed in vacuum. The residue was purified by flash
chromatography using a linear gradient of methylene chloride (DCM)/ + methanol (MeOH)
(100% DCM to 96% DCM–4% MeOH), crystallized by treatment with a mixture of Et2O and
EtOH (1:1) to give the desired final compounds 47b–c, 48a, 49a–f, 50a–d as white powders.
For compounds 47a–d,48a, 50a, and 50d registered CAS numbers have been already assigned.
However, their synthetic procedures, chemical properties and structural characterization are
not available in literature.

4–(Piperidine–1–carbonyl)benzenesulfonamide
(CAS Number: 4302–78–7)

47a

Yield: 40%; m.p.: 206− 208◦C; Rf (DCM/MeOH 96:4 v/v): 0.45; 1H–NMR (DMSO–d6) (δ): 1.43–3.57
(m, 10H, CH2), 7.45 (bs, 2H, NH2), 7.53 (d, J= 8.2 Hz, 2H, ArH), 7.83 (d, J= 8.2 Hz, 2H, ArH). Anal. for
C12H16N2O3S: C 53.71%; H 6.01%; N 10.44%. Found: C 53.79%; H 6.13%; N 10.54%.

4–(2–Methylpiperidine–1–carbonyl)benzenesulfonamide
(CAS Number: 1097096–08–6)

47b

Yield: 60%; m.p.: 186− 188◦C; Rf (DCM/MeOH 96:4 v/v): 0.47; 1H-NMR (DMSO-d6) (δ): 1.15 (d,
J=7.1 Hz, 3H, CH3), 1.43-3.40 (m, 9H, CH and CH2), 7.42 (bs, 2H, NH2), 7.50 (d, J=8.2 Hz, 2H, ArH),
7.83 (d, J= 8.2 Hz, 2H, ArH). Anal. for C13H18N2O3S: C 55.30%; H 6.43%; N 9.92%. Found: C 55.35%;
H 6.40%; N 9.97%.
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4.1 – Chemistry

4–(3–Methylpiperidine–1–carbonyl)benzenesulfonamide
(CAS Number: 4367–75–3)

47c

Yield: 35%; m.p.: 190− 192◦C; Rf (DCM/MeOH 96:4 v/v): 0.49; 1H-NMR (DMSO-d6) (δ): 1.06 (d, J=
7.1 Hz, 3H, CH3), 1.10-2.94 (m, 9H, CH and CH2), 7.43 (bs, 2H, NH2), 7.52 (d, J= 8.2 Hz, 2H, ArH),
7.84 (d, J= 8.2 Hz, 2H, ArH). Anal. for C13H18N2O3S: C 55.30%; H 6.43%; N 9.92%. Found: C 55.40%;
H 6.53%; N 10.02%.

4–(4–Methylpiperidine–1–carbonyl)benzenesulfonamide
(CAS Number: 1096951–92–6)

47d

Yield: 40%; m.p.: 212− 214◦C; Rf (DCM/MeOH 96:4 v/v): 0.51; 1H-NMR (DMSO-d6) (δ): 0.91 (d, J=
7.0, 3H, CH3), 1.06-3.00 (m, 9H, CH and CH2), 7.44 (bs, 2H, NH2), 7.53 (d,J= 8.2 Hz, 2H, ArH), 7.84
(d, J= 8.2 Hz, 2H, ArH). Anal. for C13H18N2O3S: C 55.30%; H 6.43%; N 9.92%. Found: C 55.40%; H
6.40%; N 9.80%.

4–(4–Benzylpiperidine–1–carbonyl)benzenesulfonamide
(CAS Number: 2260622–11–3)

47e

Yield: 44%; m.p.: 156−158◦C; Rf (DCM/MeOH 96:4 v/v): 0.59; 1H-NMR (DMSO-d6) (δ): 1.47-3.44
(m, 9H, CH and CH2), 2.50 (m, 2H, CH2Ph), 7.15-7.16 (m, 3H, ArH), 7.24-7.27 (m, 2H, ArH), 7.42
(bs, 2H, NH2), 7.52 (d, J= 8.2 Hz, 2H, ArH), 7.84 (d, J= 8.2 Hz, 2H, ArH). Anal. for C19H22N2O3S: C
63.66%; H 6.19%; N 7.81%. Found: C 63.56%; H 6.09%; N 7.71%.

4–(Azepane–1–carbonyl)benzenesulfonamide
(CAS Number: 1015627–49–2)

48a

Yield: 30%; m.p.: 200− 202◦C; Rf (DCM/MeOH 96:4 v/v): 0.53; 1H-NMR (DMSO-d6) (δ): 1.50-3.53
(m, 12H, CH2), 7.43 (bs, 2H, NH2), 7.51 (d, J= 7.6 Hz, 2H, ArH). 7.83 (d, J= 7.6 Hz, 2H, ArH). Anal. for
C13H18N2O3S: C 55.30%; H 6.43%; N 9.92%. Found: C 55.40%; H 6.53%; N 9.82%.

4–(4–Phenylpiperidine–1-carbonyl)benzenesulfonamide
(CAS Number: 2260622–14–6)

49a

Yield: 73%; m.p.: 222− 224◦C; Rf (DCM/MeOH 96:4 v/v): 0.55; 1H-NMR (DMSO-d6) (δδ): 1.86-4.60
(m, 9H, CH and CH2), 7.18-7.28 (m, 5H, ArH), 7.45 (s, 2H, NH2), 7.61 (d, J= 8.00 Hz, 2H, ArH), 7.86
(d, J= 8.00 Hz, 2H, ArH). Anal. for C18H20N2O3S: C 62.77%; H 5.85%; N 8.13%. Found: C 63.10%; H
5.65%; N 8.47%.
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4. Experimental Section

4–(4–Hydroxy–4–phenylpiperidine–1–carbonyl)benzenesulfonamide
(CAS Number: 226-0622–15–7)

49b

Yield: 34%; m.p.: 135− 137◦C; Rf (DCM/MeOH 96:4 v/v): 0.37; 1H-NMR (DMSO-d6) (δ): 1.51-4.45
(m, 8H), 5.20 (bs, 1H, OH), 7.18-7.32 (m, 3H, ArH), 7.45 (bs, 2H, NH2), 7.51 (m, 2H, ArH), 7.63 (d, J=
8.2 Hz, 2H, ArH), 7.86 (d, J= 8.2 Hz, 2H, ArH). Anal. for C18H20N2O4S: C 59.98%; H 5.59%; N 7.77%.
Found: C 60.18%; H 5.79%; N 7.87%.

4-[4-(4-Chlorophenyl)-4-hydroxypiperidine-1-carbonyl]benzenesulfonamide
(CAS Number: 2260622–16–8)

49c

Yield: 31%; m.p.: 215− 217◦C; Rf (DCM/MeOH 96:4 v/v): 0.38; 1H-NMR (DMSO-d6) (δδ): 1.52-4.44
(m, 8H), 5.31 (bs, 1H, OH), 7.36 (d, J= 8.5 Hz, 2H, ArH), 7.44 (bs, 2H, NH2), 7.54 (d, J= 8.5 Hz, 2H,
ArH), 7.63 (d, J= 7.6 Hz, 2H, ArH), 7.86 (d, J= 7.6 Hz, 2H, ArH). Anal. for C18H19ClN2O4S: C 54.75%;
H 4.85%; N 7.09%. Found: C 54.93%; H: 5.13%; N: 7.37%.

4-[4-(4-Bromophenyl)-4-hydroxy-piperidine-1-carbonyl]benzenesulfonamide
(CAS Number: 2260622–17–9)

49d

Yield: 35%; m.p.: 219− 221◦C; Rf (DCM/MeOH 96:4 v/v): 0.40; 1H-NMR (DMSO-d6) (δ): 1.48-4.45
(m, 8H), 5.31 (bs, 1H, OH), 7.44 (bs, 2H, NH2), 7.49-7.52 (m, 4H, ArH), 7.63 (d, J= 8.8 Hz, 2H, ArH),
7.86 (d, J= 8.8 Hz, 2H, ArH). Anal. for C18H19BrN2O4S: C 49.21%; H %4.36; N 6.38%. Found: C
49.58%; H 4.67%; N 6.44%.

4–(4–Cyano–4–phenylpiperidine–1–carbonyl)benzenesulfonamide
(CAS Number: 2260-622–19–1)

49e

Yield: 22%; m.p.: 285−287◦C; Rf (DCM/MeOH 96:4 v/v): 0.59; 1H-NMR (DMSO-d6) (δ): 2.07-4.67
(m, 8H), 7.34-7.39 (m, 1H, ArH), 7.42 (bs, 2H, NH2), 7.45-7.47 (m, 4H, ArH), 7.66 (d, JJ= 8.2 Hz, 2H,
ArH), 7.87 (d, JJ= 8.2 Hz, 2H, ArH). Anal. for C19H19N3O3S: C 61.77%; H 5.18%; N 11.37%. Found: C
6.83%; H 5.47%; N11.62%.

4–(4–Acetyl–4–phenyl–piperidine–1–carbonyl)benzenesulfonamide
(CAS Number: 2260-622–21–5)

49f

Yield: 20%; m.p.: 232− 234◦C; Rf (DCM/MeOH 96:4 v/v): 0.52; 1H-NMR (DMSO-d6) (δ): 1.89 (s, 3H,
CH3), 1.96-3.92 (m, 8H), 7.28-7.38 (m, 5H, ArH), 7.44 (bs, 2H, NH2), 7.55 (d, J= 8.2 Hz, 2H, ArH), 7.83
(dJJ= 8.2 Hz, 2H, ArH). Anal. for C20H22N2O4S: C 62.16%; H 5.74%; N 7.25%. Found: C 62.10%; H
5.84%; N 7.15%.
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4.1 – Chemistry

4–(4–Benzylpiperazine–1–carbonyl)benzenesulfonamide
(CAS Number: 1032228–25–3)

50a

Yield 40%; m.p.: 204− 206◦C; Rf (DCM/MeOH 96:4 v/v): 0.43; 1H-NMR (DMSO-d6) (δ): 2.32- 3.60
(m, 8H), 3.47 (s, 2H, CH2Ph), 7.22-7.26 (m, 5H, ArH), 7.44 (bs, 2H, NH2), 7.56 (d, J= 8.2 Hz, 2H,
ArH), 7.83 (d, J= 8.2 Hz, 2H, ArH). Anal. for C18H21N3O3S: C 60.15%; H 5.89%; N 11.69%. Found: C
60.25%; H 5.99%; N 11.99%.

4–[4–[(4–Fluorophenyl)methyl]piperazine–1–carbonyl]benzenesulfonamide
(CAS Number: 2260622–24–8)

50b

Yield: 30%; m.p.: 206− 208◦C; Rf (DCM/MeOH 96:4 v/v): 0.45; 1H-NMR (DMSO-d6) (δ): 2.35-3.78
(m, 8H), 3.50 (s, 2H, CH2Ph), 6.99-7.28 (m, 4H, ArH), 7.48 (bs, 2H, NH2), 7.50 (d, J= 8.2 Hz, 2H, ArH),
7.97 (d, J= 8.2 Hz, 2H, ArH). Anal. for C18H20FN3O3S: C 57.28%; H 5.34%; N 11.13%. Found: C
57.55%; H 5.43%; N 11.34%.

4–(4–Benzhydrylpiperazine–1–carbonyl)benzenesulfonamide
(CAS Number: 2260622–26–0)

50c

Yield: 60%; m.p.: 228− 230◦C; Rf (DCM/MeOH 96:4 v/v): 0.58; 1H-NMR (DMSO-d6) (δ): 2.26-4.32
(m, 9H), 7.16-7.39 (m, 10H, ArH), 7.41(bs, 2H, NH2), 7.52 (d, J= 8.2 Hz, 2H, ArH), 7.81 (d, JJ= 8.2
Hz 2H, ArH). Anal. for C24H25N3O3S: C 66.18%; H 5.79%; N 9.65%. Found: C 66.28%; H 5.69%; N
9.55%.

4–(4–Phenylpiperazine–1–carbonyl)benzenesulfonamide
(CAS Number: 1015405–80–7)

50d

Yield 84%; m.p.: 231−232◦C; Rf (DCM/MeOH 96:4 v/v): 0.59; 1H-NMR (DMSO-d6) (δ): 3.10-3.89 (m,
8H), 6.80-7.24 (m, 5H, ArH), 7.42 (bs, 2H, NH22), 7.58 (d, J= 8.2 Hz, 2H, ArH), 7.84 (d, J= 8.2 Hz, 2H,
ArH). Anal. for C17H19N3O3S: C 59.11%; H 5.54%; N 12.16%. Found: C 58.81%; H 5.24%; N 12.06%.

4.1.2 General procedures for the synthesis of phenyl(piperazin–1–yl)methanone
derivatives 53a–p

To a well–stirred solution of 1-Boc-piperazine 51 (1 molar equivalent) in DCM (3 mL), N,N–
Diisopropylethylamine (DIPEA) (1.5 molar equivalents) and the appropriate benzoyl chloride
derivative 52a–p (1 molar equivalent) was added in ice bath. The resulting mixture was
brought to room temperature, stirred for different reaction times at room temperature and
monitored by TLC until the disappearance of the starting materials. The reaction mixture was
then cooled down to 0◦C, treated with trifluoroacetic acid (TFA) (8 molar equivalents) and
consequently stirred for three hours at room temperature. After the reaction was completed
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4. Experimental Section

it was cooled into ice and diluted with DCM (2 mL) and 2M K2CO3 (2 mL). The mixture was
extracted with DCM (3×5 mL), the combined organic layers were dried over Na2SO4, filtered,
and concentrated under vacuo. The residue was purified by treatment with Et2O giving the
desired final compounds 53a–p . The registered CAS numbers for resulting compounds 53a–p
have been already assigned and chemical properties, such as structural characterization, are
available in literature.

Cmpds CAS Number

53a 13754–38-6

53b 139516–64–6

53c 179334–10–2

53d 102391–98–0

53e 13754–45–5

53f 100939–90–0

53g 54042–47–6

53h 926202–11–1

Cmpds CAS Number

53i 1016819–18–3

53j 59939–72–9

53k 100939–88–6

53l 100939–89–7

53m 94747–49–8

53n 885101–42–8

53o 341529–34–8

53p 72141–41–4

4.1.3 General procedures for the synthesis of 4–(4–benzoylpiperazine–1carbo-
nyl) benzenesulfonamide derivatives 54a–p

To a solution of 4–(aminosulfonyl)benzoic acid 46 (2 molar equivalents) dissolved in dimethyl-
formamide (DMF) (2 mL), HBTU was added (2 mmol). The mixture was stirred at room tem-
perature for one hour. Then, TEA (2 molar equivalents) and appropriate 4-benzoylpiperazine
derivatives 53a–p (2 molar equivalents) were added. The reaction mixture was left overnight
at room temperature and then quenched with H2O (10 mL) and extracted with EtOAc (3× 10
mL). The organic phase was washed with saturated NaCl solution, dried with Na2SO4and
concentrated until dryness under reduced pressure. The residue was purified by crystalliza-
tion from Et2O and EtOH to give the desired final compounds 54a–p as white powder.

4–(4–Benzoylpiperazine–1–carbonyl)benzenesulfonamide54a

Yield: 45%; m.p.: 248 − 249◦C; Rf = 0.24. 1H-NMR (DMSO-d6) (δ): 3.55-3.93 (m, 8H, CH2), 7.40-
7.47 (m, 5H, ArH), 7.50 (s, 2H, NH2), 7.62 (d, J= 8.2 Hz, 2H, ArH ), 7.89 (d, J= 8.2 Hz, 2H, ArH);
13CNMR (DMSO-d6): 42.13, 47.71, 125.64, 126.99, 127.65, 128.33, 129.64, 135.45, 138.62, 144.91,
169.33, 171.66. Anal. for C18H19N3O4S: C 57.89%; H 5.13%; N 11.25%; Found: C 57.99%; H 5.23%;
N 11.35%.
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4.1 – Chemistry

4–[4–(2–Fluorobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54b

Yield: 72%; m.p.: 268 − 269◦C; Rf = 0.12. 1H-NMR (DMSO-d6) (δ): 3.55-3.76 (m, CH2, 8H), 7.31-
7.44 (m, 4H, ArH), 7.49 (s, 2H, NH2), 7.57-7.65 (m, 2H, ArH), 7.88-7.95 (m, 2H, ArH). Anal. for
C18H18FN3O4S: C 55.23%; H 4.64%; N 10.74%; Found: C 55.33%; H 4.74%; N 10.54%.

4-[4-(3-Fluorobenzoyl)piperazine-1-carbonyl]benzenesulfonamide54c

Yield: 43%; m.p.: 214 − 215◦C; Rf = 0.11. 1H-NMR (DMSO-d6) (δ): 3.57-3.76 (m, 8H, CH2), 7.23-
7.33 (m, 3H, ArH), 7.49 (s, 2H, NH2). 7.61-7.64 (m, 3H, ArH), 7.87-7.90 (m, 2H, ArH). Anal. for
C18H18FN3O4S: C 55.23%; H 4.64%; N 10.74%. Found: C 55.03%; H 4.44%; N 10.54%.

4–[4–(4–Fluorobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54d

Yield: 42%; m.p.: 212− 213◦C; Rf = 0.10. 1H-NMR (DMSO-d6) (δ): 3.03-3.40 (m, 8H, CH2), 7.26-7.33
(m, 1H, ArH), 7.49 (s, 2H, NH2), 7.60-7.74 (m, 2H, ArH), 7.83-8.01 (m, 4H, ArH), 8.11-8.14 (m, 1H,
ArH) . Anal. for C18H18FN3O4S: C 55.23%; H 4.64%; N 10.74%. Found: C 55.13%; H 4.54%: N
10.64%.

4–[4–(2–Chlorobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54e

Yield: 63%; m.p.: 249− 250◦C; Rf = 0.15. 1H-NMR (DMSO-d6) (δ): 3.16 (m, 2H, CH2), 3.24 (m, 2H,
CH2), 3.67-3.73 (m, 4H, CH2), 7.43 (m, 4H, ArH), 7.50 (s, 2H, NH2), 7.62 (d, J= J= 8.2 Hz, 2H, ArH),
7.88 (d, J= 8.2 Hz, 2H, ArH). Anal. for C18H18ClN3O4S: C 53.01%; H 4.45%; N 10.30%. Found: C
52.91%; H 4.35%; N 10.20%.

4–[4–(3–Chlorobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54f

Yield: 63%; m.p.: 193− 194◦C; Rf = 0.15. 1H-NMR (DMSO-d6) (δ): 3.27-3.41 (m, 4H, CH2), 3.62-3.67
(m, 4H, ), 7.37-7.43 (m, 2H, ArH), 7.49 (s, 2H, NH2), 7.62-7.70 (m, 4H, ArH ), 7.78-7.90 (m, 2H, ArH).
Anal. for C18H18ClN3O4S: C 53.01%; H 4.45%; N 10.30%. Found: C 53.11%; H 4.55%; N 10.40%.
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4. Experimental Section

4–[4–(4–Chlorobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54g

Yield: 50%; m.p.: 245− 246◦C; Rf = 0.14. 1H-NMR (DMSO-d6) (δ): 3.50-3.75 (m, 8H, CH2), 7.41-7.48
(m, 2H, ArH), 7.50 (s, 2H, NH2), 7.52-7.54 (m, 2H, ArH ), 7.63 (d, J=8.2, 2H, ArH), 7.87 (d, J=8.2,
2H, ArH); 13CNMR (DMSO-d6): 41.84, 46.94, 125.99, 127.76, 128.70, 129.20, 134.41, 134.55, 138.87,
145.04, 168.20, 168.41. Anal. for C18H18ClN3O4S: C 53.01%; H 4.45%; N 10.30%. Found: C 53.21%;
H 4.65%; N 10.50%.

4–[4–(2–Bromobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54h

Yield: 49%; m.p.: 209− 210◦C; Rf = 0.19. 1H-NMR (DMSO-d6) (δ): 3.22-3.40 (m, 4H, CH2), 3.69-3.74
(m, 4H, CH2), 7.32-7.39 (m, 3H, ArH), 7.49 (s, 2H, NH2), 7.54-7.69 (m, 3H, ArH ), 7.82-7.90 (m, 2H,
ArH). Anal. for C18H18BrN3O4S: C 47.80%; H 4.01%; N 9.29%. Found: C 47.68%; H 4.21%; N 9.41%.

4–[4–(3–Bromobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54i

Yield: 86%; m.p.: 193 − 194◦C; Rf = 0.18. 1H-NMR (DMSO-d6) (δ): 3.52-3.87 (m, 8H, CH2), 7.38-
43 (m, 2H, ArH), 7.50 (s, 2H, NH2), 7.59-7.68 (m, 4H, ArH), 7.83-7.92 (m, 2H, ArH). Anal. for
C18H18BrN3O4S: C 47.80%; H 4.01%; N 9.29%. Found: C 47.98%; H 4.11%; N 9.39%.

4–[4–(4–Bromobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54j

Yield: 47%; m.p.: 222− 223◦CC; Rf = 0.18. 1H-NMR (DMSO-d6) (δ): 3.51-3.75 (m, 8H, CH2), 7.43- (m,
2H, ArH), 7.51 (s, 2H, NH2), 7.53-7.58 (m, 2H, ArH), 7.63-7.70 (m, 2H, ArH), 7.87-7.93 (m, 2H, ArH).
Anal. for C18H18BrN3O4S: C 47.80%; H 4.01%; N 9.29%. Found: C 47.70%; H 3.91%; N 9.19%.

4–[4–(2–Methoxybenzoyl)piperazine–1–carbonyl]benzenesulfonamide54k

Yield: 56%; m.p.: 268− 269◦C; Rf = 0.13. 1H-NMR (DMSO-d6) (δ): 3.24 (m, 4H, CH2), 3.57 (m, 4H,
CH2), 3.90 (s, 3H, OCH3), 6.98-7.38 (m, 4H, ArH), 7.50 (s, 2H, NH2), 7.60-7.65 (m, 2H, ArH). 7.79-7.86
(m, 2H, ArH). Anal. for C19H21N3O5S: C 56.56%; H 5.25%; N 10.42%. Found: C 56.36%; H 5.05%; N
10.22%.
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4–[4–(3–Methoxybenzoyl)piperazine–1–carbonyl]benzenesulfonamide54l

Yield: 43%; m.p.: 144− 145◦C°C; Rf = 0.13. 1H-NMR (DMSO-d6) (δ): 3.36-3.63 (m, 4H, CH2), 3.77
(s, 3H, OCH3), 4.23-4.63 (m, 4H, CH2), 6.95-7.03 (m, 3H, ArH ), 7.45-7.49 (m, 1H, ArH), 7.50 (s, 2H,
NH2), 7.61-7.64 (m, 2H, ArH). 7.87-7.90 (m, 2H, ArH). Anal. for C19H21N3O5S: C 56.56%; H 5.25%;
N 10.42%. Found: C 56.36%; H 5.05%; N 10.22%.

4–[4–(4–Methoxybenzoyl)piperazine–1–carbonyl]benzenesulfonamide54m

Yield: 52%; m.p.: 260− 261◦C; Rf = 0.12. 1H-NMR (DMSO-d6) (δ): 3.34-3.47 (m, 4H, CH2), 3.56-3.68
(m, 4H, CH2), 3.71 (s, 3H, OCH3), 6.97-7.01 (m, 2H, ArH), 7.37-7.41 (m, 2H, ArH), 7.50 (s, 2H, NH2),
7.63-7.65 (d, J= 8.2 Hz, 2H, ArH). 7.86-7.90 (d, J= 8.2 Hz, 2H, ArH). Anal. for C19H21N3O5S: C
56.56%; H 5.25%; N 10.42%. Found: C 56.46%; H 5.15%; N 10.32%.

4–[4–(2–Nitrobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54n

Yield: 55%; m.p.: 231 − 232◦C; Rf = 0.16. 1H-NMR (DMSO-d6) (δ): 3.37-3.77 (m, 8H, CH2), 7.48
(m, 2H, NH2), 7.56-7.77 (m, 4H, ArH), 7.83-7.96 (m, 3H, ArH ), 8.20-8.25 (m, 1H, ArH). Anal. for
C18H18N4O6S: C 51.67%; H 4.34%; N 13.39%. Found: C 51.71%; H 4.39%; N 13.44%.

4–[4–(3–Nitrobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54o

Yield: 75%; m.p.: 243− 244◦C; Rf =0.18 . 1H-NMR (DMSO-d6) (δ): 3.38-3.49 (m, 4H, CH2), 3.65-3.74
(m, 4H, CH2), 7.45 (s, 2H, NH2), 7.61-8.29 (m, 8H, ArH). Anal. for C18H18N4O6S: C 51.67%; H 4.34%;
N 13.39%.Found: C 51.70%, H 4.28%, N 13.53%.

4–[4–(4–Nitrobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54p

Yield: 77%; m.p.: 272− 273◦C; Rf = 0.18. 1H-NMR (DMSO-d6) (δ): 3.30-3.40 (m, 4H, CH2), 3.64-3.74
(m, 4H, CH2), 7.46 (m, 2H, NH2), 7.61-8.29 (m, 8H, ArH). Anal. for C18H18N4O6S: C 51.67%; H
4.34%; N 13.39%. Found: C 51.77%; H 4.44%; N 13.49%.

4.1.4 General procedures for the preparation of compounds 54q–s

To a suspension of the aroyl-nitro derivatives 54n–p (1 molar equivalent) and a catalytic
amount of Pd/C in EtOH (15 mL), hydrazine hydrate (N2H4 ·H2O) (10 molar equivalents) was
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slowly added. The reaction was stirred and refluxed (70◦C) under nitrogen atmosphere. Then,
the mixture was filtered through celite cake, which was washed with EtOAc. The solution was
evaporated in vacuo to give the crude product, then dissolved in EtOAc and washed with H2O
(3× 10 mL). The organic phase was dried over Na2SO4and concentrated until dryness. The
residue was purified by crystallization from Et2O and EtOH to give the title compounds 54q–s.

4–[4–(2–Aminobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54q

Yield: 99%; m.p.: 231− 232◦C; Rf = 0.10. 1H-NMR (DMSO-d6) (δ): 3.36-3.76 (m, 8H, CH2), 5.20 (bs,
2H, NH2), 6.56 (t, J= 7.6 Hz, J= 7.4 Hz, 1H, ArH), 6.70 (d, J= 8.1 Hz, 1H, ArH), 7.01 (d, J= 7.6 Hz, 1H,
ArH), 7.08 (t, J= 8.1, J= 7.4 Hz, 1H, ArH), 7.49 (s, 2H, NH2), 7.60 (d, J= 8.0 Hz, 2H, ArH ), 7.88 (d, J=
8.0 Hz, 2H, ArH). Anal. for C18H20N4O4S: C 55.66%; H 5.19%; N 14.42%. Found: C 55.63%; H 5.16%;
N 14.39%.

4–[4–(3–Aminobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54r

Yield: 87%; m.p.: 220− 221◦C; Rf =0.13. 1H-NMR (DMSO-d6) (δ): 3.40-3.66 (m, 8H, CH2), 5.26 (bs,
2H, NH2), 6.50 (d, J= 7.5 Hz, 1H, ArH), 6.57 (s, 1H, ArH), 6.62 (d, J= 7.5Hz, 1H, ArH,), 7.07 (t, 1H,
ArH, J= 7.5 Hz), 7.48 (s, 2H, NH2), 7.62 (d, J= 8.2 Hz, 2H, ArH), 7.89 (d, J= 8.2, Hz, 2H, ArH). Anal.
for C18H20N4O4S: C 55.66%; H 5.19%; N 14.42%. Found: C 55.63%; H 5.16%; N 14.39%.

4–[4–(4–Aminobenzoyl)piperazine–1–carbonyl]benzenesulfonamide54s

Yield: 50%; m.p.: 229− 230◦C; Rf = 0.14. 1H-NMR (DMSO-d6) (δ): 3.49-3.65 (m, 8H, CH2), 5.53 (bs,
2H, NH2), 6.52 (d, J= 8.4 Hz, 2H, ArH), 7.13 (d, J= 8.4 Hz, 2H, ArH), 7.46 (s, 2H, NH2), 7.59 (d, J= 8.5,
Hz, 2H, ArH), 7.86 (d, J= 8.5, Hz, 2H, ArH). Anal. for C18H20N4O4S: C 55.66%; H 5.19%; N 14.42%.
Found: C 55.62%; H 5.15%; N 14.38%.

4.1.5 Preparation of aroyl(piperazin–1–yl)methanone derivatives 56a-m

Pathway A: To a solution of 1–Boc–piperazine 51 (1 molar equivalent) in DCM/DMF (2 mL,
2:1, v/v) placed in a cylindrical quartz tube (⌀ 2 cm), DIPEA (1.5 molar equivalents) and
the appropriate benzoyl chloride derivative 55a–c and 55h–k (1 molar equivalent) were
added. The mixture was subjected to microwave irradiation at 250 W for 10 minutes at 25◦C.
Thus, TFA (8 molar equivalents) was added to the reaction mixture at 0◦C and solution was
irradiated in a microwave oven at 250 W for 5 minutes and at 25◦C. After the reaction was
completed, it was cooled into ice and diluted with DCM (2 mL) and 2M K2CO3 solution (2
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mL). The mixture was extracted with DCM (3×5 mL), the combined organic layers were dried
over Na2SO4, filtered, and concentrated under vacuo. The residue was purified by treatment
with Et2O giving the desired known intermediates 56a–c and 56h–k.
Pathway B: To a solution of the appropriate carboxylic acids 55d, 55f-g and 55l-m (1 molar
equivalent) in DCM/DMF (2 mL, 2:1, v/v) placed in a cylindrical quartz tube (⌀ 2 cm), HBTU
was added. The mixture was subjected to microwave irradiation at 250 W for 1 minute
at 25◦C. After this time, 1-Boc-piperazine 51 (1 molar equivalent) and DIPEA (2.5 molar
equivalents) were added and solution was irradiated in a microwave oven at 250 W for 25
minutes and at 25◦C. Thus, the reaction mixture was cooled down in ice bath, treated with
TFA (8 molar equivalents) and irradiated in a microwave oven at 250 W for 5 minutes and
at 25◦C. When the reaction was completed, it was cooled into ice and diluted with DCM (2
mL) and 2M K2CO3 solution (2 mL). The mixture was extracted with DCM (3× 5 mL), the
combined organic layers were dried over Na2SO4, filtered and concentrated under vacuo. The
residue was purified by treatment with Et2O giving the desired known intermediates 56d, 56f
and 56l–m. The chemical properties, as well as the structural assignments, for the resulting
compounds 56a–m were in good agreement with the literature. The registered CAS numbers
have been already assigned as reported below.

Cmpds CAS Number

56a 610802–12–5

56b 52063–83–9

56c 1016714–98–9

56d 1274828–07–7

56e 864815–96–3

56f 104554–65–6

56g 1058149–42–0

56h 40172–95–0

56i 681837–54–7

56j 864815–70–3

56k 41717–31–1

56l 1038285–42–5

56m 136818–95–6

4.1.6 Synthesis of 4-(4-aroylpiperazine-1carbonyl)-benzenesulfonamide 57a-m

A solution of 4–(aminosulfonyl)benzoic acid 46 (1 molar equivalent) and HBTU (1 molar
equivalent) dissolved in DMF (2 mL) was subjected to microwave irradiation at 250 W for
1 minute at 25◦C. Then, TEA (2 molar equivalents) and appropriate 4–benzoylpiperazine
derivatives 56a–m (1 molar equivalent) were added and the resulted mixture was irradiated
in a microwave oven at 250 W for 25 minutes and at 25◦C. The reaction crude was quenched
H2O (15 mL) and extracted with EtOAc (3 × 15 mL). The organic phase was washed with
saturated NaCl solution, dried with Na2SO4and concentrated until dryness under reduced
pressure. The residue was purified by crystallization from Et2O and EtOH to give the desired
final compounds 57a–m as white powder.
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4–(4–(2–Naphthoyl)piperazine–1–carbonyl)benzenesulfonamide57a

Yield: 22%; m.p.: 273−275◦C; Rf (DCM/MeOH, 92:8, v/v): 1.39. 1H–NMR (DMSO–d6) (δ): 3.43–3.69
(m, 8H, CH2), 7.51–7.62 (m, 5H, ArH), 7.84–7.86 (m, 2H, ArH), 7.93–7.99 (m, 4H, ArH). Anal. for
C22H21N3O4S: C 62.40%; H 5.00%; N 9.92%. Found: C 62.00%; H 4.60%; N 9.52%.

4–(4–(Tiophene–2–carbonyl–)piperazine–1carbonyl)benzenesulfonamide57b

Yield: 40%; m.p.: 224−226◦C; Rf (DCM/MeOH, 92:8, v/v): 1.49. 1H–NMR (DMSO–d6) (δ): 3.41–3.76
(m, 8H, CH2), 7.14 (t, J1= 3.2 Hz, textitJ2= 4.8 Hz, 1H, ArH), 7.03 (d, J= 3.2 Hz, 1H, ArH), 7.48 (bs, 2H,
NH2), 7.64 (d, (d, J= 8.2 Hz, 2H, ArH), 7.78 (d, (d, J= 4.8 Hz, ArH), 7.89 (d, J= 8.2 Hz, 2H, ArH). Anal.
for C16H17N3O4S2: C 50.64%; H 4.52%; N 11.07%. Found: C 50.44%; H 5.32%; N 10.87%.

4–(4–(3–Methylthiophene–2–carbonyl)piperazine–1–carbonyl)-
benzenesulfonamide

57c

Yield: 28%; m.p.: 248− 250◦C; Rf (DCM/MeOH, 92:8, v/v): 1.34. 1H–NMR (DMSO–d6) (δ): 2.20 (m,
3H, CH3), 3.54–3.68 (m, 8H, CH2), 6.94 (m, 1H, ArH), 7.47 (bs, 2H, NH2), 7.59 (m, 1H, ArH), 7.63 (d,
J= 8.2 Hz, 2H, ArH), 7.89 (d, J= 8.2 Hz, 2H, ArH). Anal. for C17H19N3O4S2: C 51.89%; H 4.87%; N
10.68%. Found: C 52.19%; H 5.17%; N 10.98%.

4–(4–(3–Bromothiophene–2–carbonyl)piperazine–1–carbonyl)-
benzenesulfonamide57d

Yield: 28%; m.p.: 218− 220◦C; Rf (DCM/MeOH, 92:8, v/v): 1.40. 1H–NMR (DMSO–d6) (δ): 3.56–3.76
(m, 8H, CH2), 7.15 (d, J= 5.1 Hz, 1H, ArH), 7.48 (bs, 2H, NH2), 7.62 (d, J= 8.2 Hz, 2H, ArH), 7.79 (d,
J= 5.1 Hzz, 1H, ArH), 7.88 (d, J= 8.2 Hz, 2H, ArH). Anal. for C16H16BrN3O4S2: C 41.93%; H 3.52%; N
9.17%. Found: C 41.53%; H 3.12%; N 8.77%.

4–(4–(5–Chlorothiophen–2–yl)carbonyl]piperazin–1–yl)carbonyl)-
benzenesulfonamide

57e

Yield: 44%; m.p.: 217−219◦C; Rf (DCM/MeOH, 92:8, v/v): 1.37. 1H–NMR (DMSO–d6) (δ): 3.68–3.77
(m, 8H, CH2), 7.17 (d, J= 3.9 Hz, 1H, ArH), 7.35 (d, J= 3.9 Hz, 1H, ArH), 7.49 (bs, 2H, NH2), 7.63 (d,
J= 8.2 Hz, 2H, ArH), 7.89 (d, J= 8.2 Hz, 2H, ArH). Anal. for C16H16ClN3O4S2: C 46.43%; H 3.90%; N
10.15%. Found: C 46.13%; H 3.60%; N 9.85%.
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4–(4–(5–Nitrothiophen–2–yl)carbonyl)piperazin–1–yl)carbonyl)-
benzenesulfonamide57f

Yield: 32%; m.p.: 252−254◦C; Rf (DCM/MeOH, 92:8, v/v): 1.37. 1H–NMR (DMSO–d6) (δ): 3.66–3.74
(m, 8H, CH2), 7.45–7.54 (m, 3H, ArH, NH2), 7.63 (d, J= 8.2 Hz, 2H, ArH), 7.89 (d, J= 8.2 Hz, 2H, ArH),
8.11 (s, 1H, ArH). Anal. for C16H16N3O6S2: C 45.28%; H 3.80%; N 13.20%. Found: C 45.48%; H
4.00%; N 13.60%.

4–(4–(1–Benzothiophen–2–ylcarbonyl)piperazin–1–yl]carbonyl)-
benzenesulfonamide

57g

Yield: 43%; m.p.: 244−246◦C; Rf (DCM/MeOH, 92:8, v/v): 1.18. 1H–NMR (DMSO–d6) (δ): 3.66–3.82
(m, 8H, CH2), 7.44–7.46 (m, 3H, ArH), 7.49 (bs, 2H, NH2), 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). 13C–NMR (DMSO–d6) (δ):: 122.76, 125.20,
125.26, 126.06, 126.08, 126.29, 127.88, 136.78, 128.83, 139.00, 139.60. 145.16, 163.00, 168.32. Anal.
for C20H19N3O4S2: C 55.93%; H 4.46%; N 9.78%. Found: C 55.83%; H 4.36%; N 9.68%.

4–(4–(Furan–2–carbonyl)piperazine–1–carbonyl)benzenesulfonamide57h

Yield: 30%; m.p.: 211−213◦C; Rf (DCM/MeOH, 92:8, v/v): 1.68. 1H–NMR (DMSO–d6) (δ): 3.37–3.79
(m, 8H, CH2), 6.63 (m, 1H, ArH), 7.03 (m, 1H, ArH), 7.48 (bs, 2H, NH2), 7.64 (d, J= 8.2 Hz, 2H, ArH),
7.85 (m, 1H, ArH), 7.89 (d, J= 8.2 Hz, 2H, ArH). 13C–NMR (DMSO–d6) (δ): 168.29, 158.75, 146.90,
145.17, 145.14, 139.02, 127.89, 126.09, 116.21, 111.64, 47.19, 41.97. Anal. for C16H17N3O5S: C
54.10%; H 5.07%; N 11.13%. Found: C 53.70%; H 4.67%; N 10.73%.

4–(4–(3–Methylfuran–2–yl)carbonyl]piperazin–1–yl)carbonyl)-
benzenesulfonamide57i

Yield: 20%; m.p.: 189 − 191◦C; Rf (DCM/MeOH, 92:8, v/v): 1.43. 1H–NMR (DMSO–d6) (δ): 2.16
(s, 3H, CH3), 3.60–3.70 (m, 8H, CH2), 6.63 (m, 1H, ArH), 7.48 (bs, 2H, NH2), 7.63 (d, J= 8.2 Hz, 2H,
ArH), 7.69 (m, 1H, ArH), 7.88 (d,J= 8.2 Hz, 2H, ArH). Anal. for C17H19N3O5S: C 54.10%; H 5.07%; N
11.13%. Found: C 53.70%; H 4.67%; N 10.73%.

4–(4–(5–Nitrofuran–2–yl)carbonyl)piperazin–1–yl)carbonyl)-
benzenesulfonamide

57j

Yield: 38%; m.p.: 253−255◦C; Rf (DCM/MeOH, 92:8, v/v): 1.40. 1H–NMR (DMSO–d6) (δ): 3.74–3.89
(m, 8H, CH2), 7.28 (m, 1H, ArH), 7.48 (bs, 2H, NH2), 7.65 (d, J= 8.2 Hzz, 2H, ArH), 7.76 (m, 1H,
ArH), 7.89 (d, J= 8.2 Hz, 2H, ArH). Anal. for C16H16N4O7S: C 54.10%; H 5.07%; N 11.13%. Found: C
53.70%; H 4.67%; N 10.73%.
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4–(4–(1–Benzofuran–2–ylcarbonyl)piperazin–1–yl)carbonyl)-
benzenesulfonamide57k

Yield: 55%; m.p.: 209−211◦C; Rf (DCM/MeOH, 92:8, v/v): 1.24. 1H–NMR (DMSO–d6) (δ): 3.65–3.89
(m, 8H, CH2), 7.30–7.33 (m, 1H, ArH), 7.43–7.46 (m, 4H, ArH, NH2), 7.62–7.64 (m, 3H, ArH), 7.72–7–
74 (m, 1H, ArH), 7.87–7.89 (m, 2H, ArH). Anal. for C20H19N3O5S: C 58.10%; H 4.63%; N 10.16%.
Found: C 58.30%; H 4.83%; N 10.36%.

4–(4–(1H–Pyrrole–2–carbonyl)piperazine–1–carbonyl)benzenesulfonamide57l

Yield: 62%; m.p.: 247−249◦C; Rf (DCM/MeOH, 92:8, v/v): 2.42. 1H–NMR (DMSO–d6) (δ): 3.71–3.81
(m, 8H, CH2), 6.12 (m, 1H, ArH), 6.53 (m, 1H, ArH), 6.90 (m, 1H, ArH), 7.49 (bs, 2H, NH22), 7.64
(d, J= 8.2 Hz, 2H, ArH), 7.90 (d, J= 8.2 Hz, 2H, ArH), 11.47 (bs, 1H, NH). Anal. for C15H16N2O5S: C
53.03%; H 5.01%; N 15.46%. Found: C 53.13%; H 5.11%; N 15.56%.

4–(4–(1H–Indole–2–carbonyl)piperazine–1–carbonyl)benzenesulfonamide57m

Yield: 73%; m.p.: 239−241◦C; Rf (DCM/MeOH, 92:8, v/v): 2.42. 1H–NMR (DMSO–d6) (δ): 3.22–4.00
(m, 8H, CH2), 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). Anal. for
C20H20N4O5S: C 58.24%; H 4.89%; N 13.58%. Found: C 58.19%; H 4.93%; N 13.47%.

4.1.7 General procedures for the synthesis of coumarin acetates 62a–64a

A solution of suitable starting compound 7–hydroxycoumarin (59), 6,7–dihydroxycoumarin
(60) or 6–hydroxycoumarin (61) (1 molar equivalent) was stirred with acetic anhydride (3
mL) in ice bath for 5 minutes and then a catalytic amount of 96% sulfuric acid was added
dropwise. After that, TEA (2.5 molar equivalents) was added to the mixture and stirred at
350 rpm until the disappearance of starting compounds (analyzed by TLC, CyHe/EtOAc
80:20 v/v). After reaction was completed, it was quenched with crushed ice flakes and the
solid was filtered off and dried to afford the corresponding compounds 62a–64a that were
recrystallized from Et2O or EtOH.

2–Oxo–2H–chromen–7–yl acetate
(CAS Number: 10387–49–2)

62a

Yield: 80%; m.p. (Et2O): 133−145◦C; reaction time: 1.5 h; Rf (CyHe/EtOAc 80:20 v/v): 0.17; 1H–NMR
(CDCl3) (δ): 2.34 (s, 3H, CH3), 6,40 (d, J= 10.2 Hz, 1H, CH), 7.05 ( dd, J1= 8.4 Hz, J2= 2.2 Hz, 1H,
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ArH), 7.12 (d,J= 2.2 Hz, 1H, ArH), 7.49 (d, J= 8.4 Hz, 1H, ArH), 7.70 ( d, J= 10.2 Hz, 1H, CH). Anal for.
C11H8O4: C 64.7%, H 3.9%; Found: C 64.3%, H 3.6%.

2–Oxo–2H–chromene–6,7–diyl diacetate
(CAS Number: 10387–49–2)

63a

Yield: 78%, m.p. (EtOH): 127− 129◦C; reaction time: 2 h;Rf (CyHe/EtOAc 80:20 v/v): 0.20; 1H–NMR
(CDCl3) (δ): 2.32 (s, 3H, CH3), 2.34 (s, 3H, CH3), 6.43 (d, J2= 10.2 Hz, 1H, CH), 7.26 (s, 1H, ArH), 7.35
(s, 1H, ArH), 7.64 (d, J2= 10.2 Hz, 1H, CH); 13C–NMR (CDCl3) (δ): 20.8, 112.5, 117.0, 117.1, 121.8,
138.9, 142.5, 144.9, 151.8, 160.0, 167.7. Anal. for C13H10O6:C 63.6%; H 3.5%. Found: C 63.2%; H
3.8%.

2–Oxo–2H–chromen–6–yl acetate
(CAS Number: 20690–03–3)64a

Yield: 64%; m.p. (Et2O): 143 − 145◦C; reaction time: 1.5 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.16;
1H–NMR (CDCl3) (δ): 2.32 (s, 3H, CH3), 6.45 (d, J= 10.1 Hz, 1H, CH), 7.23–7.25 (m, 2H, ArH), 7.36
(m, 1H, ArH), 7.65 (d, J= 10.1 Hz„ 1H, CH). Anal. for C11H8O4: C 64.7%; H 3.9%. Found: C 64.3%; H
3.6%.

4.1.8 General procedures for synthesis of benzoate derivatives 62a–64b

To a well stirred solution of suitable starting material 7–hydroxycoumarin (59), 6,7–dihydroxy-
coumarin (60) or 6–hydroxycoumarin (61) (1 molar equivalent) in DCM (2 mL) and TEA
(2.5 molar equivalents), benzoyl chloride (5 molar equivalents) were slowly added in ice
bath. After 10 minutes, the mixture was allowed to room temperature and stirred until the
complete conversion of starting material (monitored by TLC, CyHe/EtOAc 80:20 v/v). Then,
the solid in suspension was filtered off and recrystallized from appropriate solvent.

2–Oxo–2H–chromen–7–yl benzoate
(CAS Number: 31005–05–7)62b

Yield: 78%; m.p. (MeOH): 158 − 160◦C ; reaction time: 20h; Rf (CyHe/EtOAc 80:20 v/v): 0.22;
1H–NMR (CDCl3) (δ): 6.42 (d, J= 9.6 Hz, 1H, CH), 7.19 (dd, J1= 8.4 Hz, J1= 2.2 Hz, 1H, ArH), 7.53 (d,
J= 2.2 Hz, 1H, ArH), 7.48–760 (m, 3H, ArH), 7.66 (d, J= 8.4 Hz, 1H, ArH), 7.72 (d, J= 9.6 Hz, 1H, CH),
8.19–8.22 (m, 2H, ArH). Anal. for C16H10O4: C 72.1%, H 3.7%; Trov: C 72.3%, H 3.9%.

2–Oxo–2H–chromene–6,7–diyl dibenzoate
(CAS Number: 87997–42–0)63b

Yield: 82%, m.p. (MeCN): 185−187◦C; reaction time: 20h; Rf (CyHe/EtOAc 80:20 v/v): 0.18; 1H–NMR
(CDCl3) (δ): 6.48 (d, J= 9.6 Hz, 1H, CH), 7.26 (s, 1H, ArH), 7.39 (m, 4H, ArH), 7.44 (s, 1H, ArH), 7.56
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(m, 2H, ArH), 7.72 (d, J= 9.6 Hz, 1H, CH), 8.05 (m, 4H, ArH); 13C–NMR (CDCl3) (δ): 110.8, 116.3,
116.9, 118.7, 128.8, 128.9, 130.4, 134.2, 134.2, 143.0, 153.6, 154.9, 160.4, 164.6. Anal. for C23H14O6:
C 71.5%, H 3.65%; Trov: C 71.1%, H 3.9%.

2–Oxo–2H–chromen–6–yl benzoate
(CAS Number: 35924–43–7)64b

Yield: 60%; m.p. (MeOH): 137 − 139◦C; reaction time: 20 h; Rf (CyHe/EtOAc 80:20 v/v): 0.23;
1H–NMR (DMSO–d6) (δ): 6.53 (m, 1H, CH), 6.56 (m, 1H, CH), 7.50–7.60 (m, 3H, ArH), 7.72–7.74 (m,
2H, ArH), 8.02–8.06 (m, 1H, ArH), 8.11–8.14 (m, 2H,ArH). Anal. for C16H10O4: C 72.1%, H 3.7%.
Found: C 72.3%, H 3.9%.

4.1.9 Synthesis of 4–arylcoumarins 69a–h, 70a–h, 71a and 71h

To an ice–cold solution of resorcinol 66, 2–methylresorcinol 67 or 2–chlororesorcinol 68
(1 molar equivalent) in the appropriate ethylbenzoylacetate derivatives (65a–h, 1 molar
equivalent), 96% w/v sulphuric acid (2 mL) was added drop wises. The mixture is brought to
room temperature and stirred at 350 rpm by a stirring magnet bar for 24 hours, then time TLC
(CyHe/EtOAc 80:20 v/v or 60:40 v/v) showed the disappearance of both starting materials.
The reaction mixture was quenched with crushed ice, subsequently diluted with H2O (10
mL) and extracted with EtOAc (3 × 10 mL). The organic layer was dried with Na2SO4and
concentrated until dryness under reduced pressure. The targeted compounds 69a–h, 70a–h,
71a and 71h were isolated from the crude by crystallization from suitable solvent.

7–Hydroxy–4–phenyl–2H–chromen–2–one69a

Yield: 53%. m.p. (Et2O): 195 − 197◦C; reaction time: 2.5 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.16;
1H–NMR (DMSO–d6) (δ): 6.14 (s, 1H, CH), 6.76–6.80 (m, 2H, ArH), 7.27 (m, 1H, ArH), 7.49– 7.56 (m,
5H, ArH), 10.65 (bs, 1H, OH). Anal. for C15H10O3: C 75.62%; H 4.23%; Found: C 75.72%; H 4.33%.

4–(2–Chlorophenyl)–7–hydroxy–2H–chromen–2–one69b

Yield: 22%; m.p. (Et2O): 218 − 220◦C; reaction time: 2.5 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.16;
1H–NMR (DMSO–d6) (δ): 6.16 (s, 1H, CH), 6.72–6.77 (m, 3H, ArH), 7.45–7.50 (m, 3H, ArH), 7.52–7.62
(m, 1H, ArH), 10.69 (bs, 1H, OH). Anal. for C15H9ClO3: C 66.1% H 3.3%; Found: C 65.8%; H 3.0%.
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4–(3–Chlorophenyl)–7–hydroxy–2H–chromen–2–one69c

Yield 31%; m.p. (EtOH): 237− 239◦C; reaction time: 2 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.16; 1H–NMR
(DMSO–d6) (δ): 6.18 (s, 1H, CH), 6.74–6.78 (m, 2H, ArH), 7.18 (m, 1H, ArH), 7.40 (m, 1H, ArH),
7.55–7.58 (m, 3H, ArH). Anal. for C15H9ClO3: C 66.1%; H 3.3%; Found: C 65.9%; H 3.4%.

4–(4–Chlorophenyl)–7–hydroxy–2H–chromen–2–one69d

Yield: 33%; m.p. (EtOH): 280 − 282◦CC; reaction time: 2.5 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.16;
1H–NMR (DMSO–d6) (δ): 6.16 (s, 1H, CH), 6.76 (d, J= 8.8 Hz, 2H, ArH), 7.22 (m, 1H, ArH), 7,53 (d,
J= 8.8 Hz, 2H, ArH), 7.59 (m, 2H, ArH), 10.70 (bs, 1H, OH). Anal. for C15H9ClO3: C 66.1%; H 3.3%;
Found: C 65.8%; H 3.1%.

4–(2–Fluorophenyl)–7–hydroxy–2H–chromen–2–one69e

Yield: 98%. m.p. (EtOH): 224−225◦C; reaction time: 3 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.16; 1H–NMR
(DMSO–d6) (δ): 6.26 (s, 1H, CH), 6.76 (d, J= 8.7 Hz, 1H), 6.80 (s, 1H, ArH), 7.05 (d, J= 8.7 Hz, 1H, ArH),
7.50 (m, 4H, ArH), 10.76 (s, 1H, OH). Anal. for C15H9O3F: C 70.31%, H 3.54%; Found: C 70.13%, H
3.85%.

7–Hydroxy–4–(3–methylphenyl)–2H–chromen–2–one69f

Yield: 32%; m.p. (Et2O): 210− 212◦C; reaction time: 3 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.18; 1H–NMR
(DMSO–d6) (δ): 2.35 (s, 3H, CH3), 5.98 (s, 1H, CH), 6.65 (m, 2H, ArH), 7.19 (d, 1H, ArH), 7.24–7.28
(m, 3H, ArH), 7.39 (m, 1H, ArH). Anal. for C16H12O3: C 76.2%; H 4.8%. Found: C 75.9%; H 4.5%.

7–Hydroxy–4–(4–methylphenyl)–2H–chromen–2–one69g

Yield: 13%; m.p. ((Et2O)/EtOH): 236− 238◦C; reaction time: 4 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.16;
1H–NMR (DMSO–d6) (δ): 2.37 (s, 3H, CH3), 6.09 (s, 1H, CH), 6.74–6.76 (m, 2H, ArH), 7.35–7.37 (m,
5H, ArH). Anal. for C16H12O3: C 76.2%; H:4.8. Found: C 75.8%; H 4.6%.
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7–Hydroxy–4–(4–nitrophenyl)–2H–chromen–2–one69h

Yield: 89%; m.p. (EtOAc): 178 − 180◦C; reaction time: 1.5 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.33;
1H–NMR (DMSO–d6) (δ): 6.24 (s, 1H, CH), 6.77 (m,1H, CH), 6.84 (m, 1H, CH), 7.15 (m, 1H, CH), 7.79
(d, J= 8.5 Hz, 2H, ArH), 8.35 (d, J= 8.5 Hz, 2H, ArH). Anal. for C15H9NO5: C 63.6%; H 3.2%, N 4.9%.
Found: C 63.4%; H 3.3%; N 4.7%.

7–Hydroxy–8–methyl–4–phenyl–2H–chromen–2–one70a

Yield: 50%; m.p. (EtOH): 223 − 225◦C; reaction time: 4 h; Rf (CyHe/EtOAc 8:2): 0.20. 1H–NMR
(DMSO–d6) (δ): 2.19 (s, 3H, CH3), 6.13 (s, 1H, CH), 6.82 (d, J= 8.6 Hz, 1H, ArH), 7.10 (d,J= 8.6 Hz, 1H,
ArH), 7.49–7.54 (m, 5H, ArH), 10.54 (bs, 1H, OH. Anal. For C16H12O3: C 76.18%; H 4.79%; Found: C
75.88%, H: 4.49%.

4–(2–Chlorophenyl)–7–hydroxy–8–methyl–2H–chromen–2– one70b

Yield: 70%. m.p. (EtOH): 240 − 242◦C; reaction time: 2.5 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.22;
1H–NMR (DMSO–d6) (δ): 2.18 (s, 3H, CH3), 6.15 (s, 1H, CH), 6.65 (d,J= 8.8 Hz, 1H, ArH), 6.77 (d, J=
8.8 Hz, 1H, ArH), 7.41–7.65 (m, 4H, ArH), 10.56 (bs, 1H, OH). Anal. for C16H11ClO3: C 67.0%; H
3.9%. Found: C 66.8%; H 3.7%.

4–(3–Chlorophenyl)–7–hydroxy–8–methyl–2H–chromen–2–one70c

Yield: 79%; m.p. (EtOH): 315 − 317◦C; reaction time: 2.5 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.22;
1H–NMR (DMSO–d6) (δ): 2.18 (s, 3H, CH3), 6.18 (s, 1H, CH), 6.83 (d, J= 8.5 Hz, 1H, ArH), 7.04
(m, 1H, ArH), 7.44 (d, J= 8.5 Hz, 1H, ArH), 7.53–7.59 (m, 3H, ArH), 10.59 (bs, 1H, OH). Anal. for
C16H11ClO33: C 67.0%; H 3.9%. Found: C 66.7%; H 3.6%.

4–(4–Chlorophenyl)–7–hydroxy–8–methyl–2H–chromen–2–one70d

Yield 87%; m.p. (Et2O): 253−255◦C; reaction time: 3.5 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.22; 1H–NMR
(DMSO–d6) (δ): 2.19 (s, 3H, CH3), 6.15 (s, 1H, CH), 6.83 (d, J= 9.0 Hz, 1H, ArH), 7.08 (d, J= 8.5 Hz,
1H, ArH), 7.50 (d, J= 9.0 Hz, 2H, ArH), 7.61 (d, J= 8.5 Hz, 2H, ArH), 10.55 (bs, 1H, OH). Anal. for
C16H11ClO3: C C 67.0%; H 3.9%. Found: C 67.2%; H 4.1%.
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4–(2–Fluorophenyl)–7–hydroxy–8–methyl–2H–chromen–2–one70e

Yield: 60%; m.p. (EtOH): 256 − 258◦C; reaction time: 12 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.19;
1H–NMR (DMSO–d6) (δ): 2.15 (s, 3H, CH3), 6.17 (s, 1H, CH), 6.78–6.87 (m, 2H, ArH), 7.36–7.43 (m,
3H, ArH), 7.57 (m, 1H, ArH), 10.58 (bs, 1H, OH). Anal. for C16H11FO3: C 65.0%; H 4.0%. Found: C
64.7%; H 3.75%.

7–Hydroxy–8–methyl–4–(3–methylphenyl)–2H–chromen–2–one70f

Yield: 99%; m.p. (EtOAc): 185 − 187◦C; reaction time: 3 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.24;
1H–NMR (DMSO–d6) (δ): 2.19 (s, 3H, CH3), 2.38 (s, 3H, CH3), 6.10 (s, 1H, CH), 6.82 (d, J= 8.8 Hz, 1H,
ArH), 7.12 (d, J= 8.8 Hz, 1H, ArH), 7.27–7.43 (m, 4H, ArH), 10.56 (bs, 1H, OH). Anal. for C17H14O3:
C: 76.7%; H 5.3%. Found: C 76.6%; H: 5.1%.

7–Hydroxy–8–methyl–4–(4–methylphenyl)–2H–chromen–2–one70g

Yield: 63%; m.p. (EtOH): 259 − 261◦C; reaction time: 2.5 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.22;
1H–NMR (DMSO–d6) (δ): 2.19 (s, 3H, CH3), 2.38 (s, 3H, CH3), 6.09 (s, 1H, CH), 6.82 (d, J= 8.5 Hz, 1H,
ArH), 7.13 (d, J= 8.5 Hz, 1H, ArH), 7.35–7.37 (m, 4H, ArH), 10.53 (bs, 1H, OH). Anal. for C17H14O3:
C 76.7%; H 5.3%. Found: C 76.8%; H 4.9%.

7–Hydroxy–8–methyl–4–(4–nitrophenyl)–2H–chromen–2–one70h

Yield: 98%; m.p. (EtOAc): 360◦C dec.; reaction time: 1.5 h; Rf (CyHe/EtOAc, 80:20 v/v): 0.15;
1H–NMR (DMSO–d6) (δ): 2.17 (s, 3H, CH3), 6.22 (s, 1H, CH), 6.80 (d, J= 8.8 Hz, 1H, ArH), 6.90 (d, J=
8.8 Hz, 1H, ArH) 7.75 (d, J= 7.0 Hz, 2H, ArH), 8.34 (d, J= 7.0 Hz, 2H, ArH). Anal. for C16H11NO5: C
64.6%; H 3.7%; N 4.7%. Found: C 64.2%; H 3.3%; N 4.4%.

8–Chloro–7–hydroxy–4–phenyl–2H–chromen–2–one71a

Yield: 50%; m.p (EtOH): 214 − 215◦C; Rf (CyHe/EtOAc 60:40 v/v) 0.63; 1H–NMR (DMSO–d6) (δ):
5.89 (s, 1H, CH), 6.66 (d, J=8.8, 1H, ArH), 6.95 (d, J=8.8, 1H, ArH), 7.15–7.25 (m, 5H, ArH). Anal. for
C15H9ClO3: C 66.04 %, H 3.33 %. Found: C 66.14%, H 3.43%.
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8–Chloro–7–hydroxy–4–(4–nitrophenyl)–2H–chromen–2–one71h

Yield: 55%; m.p.(EtOH): 303− 305◦C; Rf (CyHe/EtOAc 60:40 v/v): 0.29; 1H–NMR (DMSO–d6) (δ):
6.38 (s, 1H, CH), 6.98 (d, J= 8.7Hz, 1H, ArH), 7.15 (d, J= 8.7 Hz,1H, ArH), 7.82 (d, J= 8.2 Hz, 2H,
ArH), 8.39 (d, J= 8.2 Hz, 2H, ArH). 13C–NMR (DMSO–d6) (δ): 111.55, 112.08. 113.36, 124.32, 125.99,
130.60, 141.74, 146.71. 148.54, 151.42, 153.76, 157.83, 159.46. Anal. for C15H8NO5: C 56.71 %, H
2.54%, N 4.41%. Found: C 56.67%, H 2.59%, N 4.44%.

4.1.10 Synthesis of 4–(4–aminophenyl)–7–hydroxy-2H–chromen–2–one deriva-
tives 72i-74i

To a suspension of the suitable arylnitro derivative 69h, 70h or 71h (1 molar equivalent) and
a catalytic amount of Pd/C in EtOH (15 mL), N2H4 ·H2O(10 mmol) was slowly added. The
reaction was stirred and refluxed (70◦C) for one hour. Then, the mixture was filtered through
celite cake, which was later washed with EtOAc. The obtained solution was evaporated in
vacuo to give the crude product, then diluted with EtOAc and washed with H2O (3× 10 mL).
The organic layer was dried with Na2SO4and concentrated until dryness. The residue was
purified by crystallization from suitable solvent to give the correspondent amines 72i–74i.

4–(4–Aminophenyl)–7–hydroxychromen–2–one72i

Yield: 83%; m.p. (EtOH): 307−309◦C; Rf (CyHe/EtOAc 80:20 v/v): 0.03; 1H–NMR (DMSO–d6) (δ):
5.60 (bs, 2H, NH2), 5.96 (s, 1H, CH), 6.65 (d, J= 5.9 Hz, 2H), 6.73 (m, 2H, ArH), 7.17 (d, J= 5.9 Hz, 2H,
ArH), 7.43 (m, 1H, ArH), 10.67 (bs, 1H, OH). Anal. for C15H11NO3: C 71.1%; H 4.4%; N 5.5%. Found:
C 70.8%; H 4.1%; N 5.2%.

4–(4–Aminophenyl)–7–hydroxy–8–methyl–chromen–2–one73i

Yield: 90%; m.p. (EtOAc): 250−252◦C; Rf (CyHe/EtOAc 80:20 v/v): 0.03; 1H–NMR (DMSO–d6) (δ):
2.15 (s, 3H, CH3), 5.99 (bs, 2H, NH2), 5.96 (s, 1H, CH), 6.64 (d, J= 8.5 Hz, 2H, ArH), 6.81 (d, J= 9.0 Hz,
1H, ArH), 7.17 (d, J= 8.5 Hz, 2H, ArH), 7.29 (d, J= 9.0 Hz, 1H, ArH). Anal. for C16H14NO3: C 71.9%;
H 4.9%; N 5.2%. Found: C 71.5%; H 4.4%; N 4.9%.

4–(4–aminophenyl)–8–chloro–7–hydroxy–2H–chromen–2–one74i

Yield: 40%; m.p. (Et2O): 313− 315◦C; Rf (CyHe/EtOAc 60:40 v/v): 0.14; 1H–NMR (DMSO–d6) (δ):
5.65 (bs, 2H, NH2) 6.06 (s, 1H, CH), 6.67 (d, J= 8.2 Hz, 2H, ArH), 6.94 (m, 1H, ArH), 7.21 (d, J= 8.2 Hz,
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2H, ArH), 7.47(d, 1H, ArH). Anal. for C15H10ClNO3:C 62.62%; H 3.50%; N 4.87%; Found: C 62.60%;
H 3.48%; N 4.85%.

4.1.11 Preparation of 2–oxo–4–phenyl–2H–chromen–7–yl acetate (75)

Derivative 75 has been prepared according to the procedure described above for compounds
62a–64a.

2–oxo–4–phenyl–2H–chromen–7–yl acetate75

Yield: 79%; m.p.: 129−−131◦C; Rf (CyHe/EtOAc 60:40 v/v): 0.64; 1H–NMR (CDCl3) (δ): 2.32 (s, 3H,
CH3) 6.44 (s, 1H,CH) 7.17 (m, 1H, ArH), 7.40 (s, 1H, ArH), 7.48 (m, 1H, ArH), 7.55–7.60 (m, 5H, ArH).
Anal. for C17H12O4: C 72.85%; H 4.32%; Found: C 72.88%; H 4.35%.

4.1.12 Synthesis of 2–oxo–4–phenyl–2H–chromen–7–yl propionate (76)

To a stirring solution of compound 69a (1 molar equivalent) in DCM (2 mL) and TEA (2.5
molar equivalents), propionyl chloride (5 molar equivalents) was slowly added in ice bath.
After 10 minutes, the mixture was allowed to room temperature and stirred until the complete
conversion of starting material (monitored by TLC, CyHe/EtOAc 60:40 v/v). Then, the solid
in suspension was filtered off and recrystallized from Et2O.

2–oxo–4–phenyl–2H–chromen–7–yl propionate76

Yield: 20%; m.p. 172−−174◦C; Rf (CyHe/EtOAc 60:40 v/v): 0.80; 1H–NMR (DMSO–d6) (δ): 1.16 (t,J=
7.3 Hz, 3H, CH3), 2.67 (q, J= 7.3 Hz, 2H, CH2), 6.43 (s, 1H, CH), 7.17 (d, J= 8.4 Hz, 2H, ArH), 7.40 (s,
1H, ArH) 7.48 (d, J= 8.4 Hz, 2H, ArH), 7.55–7.63 ( m, 5H, ArH). 13C–NMR (DMSO–d6) (δ): 8.77, 26.99,
110.71, 114.22. 116.37, 118.71, 127.82, 128.58, 128.99, 129.85. 134.71, 153.17, 154.26, 154.64, 159.56,
172.20. Anal. for C18H14O4: C 73.46%; H 4.79%. Found: C 73.44%, H 4.77%.

4.1.13 Preparation of 2–oxo–4–phenyl–2H–chromen–7–yl benzoate (77)

Compound 77 was prepared according to the synthetic procedure reported for compounds
62i–64i.

2–Oxo–4–phenyl–2H–chromen–7–yl benzoate77

Yield: 98%; m.p. 228− 230◦C; Rf (CyHe /EtOAc 60:40 v/v): 0.76; 1H–NMR (DMSO–d6) (δ): 6.47 (s,
1H, CH), 7.32–7.79 (m, 11H, ArH), 8.16–8.18 (m, 2H, ArH). Anal. for C22H14O4: C 77.18%, H 4.12%,
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O 18.69%; Found: C 77.28%, H 4.22%, O 18.79%.

4.1.14 Synthesis of 8–acetyl–7–hydroxy–4–phenyl–2H–chromen–2–one (78) and
7–hydroxy–4–phenyl–8–propanoyl–2H–chromen–2–one (79)

A mixture of compound 75 or 76 (1 molar equivalent) and anhydrous AlCl3 (5 molar equiv-
alents) was heated to 320◦C and stirred for 2h at the same temperature in solvent–free
condition. When the reaction mixture was cooled to room temperature and a solution of 5%
HCl (30 mL) was added. The resulted suspension was stirred for 1 h at room temperature and
then heated under a steam bath for others 30 min. The precipitate formed was filtered off
and purified by crystallization by EtOH to Yield compounds 78 and 79.

8–Acetyl–7–hydroxy–4–phenyl–2H–chromen–2–one78

Yield: 25%; m.p.: 164− 166◦C; Rf (CyHe/EtOAc 60:40 v/v): 0.76; 1H–NMR (DMSO–d6) (δ): 1.10 (s,
3H, CH3), 6.14 (s, 1H, CH), 6.89 (d, J= 8.4 Hz, 2H, ArH), 7.33 (d, J= 8.4 Hz, 2H, ArH), 7.51–7.56 ( m,
5H, ArH). 13C–NMR (DMSO–d6) (δ): 200.37, 159.16, 159.00, 155.37, 151.98, 134.85, 129.62, 129.48,
128.80, 128.33, 115.99, 113.26, 110.65, 39.52, 32.35. Anal. for C17H12O4: C 72.85%, H 4.32%; Found:
C 72.83%, H 4.30%.

7–Hydroxy–4–phenyl–8–propanoyl–2H–chromen–2–one79

Yield: 20%; m.p.: 172− 174◦C; Rf (CyHe/EtOAc 60:4 v/v): 0.80. 1H–NMR (DMSO–d6) (δ): 1.10 (t, J=
7.3 Hz, 3H, CH3), 2.90 (q, J= 7.3 Hz, 2H, CH2), 6.14 (s, 1H, CH), 6.86 (d, J= 8.4 Hz, 2H, ArH), 7.31 (d,
J= 8.4 Hz, 2H, ArH), 7.50–7.55 ( m, 5H, ArH). Anal. for C18H14O4: C 73.46%, H 4.79%. Found: C
73.56%, H 4.89%.

4.1.15 General synthetic procedures for aroyl derivatives 83a–g and 87a–c

The appropriate DL-amino acid derivative 82, 86a–c (1 molar equivalent) and NaOH pellets (3
molar equivalents), were dissolved in H2O/CH3CN(4:2 v/v, 6 mL) and the resulting mixture
was cooled at 0◦C. Then, the appropriate aroyl chloride (81a–g for glycine 82, 81a for valine,
alanine and leucine 86a–c) (0.8 molar equivalent) was added in three divided portion within
1 hour by stirring vigorously at 450 rpm. The solution was brought to room temperature and
kept under stirring for another 1.5 hour. Later, concentrated hydrochloric acid (37% w/w,
HCl) was added slowly to the mixture with continuous stirring until it became acidic (pH=
3), which resulted into the precipitation of crude product which was collected by vacuum
filtration, washed with cold Et2Oand dried in vacuo at room temperature to give the desired
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known intermediates 83a–g, 87a–c. The registered CAS numbers for resulting compounds
have been already assigned as reported below. The experimental properties for 82a–g, 86a–c
matched with those reported in literature.

Cmpds CAS Number

83a 495–69–2

83b 16555–60–5

83c 57728–59–3

83d 13450–77–6

83e 366–79–0

Cmpds CAS Number

83f 5657–19–2

83g 33955–17–8

87a 2901–80–6

87b 17966–67–5

87c 2901–76–0

4.1.16 Synthesis of N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)benzamide
derivatives 84a–g

To a solution of the appropriate aroyl amino acid derivatives 83a–g in dimethylformamide
(DMF) (2 mL), 1–[Bis(dimethylamino)methylene]–1H–1,2,3–triazolo[4,5–b]pyridinium 3–oxid
hexafluorophosphate (HATU) (1 molar equivalent) or HBTU was added. The mixture was
stirred at room temperature for 15 minutes. Then, 1,8–Diazabicyclo[5.4.0]undec–7–ene (DBU)
(2.5 molar equivalents) and p–aminobenzenesulfonamide 84 (1 molar equivalent) were added.
The reaction mixture was left overnight at room temperature, then quenched with H2O(10
mL) and extracted with EtOAc (3 x 10 mL). The organic phase was washed with saturated
NaCl solution, dried with Na2SO4and concentrated until dryness under reduced pressure.
The crude was purified by crystallization from EtOH to give the desired final compounds
85a–g as white powder.

N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)benzamide
(CAS Number: 63203–12–3)

85a

Yield: 36%; m.p.: 214 − 216◦C; 1H–NMR (DMSO–d6) (δ): 4.08 (d, J= 5.96 Hz, 2H, CH2), 7.23 (bs,
2H, NH2), 7.47–7.55 (m, 3H, ArH), 7.75 (m, 4H, ArH), 7.89 (m, 2H, ArH), 8.86 (t, J= 5.96 Hz, 1H,
NH), 10.39 (s, 1H, NH); 13C–NMR (DMSO–d6): 43.83, 119.11, 120.28, 127.18, 127.76, 128.78, 131.88,
132.36, 134.30, 138.78, 142.58, 167.14, 168.87. Anal. for C15H15N3O4S: C, 54.04%; H, 4.54%; N,
12.61%; Found: C, 54.12%; H, 4.62%; N, 12.70%.

2–Chloro–N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)benzamide85b

Yield: 27%; m.p.: 249− 251◦C; 1H–NMR (DMSO–d6) (δ): 4.08 (d, J= 5.87 Hz, 2H, CH2), 7.26 (bs, 2H,
NH2), 7.42–7.53 (m, 4H, ArH), 7.77 (m, 4H, ArH), 8.77 (t, J= 5.87 Hz, 1H, NH), 10.49 (s, 1H, NH);
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https://scifinder.cas.org/scifinder/substances/answers/A5F0860AX86F3514BX1DA65267449B3375AC:A60383F1X86F3514BX26876CFA199F967552/1.html?key=REGISTRY_366-79-0&title=366-79-0&launchSrc=sublist&pageNum=1&nav=eNpb85aBtYSBMbGEQcXRzMDYwtjNMMLCzM3Y1NDEKcLIzMLczNnN0dDS0s3SzNzU1AioNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYELaGBGCQN3cGiAa1B8kL-PazBQJL-4kKGOgRkoz1jCwFRUhmqjU35-Tmpi3lmFooarc369A9oYBbOxgAEAhcQ-pw&sortKey=RELEVANCE&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/substances/answers/A5F0860AX86F3514BX1DA65267449B3375AC:A6050314X86F3514BX5FA2BC1C59DE453C38/1.html?key=REGISTRY_5657-19-2&title=5657-19-2&launchSrc=sublist&pageNum=1&nav=eNpb85aBtYSBMbGEQcXRzMDUwNjQJMLCzM3Y1NDEKcLUzdHIydnQ2dTSxdXE1NjZ2AKoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYEPaGBGCQN3cGiAa1B8kL-PazBQJL-4kKGOgRkoz1jCwFRUhmqjU35-Tmpi3lmFooarc369A9oYBbOxgAEAjrg-uQ&sortKey=SUBSTANCE_ID&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/substances/answers/A5F0860AX86F3514BX1DA65267449B3375AC:A6046A7CX86F3514BX383733C75910744C3D/1.html?key=REGISTRY_33955-17-8&title=33955-17-8&launchSrc=sublist&pageNum=1&nav=eNpb85aBtYSBMbGEQcXRzMDEzNHcOcLCzM3Y1NDEKcLYwtjc2NjZ3NTS0MDcxMTZ2AWoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYEHaGBGCQN3cGiAa1B8kL-PazBQJL-4kKGOgRkoz1jCwFRUhmqjU35-Tmpi3lmFooarc369A9oYBbOxgAEAeMg-lA&sortKey=SUBSTANCE_ID&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/substances/answers/C365ADBCX86F35098X1E8712E51AD1BF4122:C36601C3X86F35098X4BC45E7D294AFA37D2/1.html?key=REGISTRY_2901-80-6&title=2901-80-6&launchSrc=sublist&pageNum=1&nav=eNpb85aBtYSBMbGEQcXZ2MzMwNDZOMLCzM3Y1MDSIsLEydnE1NXcxcjSxNHN0RjIACpNKi5iEMxKLEvUy0nMS9fzzCtJTU8tEnq0YMn3xnYLJgZGTwbWssSc0tSKIgYBhDq_0tyk1KK2NVNluac86GZiYKgoYGBgYAIamFHCwB0cGuAaFB_k7-MaDBTJLy5kqGNgBsozljAwFZWh2uiUn5-Tmph3VqGo4eqcX--ANkbBbCxgAACWmT69&sortKey=SUBSTANCE_ID&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/substances/answers/C365ADBCX86F35098X1E8712E51AD1BF4122:C366A41CX86F35098X47CDAE2F1C178DCD71/1.html?key=REGISTRY_17966-67-5&title=17966-67-5&launchSrc=sublist&pageNum=1&nav=eNpb85aBtYSBMbGEQcXZ2MzM0cTQOcLCzM3Y1MDSIsLE3NnF0dXIzdDZ0NzCxdnF3BCoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYEFaGBGCQN3cGiAa1B8kL-PazBQJL-4kKGOgRkoz1jCwFRUhmqjU35-Tmpi3lmFooarc369A9oYBbOxgAEArjw-3w&sortKey=SUBSTANCE_ID&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/substances/answers/C365ADBCX86F35098X1E8712E51AD1BF4122:C3671F18X86F35098X5E4AB9ED5B936E1AE4/1.html?key=REGISTRY_2901-76-0&title=2901-76-0&launchSrc=sublist&pageNum=1&nav=eNpb85aBtYSBMbGEQcXZ2Mzc0M3QIsLCzM3Y1MDSIsLU1cTRydLVxdTJ0tjM1dDR1QSoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYENaGBGCQN3cGiAa1B8kL-PazBQJL-4kKGOgRkoz1jCwFRUhmqjU35-Tmpi3lmFooarc369A9oYBbOxgAEArDg-3g&sortKey=SUBSTANCE_ID&sortOrder=DESCENDING


4. Experimental Section

Anal. for C15H14ClN3O4S: C, 48.98%; H, 3.84%; N, 11.42%; Found: C, 48.90%; H, 3.76%; N, 11.38%.

3–Chloro–N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)benzamide85c

Yield: 19%; m.p.: 262− 264◦C; 1H–NMR (DMSO–d6) (δ): 4.06 (d, J= 5.87 Hz Hz, 2H, CH2), 7.22 (bs,
2H, NH2), 7.31 (m, 2H, ArH), 7.74 (m, 4H, ArH), 7.96 (m, 2H, ArH), 8.66 (t,J= 5.96 Hz, 1H, NH), 10.55
(s, 1H, NH); Anal. for C15H14ClN3O4S: C, 48.98%; H, 3.84%; N, 11.42%; Found: C, 48.88%; H, 3.74%;
N, 11.32%.

4–Chloro–N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)benzamide85d

Yield: 41%; m.p.: 226 − 228◦C; 1H–NMR (DMSO–d6) (δ): 4.07 (d, J= 5.87 Hz, 2H, CH2), 7.23 (bs,
2H, NH2), 7.51–7.93 (m, 8H, ArH), 9.01 (t, J= 5.87 Hz, 1H, NH), 10.39 (s, 1H, NH); Anal. for
C15H14ClN3O4S: C, 48.98%; H, 3.84%; N, 11.42%; Found: C, 48.78%; H, 3.64%; N, 11.22%.

4–Fluoro–N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)benzamide85e

Yield: 32%; m.p.: 269 − 271◦C; 1H–NMR (DMSO–d6) (δ): 4.10 (d, J= 5.87 Hz, 2H, CH2), 7.26 (bs,
2H, NH2), 7.53–7.96 (m, 6H, ArH), 9.04 (t, J= 5.87 Hz, 1H, NH), 10.42 (s, 1H, NH); Anal. for
C15H14FN3O4S: C, 51.28%; H, 4.02%; N, 11.96%; Found: C, 51.24%; H, 3.96%; N, 11.92%.

N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)furan–2–carboxamide85f

Yield: 24%; m.p.: 238− 240◦C; 1H–NMR (DMSO–d6) (δ): 4.03 (d, J= 5.96 Hz, 2H, CH2), 6.62 (m, 1H,
ArH), 7.14 (m, 1H, ArH), 7.23 (bs, 2H, NH2), 7.74 (bs, 4H, ArH), 7.85 (m, 1H, ArH), 8.66 (t, J= 5.96
Hz, 1H, NH), 10.55 (s, 1H, NH); 13C–NMR (DMSO–d6): 43.07, 112.33, 114.23, 119.02, 127.10, 138.70,
142.40, 145.64, 148.05, 158.58, 168.66. Anal. for C13H13N3O5S: C, 48.29%; H, 4.05%; N, 13.00%;
Found: C, 48.32%; H, 4.00%; N, 13.20%.

N–(2–oxo–2–((4–sulfamoylphenyl)amino)ethyl)thiophene–2–carboxamide85g

Yield: 21%; m.p.: 265− 267◦C; 1H–NMR (DMSO–d6) (δ): 4.08 (d, J= 5.96 Hz, 2H, CH2), 7.17–7.19 (m,
1H, ArH), 7.26 (bs, 2H, NH2), 7.77 (bs, 4H, ArH), 7.78–7.84 (m, 2H, ArH), 8.94 (t, J= 5.96 Hz, 1H, NH),
10.49 (s, 1H, NH); Anal. for C13H13N3O4S2: C, 46.01%; H, 3.86%; N, 12.38%; Found: C, 46.11%; H,
3.96%; N, 12.46%.
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4.1.17 Preparation of (9H–fluoren–9–yl)methyl (2–oxo–2–((4–sulfamoylphenyl)
amino) ethyl) carbamate derivatives 89a–c

To a solution of N–α–Fmoc amino acids (1 molar equivalent) 88a–c in dry dimethylformamide
(DMF) (2 mL), 1–[Bis(dimethylamino)methylene]–1H–1,2,3–triazolo[4,5–b]pyridinium 3–oxid
hexafluorophosphate (HATU) (1 molar equivalent) was added in ice bath and by stirring
vigorously at 450 rpm. Then, N,N–Diisopropylethylamine (DIPEA) (2.5 molar equivalents)
and p–aminobenzenesulfonamide (1.25 molar equivalent) were added. The reaction mixture
was vigorously stirred at room temperature overnight. Water (10 mL) was added and the
mixture was extracted with EtOAc (3× 10 mL). The organic phase was washed with acidic
water (pH 4–5), dried with Na2SO4and concentrated until dryness under reduced pressure.
The crude was sonicated with Et2Oto give the desired intermediates 89a–c as white powder.

(9H–fluoren–9–yl)methyl(1–oxo–1–((4-sulfamoylphenyl)amino)propan-2-yl)-
carbamate

89a

Yield: 58%; m.p.: 229 − 230◦C; tR: 5.52’; 1H–NMR (DMSO–d6) (δ): 1.33 (m, 3H, CH3), 4.20–4.31
(m, 4H, CH2, CH), 7.26 (bs, 2H, NH2), 7.32–7.45 (m, 4H, ArH), 7.73–7.77 (m, 7H, ArH, NH), 7.86–
7.91 (m, 2H, ArH), 10.34 (s, 1H, NH); 13C–NMR (DMSO–d6) (δ): 18.27, 47.11, 51.33, 66.11, 119.17,
120.59, 125.77, 127.08, 127.54, 128.11, 138.85, 141.19, 144.24, 144.34, 156.32, 172.68. Anal. for
C24H23N3O5S: C, 61.92; H, 4.98; N, 9.03. Found: C, 62.05%; H, 4.85%; N, 9.09%. HRMS (ESI): m/z
Calcd. for [MH]+ 465.14. Found: 466.00.

(9H–fluoren–9–yl)methyl (3–methyl–1–oxo–1–((4–sulfamoylphenyl)amino)-
butan–2–yl)-carbamate

89b

Yield: 73%; m.p.: 230− 231◦C; tR: 5.90’; 1H–NMR (DMSO–d6) (δ): 0.91–0.95 (m, 6H, CH3), 4.01–4.10
(m, 2H, CH), 4.22–4.30 (m, 3H, CH2, CH), 7.25 (bs, 2H, NH2), 7.31–7.43 (m, 4H, ArH), 7.74–7.76 (m,
7H, ArH, NH), 7.88–7.90 (m, 2H, ArH), 10.41 (s, 1H, NH). Anal. for C27H27N3O5S: C, 63.27; H, 5.51;
N, 8.51. Found: C, 63.39%; H, 5.28%; N, 8.63%. HRMS (ESI): m/z Calcd. for [MH]+ 493.17. Found:
494.00.

9H–fluoren–9–yl)methyl (4–methyl–1–oxo–1–((4–sulfamoylphenyl)amino)-
pentan–2–yl)-carbamate

89c

Yield: 82%; m.p.: 200− 201◦C; tR: 9.19’; 1H–NMR (DMSO–d6) (δ): 0.89–0.91 (m, 6H, CH3), 3.16 (m,
2H, CH2), 4.22–4.30 (m, 5H, CH2, CH), 7.25 (bs, 2H, NH2), 7.29–7.43 (m, 4H, ArH), 7.71–7.76 (m, 7H,
ArH, NH), 7.88–7.90 (m, 2H, ArH), 10.37 (s, 1H, NH). 13C–NMR (DMSO–d6) (δ): 18.56, 23.49, 31.17,
47.14, 54.07, 66.08, 119.27, 120.59, 125.78, 127.14, 127.51, 128.11, 138.90, 141.19, 142.33, 144.21,
156.56, 172.65. Anal. for C27H29N3O5S: C, 63.89; H, 5.76; N, 8.28. Found: C, 63.65%; H, 5.63%; N,
8.37%. HRMS (ESI): m/z Calcd. for [MH]+ 507.18. Found: 508.00.
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4.1.18 General procedures for the synthesis of compounds 90a–c

The F–moc protected intermediates 89a–c (250 mg) were treated with 2% (v/v) of 1,8–
Diazabicyclo[5.4.0]undec–7–ene (DBU) in dimethylformamide (DMF, 2.5 mL). The reaction
mixture was stirred at 25◦C for 20 minutes. After the starting material has disappeared, the
crude product was concentrated in vacuo and then subjected to sonication with a n–hexane
(He)–DCM solution (50%, v/v) to provide the free amines 90a–c white powder.

2–Amino–N–(4–sulfamoylphenyl)propanamide90a

Yield: 68%; m.p.: 216− 217◦C; tR: 0.43’; 1H–NMR(CD3OD–d4): (δ) 1.37 (m, 3H, CH3), 3.58 (m, 1H,
CH), 7.77–7.87 (m, 4H, ArH). 13C–NMR (DMSO–d6): 21.53, 51.36, 118.86, 126.83, 138.44, 142.07,
175.81. Anal. for C9H13N3O3S : C, 44.43%; H, 5.39%; N, 17.27%. Found: C, 44.51%; H, 5.27%; N,
17.31%. HRMS (ESI): m/z, calcd. for [MH]+ 243.28. Found: 244.00.

2–Amino–3–methyl–N–(4–sulfamoylphenyl)butanamide90b

Yield: 62%; m.p.: 209− 211◦C; tR: 0.84’;1H–NMR (DMSO–d6) (δ): 0.83–0.92 (m, 6H, CH3), 1.88–1.96
(m, 2H, CH), 7.23 (bs, 2H, NH2), 7.73–7.81 (m, 4H, ArH). Anal. for C11H17N3O3S: C, 48.69%; H,
6.32%; N, 15.49%. Found: C, 48.81%; H, 6.26%; N, 15.52%. HRMS (ESI): m/z, calcd. for [MH]+ 271.34.
Found: 272.00.

2–Amino–4–methyl–N–(4–sulfamoylphenyl)pentanamide90c

Yield: 71%; m.p.: 181 − 193◦C; tR: 1.93’; 1H–NMR (DMSO–d6) (δ): 0.87–0.91 (m, 6H, CH3), 1.29–
1.50 (m, 2H, CH2), 1.54–1.86 (m, 2H, CH), 7.26 (bs, 2H, NH2), 7.72–7.81 (m, 4H, ArH). Anal. for
C12H19N3O3S: C, 50.51%; H, 6.71%; N, 14.73%. Found: C, 50.38%; H, 6.60%; N, 14.81%. HRMS (ESI):
m/z, calcd. for [MH]+ 285.36. Found: 286.00.

4.1.19 General procedures for the synthesis of 91a–c

To a stirred solution of 90a–c (1 molar equivalent) in DMF/DCM (50%, v/v), benzoyl chloride
(81a) (0.8 molar equivalent) was added in ice bath. The resulted mixture was stirred at room
temperature for 1 hour. After the disappearence of the starting material, the organic solvent
was evaporated in vacuo and purified by flash cromatography (eluting with 0–20% v/v of
MeOH in DCM). The final crude was sonicated with petroleum ether (PE)/ethanol (EtOH)
(50%, v/v) to afford the desired compounds 91a–c as white powder.
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N–(1–oxo–1–((4–sulfamoylphenyl)amino)propan–2–yl)benzamide91a

Yield: 54%; m.p.: 260− 261◦C; tR: 4.09’; 1H–NMR (DMSO–d6) (δ): 1.96–1.98 (m, 3H, CH3), 5.20–5.23
(m, 1H, CH), 6.89–6.90 (m, 1H, NH), 7.87–8.00 (m, 3H, ArH), 8.23–8.28 (m, 4H, ArH), 8.39–8.48 (m,
2H, ArH), 10.23 (bs, 1H, NH). Anal. for C16H17N3O4S: C, 55.32%; H, 4.93%; N, 12.10%. Found: C,
55.47%; H, 4.79%; N, 12.21%. HRMS (ESI): m/z Calcd. for [MH]+ 347.09. Found: 348.00.

N–(3–methyl–1–oxo–1–((4–sulfamoylphenyl)amino)butan–2–yl)benzamide91b

Yield: 63%; m.p.: 279− 280◦C; tR: 4.09’; 1H–NMR (DMSO–d6) (δ): 0.97–1.02 (m, 6H, CH3), 2.20–2.25
(m, 1H, CH), 4.39–4.45 (m, 1H, CH), 7.23 (bs, 2H, NH2), 7.46–7.57 (m, 3H, ArH), 7.75–7.81 (m, 4H,
ArH), 7.90–7.93 (m, 2H, ArH), 8.55–8.57 (m, 1H, NH), 10.54 (bs, 1H, NH). Anal. for C18H21N3O4S: C,
57.58%; H, 5.64%; N, 11.19%– Found: C, 57.62%; H, 5.58%; N, 11.26%. HRMS (ESI): m/z, Calcd. for
[MH]+ 376.13. Found: 376.00.

N–(4–methyl–1–oxo–1–((4–sulfamoylphenyl)amino)pentan–2–yl)benzamide91c

Yield: 48%; m.p.: 238− 240◦C; tR: 5.06’; 1H–NMR (DMSO–d6) (δ): 0.91–0.96 (m, 6H, CH3), 1.54–1.60
(m, 1H, CH), 1.72–1.86 (m, 2H, CH2), 4.63–4.69 (m, 1H, CH), 7.25 (bs, 2H, NH2), 7.45–7.56 (m, 3H,
ArH), 7.74–7.80 (m, 4H, ArH), 7.90–7.92 (m, 2H, ArH), 8.63–8.68 (m, 1H, NH), 10.46 (bs, 1H, NH).
13C–NMR (DMSO–d6) (δ): 21.87, 23.52, 25.04, 53.35, 119.31, 127.13, 128.07, 128.67, 131.86, 134.36,
138.87, 142.41, 167.10, 172.55. Anal. for C19H23N3O4S: C, 58.59%; H, 5.95%. N, 10.79%. Found: C,
58.48%; H, 5.99%; N, 10.83%. HRMS (ESI): m/z, Calcd. for [MH] + 390.14. Found: 390.00.

4.1.20 General procedures fo the synthesis of derivatives 93a–d

To a solution of the appropriate aroyl amino acids (87a–c) in dimethylformamide (DMF)
(2 mL), N,N,N’,N’–tetramethyl–O–(1H–benzotriazol–1–yl)–uroniumhexafluorophosphate
(HBTU) was added. The mixture was stirred at room temperature for 15 minutes. Then, 1,8–
Diazabicyclo[5.4.0]undec–7–ene (DBU) (2.5 molar equivalents) and 4–(aminomethyl)benzene-
sulfonamide (92) (1 molar equivalent) were added. The reaction mixture was left overnight
at room temperature and then quenched with H2O(10 mL) and extracted with EtOAc (3× 10
mL). The organic phase was washed with saturated NaCl solution, dried with Na2SO4and
concentrated until dryness under reduced pressure. The crude was purified by crystallization
from EtOH to give the desired final compounds 93a–d as white powder.
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N–(2–oxo–2–((4–sulfamoylbenzyl)amino)ethyl)benzamide93a

Yield: 56%; m.p.: 211 − 213◦C; 1H–NMR (DMSO–d6) (δ): 3.89–3.97 (m, 2H, CH2), 4.32–4.40 (m,
2H,CH2), 7.31 (bs, 2H, NH2), 7.43–7.54 (5H, ArH), 7.75 (m, 2H, ArH), 7.91 (m, 2H, ArH), 8.55–8.63
(m, 1H, NH), 8.82–8.90 (m, 1H, NH); 13C–NMR (DMSO–d6) (δ): 42.20, 43.28, 126.10, 127.74, 128.78,
131.70, 134.42, 143.20, 144.24, 166.96, 169.88. Anal. for C16H17N3O4S: C 55.32%; H, 4.93%; N
12.10%. Found: C 55.23%; H 4.81%; N 12.24%.

N–(1–oxo–1–((4–sulfamoylbenzyl)amino)propan–2–yl)benzamide93b

Yield: 64%; m.p.: 178−180◦C; 1H–NMR (DMSO–d6) (δ): 1.34–1.43 (m, 3H, CH3), 4.32–4.42 (m, 1H,
CH), 4.48–4.68 (m, 2H, CH2), 7.30 (bs, 2H, NH2), 7.42–7.54 (m, 5H, ArH), 7.74–7.84 (m, 2H, ArH),
7.88–7.98 (m, 2H, ArH), 8.47–8.65 (m, 1H, NH), 9.08–9.22 (m, 1H, NH); 13C–NMR (DMSO–d6) (δ):
18.27, 42.79, 49.67, 126.09, 127.69, 127.96, 128.58, 128.79, 131.80, 134.55, 143.01, 144.19, 166.80,
173.10. Anal. for C17H19N3O4S: C 56.50%; H 5.30%; N, 11.63%. Found: C 56.40%; H 5.43%; N
11.51%.

N–(3–methyl–1–oxo–1–((4–sulfamoylbenzyl)amino)butan–2–yl)benzamide93c

Yield: 61%; m.p.: 213− 215◦C; 1H–NMR (DMSO–d6) (δ): 0.90 (m, 3H, CH3), 0.93 (m, 3H, CH3), 2.12
(s, 1H, CH), 4.30 (m, 1H, CH), 4.36 (m, 2H, CH2), 7.30 (s, 2H, NH2), 7.43–7–74 (m, 5H, ArH), 7.75 (m,
2H, ArH), 7.89 (m, 2H, ArH), 8.31 (m, 1H, NH), 8.66 (m, 1H, NH); 13C–NMR (DMSO–d6) (δ): 19.34,
19.83, 42.17, 59.80, 126.02, 127.92, 127.97, 128.62, 131.72, 134.63, 142.96, 143.98, 167.13, 171.80.
Anal. for C19H23N3O4S: C 58.59%; H 5.95%; N 10.79%. Found: C 58.47%; H 6.03%; N 10.66%.

N–(1–oxo–3–phenyl–1–((4–sulfamoylbenzyl)amino)propan–2–yl)benzamide93d

Yield: 48%; m.p.: 229−230◦C; 1H–NMR (DMSO–d6) (δ): 3.02–3.17 (m, 2H, CH2), 4.36–4.38 (m, 2H,
CH2), 4.72–4.76 (m, 1H, CH), 7.16–7.20 (m, 1H, ArH), 7.25–7.28 (m, 2H, ArH), 7.30 (bs, 2H, NH2),
7.34–7.53 (m, 7H, ArH), 7.74 (m, 2H, ArH), 7.82 (m, 2H, ArH), 8.64–8.65 (m, 1H, NH), 8.68–8.70
(m, 1H, NH); 13C–NMR (DMSO–d6) (δ): 37.33, 41.97, 56.32, 125.77, 126.43, 127.51, 127.63, 128.28,
128.32, 129.34, 131.46, 134.18, 138.50, 142.71, 143.65, 166.52, 171.65. Anal. for C23H23N3O4S: C
63.14%; H 5.30%; N 9.60%. Found: C 63.28%; H 5.18%; N 9.72%.
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4.1 – Chemistry

4.1.21 Synthesis of N–(4–sulfamoylbenzyl) amides 104a–i

Pathway i (A): To a solution of 4–aminomethylbenzenesulfonamide hydrochloride (92) (1 mo-
lar equivalent) in a mixture of DCM/DMF (6 mL, 2:1, v/v) placed in a cylindrical quartz tube
(⌀ 2 cm), N,N–Diisopropylethylamine (DIPEA) (2.5 molar equivalents) and the appropriate
acyl chloride (0.8 molar equivalent) were added. The mixture was subjected to microwave
irradiation at 250 W for 10 minutes at 25◦C. The reaction progresses were monitored by
TLC, by using a solution of DCM/MeOH (9:1, v/v) as eluent. Then, the solvent was removed
under vacuum, the resulted residue diluted with of H2O(10 mL) and extracted with EtOAc
(3× 10 mL). The combined organic extracts were washed with brine solution, dried (Na2SO4)
and concentrated until dryness under reduced pressure. The crude product was purified by
crystallization with Et2Oand EtOH to afford compounds 104a–e and 104h as white powders.
Pathway i (B): The suitable carboxylic acids (1 molar equivalent) and N,N,N,N–tetramethyl–
O–(1H–benzotriazol–1–yl)uronium hexafluorophosphate (HBTU) (1 molar equivalent) in
DMF (2 mL) were placed in a cylindrical quartz tube (⌀ 2 cm), stirred and irradiated in a
microwave oven at 250 W for 5 minutes at 25◦C. Then, N,N–Diisopropylethylamine (DIPEA)
(2.5 molar equivalents) and 4–aminomethylbenzenesulfonamide hydrochloride (92) (1 molar
equivalent) were added and the resulted solution was stirred and subjected to microwave
irradiation for 25 minutes in the same condition reported above. The solvent was removed
under vacuum, the resulted residue diluted with of H2O(10 mL) and extracted with EtOAc
(3× 10 mL). The combined organic extracts were washed with brine solution, dried (Na2SO4)
and concentrated until dryness under reduced pressure. The crude product was purified by
crystallization with Et2Oand EtOH to afford compounds 104f–g and 104i as white powders.

3–Methyl–N–(4–sulfamoylbenzyl)benzamide
(CAS Number: 349136–13–6)

104a

Yield: 68%; m.p.: 197− 199◦C; 1H–NMR (DMSO–d6) (δ): 2.36 (s, 3H, CH3), 4.52 (d, J= 5.9 Hz, 2H,
CH2), 7.30 (bs, 2H, NH2), 7.36–7.37 (m, 2H, ArH), 7.48 (d, J= 8.3 Hz, 2H, ArH), 7.68–7.72 (m, 2H,
ArH), 7.78 (d, J= 8.3 Hz, 2H, ArH), 9.07 (t, J= 5.9 Hz, 1H, NH). 13C–NMR (DMSO–d6) (δ): 21.12, 42.50,
124.57, 125.86, 127.66, 127.98, 128.42, 132.07, 134.30, 137.79, 142.74, 143.96, 166.60. Anal. for
C15H16N2O3S: C 59.19%, H 5.30%, N 9.20%; Found: C 59.09%, H 5.20%, N 9.10%.

3–Chloro–N–(4–sulfamoylbenzyl)benzamide
(CAS Number: 349136–17–0)

104b

Yield: 59%; m.p.: 157−159◦C; 1H–NMR (DMSO–d6) (δ): 2.36 (s, 3H, CH3), 4.52 (d, J= 5.5 Hz, 2H,CH2),
7.31 (bs, 2H, NH2), 7.49 (d, J= 8.3 Hz, 2H, ArH), 7.51–7.54 (m, 1H, ArH), 7.62–7.64 (m, 1H, ArH),
7.78 (d, J= 8.3 Hz, 2H, ArH), 7.85–7.87 (m, 1H, ArH), 7.94 (m, 1H, ArH), 9.25 (t, J= 5.5 Hz,1H, NH).
13C–NMR (DMSO–d6) (δ): 39.52, 42.47, 125.74, 126.06, 127.10, 127.58, 130.41, 131.22, 133.26, 136.10,
142.67, 143.40, 164.94. Anal. for C14H13ClN2O3S: C 51.77%; H 4.03%; N 8.63%;. Found: C 51.87%;
H 4.13%; N 8.73%.
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2,5–Dichloro–N–(4–sulfamoylbenzyl)benzamide
(CAS Number: 349136–29–4)

104c

Yield: 57%; m.p.: 213−215◦C; 1H–NMR (DMSO–d6) (δ): 4.52 (d, J= 5.5 Hz, 2H, CH2), 7.33 (bs, 2H,
NH2), 7.53–7.61 (m, 5H, ArH), 7.80 (m, 2H, ArH), 9.16 (t, J= 5.5 Hz,1H, NH). Anal. for C14H12Cl2

N2O3S: C 46.81%; H 3.37%; N 7.80%. Found: C 46.91%; H 3.47%; N 7.90%.

4–Bromo–N–(4–sulfamoylbenzyl)benzamide
(CAS Number: 349136–03–4)

104d

Yield: 97% m.p.: 233− 235◦C; 1H–NMR (DMSO–d6) (δ): 4.52 (d, J= 5.5 Hz, 2H, CH2), 7.30 (bs, 2H,
NH2), 7.47 (d, J= 8.1 Hz, 2H, ArH), 7.69 (d, J= 8.3 Hz, 2H, ArH), 7.77 (d, J= 8.1 Hz, 2H, ArH), 7.83 (d,
J= 8.3 Hz, 2H, ArH), 9.20 (t, J= J= 5.9 Hz, 1H, NH). Anal. for C14H13BrN2O3S: C 45.54%; H 3.55%; N
7.59%. Found: C 45.44%; H 3.45%; N 7.49%.

N–(4–sulfamoylbenzyl)–[1,1’–biphenyl]–4–carboxamide
(CAS Number: 349084–68–0)

104e

Yield: 88%; m.p.: 367− 369◦C; 1H–NMR (DMSO–d6) (δ): 4.55 (d, J= 5.9 Hz, 2H, CH2), 7.32–7.51 (m,
7H, ArH), 7.61–7.74 (m, 4H, ArH), 7.78 (d, J= 8.3 Hz, 2H, ArH), 8.01 (d, J= 8.3 Hz, 2H, ArH), 9.27 (t,
J= 5.9 Hz, 1H, NH). 13C–NMR (DMSO–d6) (δ): 39.52, 42.41, 125.11, 125.71, 125.72, 127.55, 129.41,
131.39, 133.22, 142.64, 143.50, 165.41. Anal. for C20H18N2O3S: C 65.55%; H 4.95%; N 7.64%. Found:
C 65.45%; H 4.85%; N 7.54%.

2–Benzyl–N–(4–sulfamoylbenzyl)benzamide
(CAS Number: 848052–23–3)

104f

Yield: 85%; m.p.: 197 − 199◦C; 1H–NMR (DMSO–d6) (δ): 4.12 (s, 2H, CH2), 4.47 (d, J= 5.9 Hz,
2H,CH2), 7.13–7.30 (m, 7H, ArH), 7.33 (bs, 2H, NH2), 7.36–7.43 (m, 4H, ArH), 7.75 (m, 2H, ArH),
8.94 (t, J= 5.9 Hz, 1H, NH).13C–NMR (DMSO–d6) (δ): 37.60, 39.52, 42.00, 125.56, 125.76, 125.94,
127.39, 127.41, 128.14, 128.65, 129.62, 130.41, 136.27, 138.94, 140.91, 142.44, 143.42, 169.15. Anal.
for C21H20N2O3S: C 66.29%; H 5.30%; N 7.36%. Found: C 66.19%; H 5.20%; N 7.26%.

2–(2–Fluorophenyl)–N–(4–sulfamoylbenzyl)acetamide
(CAS Number: 794539–67–6)

104g

Yield: 58%; m.p.: 196 − −198◦C; 1H–NMR (DMSO–d6) (δ): 4.34 (d, J= 5.9 Hz 2H, CH2), 7.15–7.16
(m, 2H, ArH), 7.30–7.35 (m, 4H, ArH and NH2), 7.42 (d, J= 8.3 Hz, 2H, ArH), 8.66 7.76 (d, J= 8.3
Hz, 2H, ArH). 13C–NMR (DMSO–d6) (δ): 35.48, 39.52, 42.09, 115.09, 115.26, 124.36, 125.83, 127.62,
128.78, 128.84, 132.04, 132.08, 142.79, 143.75, 169.44. Anal. for C15H15FN2O3S: C 55.89%; H 4.69%;
N 8.69%. Found: C 55.79%; H 4.59%; N 8.59%.
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N–(4–sulfamoylbenzyl)thiophene–3–carboxamide
(CAS Number: 1090372–43–2)

104h

Yield: 76%; m.p.: 222− 224◦C; 1H–NMR (DMSO–d6) (δ): 4.50 (d, J= 5.9 Hz, 2H, CH2), 7.31 (bs, 2H,
NH2), 7.48 (d, J= 8.3 Hz 2H, ArH), 7.55 (dd, J= 7.8 Hz, J= 1.2 Hz, 1H, ArH), 7.60 (dd, J= 7.8 Hz, J=
2.9 Hz, 1H, ArH), 7.78 (d, J= 8.3 Hz 2H, ArH), 8.18 (dd, J= 2.9 Hz, J= 1.2 Hz), 9.00 (t, J= 5.9 Hz, 1H,
NH).13C–NMR (DMSO–d6) (δ): 39.52, 41.86, 125.69, 126.73, 126.94, 127.56, 129.07, 137.53, 142.58,
143.85, 162.14. Anal. for C12H12N2O3S2: C 48.63%; H 4.08%; N 9.45%. Found: C 48.73%; H 4.18%;
N 9.55%.

3–(methylthio)–N–(4–sulfamoylbenzyl)propanamide
(CAS Number: 851629–70–4)

104i

Yield: 84%; m.p.: 128− 130◦C; 1H–NMR (DMSO–d6) (δ): 2.06 (s, 3H, CH3), 2.46 (d, J= 6.9 Hz, 2H,
CH2), 2.69 (d, J= 6.9 Hz, 2H, CH2), 4.33 (d, J= 5.9 Hz, 2H, CH2), 7.30 (bs, 2H, NH2), 7.43 (d, J= 8.3
Hz, 2H, ArH), 7.76 (d, J= 8.3 Hz, 2H, ArH), 8.50 (t, J= 5.9 Hz, 1H, NH). Anal. for C11H16N2O3S2: C
45.81%; H 5.59%; N 9.71%. Found: C 45.61%; H 5.39%; N 9.51%.

4.2 CA Inhibition assay

The CA catalysed CO2 hydration activity has been tested by an Applied Photophysics stopped–
flow instrument. 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 Tris (pH 8.3) or Hepes (pH
7.5) as buffers, and 20 mM Na2SO4or 20 mM NaClO4 (for maintaining constant the 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
kinetic parameters and inhibition constants. For each inhibitor 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 produced in house
[116]. The bacterial classes were prepared by the novel protonography techniques [114].
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4.3 Anticonvulsant test

Male ICR CD–1 mice (n= 80) were purchased from Charles River Laboratories s.r.l. (Calco,
Lecco, Italy). Animals were housed four/five per cage and kept under controlled environ-
mental conditions (60± 5% humidity; 22◦C ±2◦C; 12/12 h reversed light/dark cycle; lights
on at 8 pm). Animals were allowed free access to standard laboratory chow and tap water.
This experimental protocol was approved by the local ethics committee of University of
Catanzaro and all procedures involving animals and their care were in compliance with
international and national regulations (EU Directive 2010/63/EU for animal experiments,
ARRIVE guidelines and the Basel declaration including the 3R concept). Male ICR CD–1 mice
(30–35 g, 35–40 days old) were pretreated with a solution of 49a, 49c, 50b and 50c (groups of
10 mice per dose) 30 min before the i.p. administration of pentylenetetrazole (PTZ) 60 mg/kg
(inducing clonus in 80% of mice) in order to test the efficacy against clonus [117].

4.4 Docking analysis

4.4.1 Molecular docking studies using Gold

Molecular docking studies for 4–[4–(2–Fluorobenzoyl)piperazine–1–carbonyl]benzenesulfo-
namide 54b have been carried out by means of Gold Suite 5.7.1. [118]. The structure of the
ligand was built and energy minimized by using VEGA ZZ [119]. The crystal structures of CA
XII in complex with the inhibitor acetazolamide was retrieved from the RCSB Protein Data
Bank (PDB code: 1JD0). The region of interest was defined in order to contain residues within
10 AngstromÅ from the mass of the co–crystallized ligand. A scaffold constraint (penalty=
5.0) was used to restrict the solutions in which the sulfonamide moiety was able to coordinate
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 AngstromÅ in ligand–all atom RMSD, were clustered together. The
best GOLD–calculated conformation was considered both for analysis and representation.
The same docking protocol has been used for compounds 57h by using the crystal structures
of CAVII in complex with 4–(4–phenylpiperidine–1–carbonyl)benzenesulfonamide 49a (PDB
code: 6H36). Interactions were analyzed by using LigandScout V4.4.2 [120] and the figure
were prepared by using opensource software PyMOL.

4.4.2 Molecular docking studies using AutoDock

Docking analysis has been carried out by means of AUTODOCK 4.2 software [121] for
compounds 59–61, 62a–64a, 62b–64b, 69a–i, 70a–i, 71a, 71h–i. The crystal structures used
have been retrieved from the Protein Data Bank (PDB code: 1JCZ and 1JD0). The ligand and
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water molecules were discarded, and hydrogen atoms were added to protein with Discovery
Studio 2.5.5. Structures of the ligand were constructed and energy minimized using VEGA ZZ
[119]. The regions of interest used by AUTODOCK were defined by considering the suitable
ligand docked into the CA XII receptor as the central group; in particular, a grid of 60, 60,
and 60 points in the x, y, and z directions has been constructed centered on the mass of Zn ion.
A grid spacing of 0.375 Å and a distance–dependent function of the dielectric constant were
used for the energetic map calculations. Using the Lamarckian Genetic Algorithm, docked
compound have been subjected to 100 runs of the AUTODOCK search, in which the default
values of the other parameters were used. Cluster analysis was performed on the docked
results using an RMS tolerance of 2.0 Å. The Lamarckian genetic algorithm (LGA) was applied
to model the interaction between ligands and CA XII active site. For the Lamarckian genetic
algorithm: 27,000 maximum generations, a gene mutation rate of 0.02 and a crossover rate of
0.8 were used. Cluster analysis was performed on the docked results using an RMSD (Root
Mean Square Deviation) tolerance of 2 Å. The CA XII/ligand complex obtained by docking
studies was minimized using 1000 iterations of SD and 1000 interaction of Polak–Ribiere
Conjugate Gradient. Interactions were identified using the LigPlot software [121] and the
figures were prepared using opensource software PyMOL or UCSF Chimera.

4.4.3 Modeling of VchCAβ active site

The crystal structure of β–CA from V. cholerae is not available in RCSB PDB in its “open”
active site form. Therefore, the crystal structure of closed VchCAβ was downloaded from
the PDB (PDB code: 5CXK). The suitable template for modeling VchCAβ active site was
identified in β–CA from the unicellular green alga Coccomyxa (CoCA, PDB code: 3UCJ). A
superimposition of residues C42, D44, R46, H98, C101, Zn301 of β–CA from V. cholerae on
corresponding residues C7, D49, R51, H103, C106, Zn228 of chain A of X–ray complex of
AAZ with CoCA was performed using PyMOL software (https://pymol.org ). The above–
mentioned superimposition was useful to modify the orientation of the side–chains of the two
amino acids D44 and R46 of β–CA from V. cholerae using as template the conformation of
D49 and R51 of CoCA. The modified structure of VchCAβ was minimized using the conjugate
gradient algorithm of NAMD. Minimization was performed for 500 steps keeping all atoms
fixed except for the backbones of residue 43–47 and the side–chains of D44 and R46: in detail,
to maintain the correct orientation of carboxylate moiety of D44 and guanidinium group
of R46 also these groups were kept fixed. The atom types were assigned using force field
CHARMM v22 and the atomic charges according to Gasteiger–Marsili method by Vega ZZ
[119]. Furthermore, in the obtained structure, assuming a similar binding mode of the AAZ
in both of the β–CAs, we inserted in the catalytic site of VchCAβ the X–ray conformation of
the acetazolamide retrieved from CoCA. The side–chains of the residues around the inhibitor
AAZ have been minimized by LigandScout [120]. The obtained complex was used to perform
docking studies for all compounds reported in section 2.4 according to the procedures
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reported above (Section 4.4.2).

4.4.4 Pharmacophore Modelling and Virtual Screening

LigandScout V4.4.2 [120] has been used for the pharmacophore generation and the virtual
screening process. All selected molecules (Training Setand Test Set, Figure 2.25–2.26) were
constructed by Vega 3.1.1 [119]. The ligand–based pharmacophore model was generated
using “merged features” option and maintaining the default parameters. Our model was
validated by using two datasets a) the first one containing 72 inhibitors of the β–class of
VchCA presenting a sulfonamide moiety and with a Ki value < 10,000 nM; b) the second one
was generated throughout a web tool online DUD–E obtaining 3899 decoys. The ligand–based
pharmacophore model has been used for a virtual screening against a SciFinder database
containing 8.208 para–benzenesulfonamide derivatives. All virtual screening runs were
conducted by setting the option “Get best matching conformation” as retrieval mode and the
obtained hits from screening were ranked based on their pharmacophore fit scores.

4.5 X-ray crystallographic studies

Crystals of the hCA II and hCA VII with 49a, 49b, 50b adducts were obtained by co–
crystallization. The complexes were prepared by adding a 5 M excess of the inhibitor to a 10
mg/mL protein solution. This mixture, equilibrated for 1 h at room temperature, was used for
the crystallization experiments. Drops were prepared by mixing 1 µl of enzyme/inhibitor
solution with 1 µl of precipitant solution containing 1.3 M sodium citrate, 0.1 M Tris–HCl,
pH 8.5 and further equilibrated over a well containing 1 mL of precipitant buffer. Crystals
appeared in the drops within 2–3 days and grew to a maximum dimension of 0.2× 0.3× 0.2
mm3 in about one week. Crystals of the hCA II–49a adduct were instead obtained by using the
soaking technique. In particular, native hCA II crystals were grown at room temperature by
the hanging drop vapor diffusion technique using a protein concentration of 10 mg/mL and
1.3 M sodium citrate, 0.1 M Tris–HCl, pH 8.5 as precipitant solution. A few hCA II crystals
were then transferred in a 2 µl drop of freshly prepared precipitant solution containing
also the inhibitor at the concentration of 2.5 mM and glycerol (15% v/v) as cryoprotectant.
These crystals were kept in the soaking solution for one night and finally flash–frozen in
liquid nitrogen. A very similar experimental strategy was used to obtain crystals of the hCA
VII–inhibitor complexes. For crystallographic studies a mutated form of hCA VII, where the
cysteine residues in position 183 and 217 were mutated to serines, was used, since we previ-
ously reported that this mutant was more suitable for crystallization experiments hCA VII
crystals were grown at room temperature by the vapor diffusion hanging drop method. Equal
volumes of protein (5 mg/mL in 0.02 M Tris–HCl pH 8.0 and 0.1 M NaCl) and precipitant
solutions (25% v/v Peg3350, 0.2 M Ammonium acetate and 0.1 M Tris pH 8.5) were mixed and
equilibrated against 1 mL reservoir containing the same precipitant solution. A few crystals
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of hCA VII were then transferred into a 2 µl drop of the freshly prepared precipitant solution
containing the inhibitor at a concentration of 40 mM for inhibitors 49a and 49b and 10 mM
for 50b. Moreover, 25% (v/v) glycerol was used as cryoprotectant agent. These crystals were
kept in the soaking solution overnight and then flash–frozen in a gaseous nitrogen stream
prior to the diffraction experiment. All X–ray data sets were collected at 100 K by a copper
rotating anode generator developed by Rigaku and 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 4.1. The initial phases of all structures
were calculated using the atomic coordinates of hCA VII and hCA II (PDB accession code
6G4T and 1CA2 for hCA VII and II, respectively) with waters removed. The structures were
refined using the CNS program as previously described, whereas model building and map
inspections were performed using the program O. Topology files for inhibitors 49a, 49b, 50b
generated using the PRODRG server. The same experimental procedures was used to obtain
the crystal structures of 54a in complex with hCA II (PDB code: 6XXT) and 57h with hCA VII
(not yet deposited in PDB). Table 4.2 collected the data statistics for hCAII/54a complex.
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 hCA II in complex with hCA VII in complex with 
 49a 49b 50b 49a 49b 50b 
Cell parameters       
Space group P21 P21 P21 P21212 P21212 P21212 
Cell dimensions (Å, °) a= 42.4 a= 42.3 a= 42.3 a= 66.0 a= 66.0 a= 66.1 

b= 41.1 b= 41.4 b= 41.3 b= 88.1 b= 88.6 b= 89.2 
c= 71.7 c= 72.0 c= 72.1 c= 44.0 c= 44.1 c= 44.2 

 b= 104.2 b= 104.2 b= 104.3    
Number of 
independent 
molecules 

1 1 1 1 1 1 

Data collection 
statistics 

1.54178 1.54178 1.54178 1.54178 1.54178 1.54178 

Resolution limits (Å) 34.7-1.94 29.1-1.58 29.1-1.55 31.1-1.85 30.9-1.90 34.0-1.70 
Total reflections 70015 136858 121412 91414 69324 138766 
Unique reflections 17564 30160 33156 21202 19303 28527 
Redundancy 4.0 4.5 3.7 4.3 3.6 4.9 
Completeness (%) 98.6 

(90.2) 
90.7 
(77.2) 

93.8 
(82.5) 

94.1 (88.9) 92.1 (69.4) 96.6 (90.2) 

R-merge* 0.114 
(0.418) 

0.045 
(0.147) 

0.055 
(0.228) 

0.067 
(0.459) 

0.046 
(0.181) 

0.046 
(0.503) 

Rmeas§ 0.131 
(0.521) 

0.050 
(0.173) 

0.062 
(0.280) 

0.074 
(0.573) 

0.052 
(0.213) 

0.051 
(0.590) 

Rpim¶ 0.063 
(0.306) 

0.021 
(0.089) 

0.028 
(0.161) 

0.032 
(0.338) 

0.024 
(0.108) 

0.021 
(0.301) 

<I>/<σ(I)> 11.5 (2.3) 29.9 (9.0) 21.8 (4.4) 18.0 (2.2) 22.3 (7.4) 27.3 (2.6) 
Refinement statistics       
Resolution limits (Å) 34.7-1.94 29.1-1.58 29.1-1.55 31.1-1.85 30.9-1.90 34.0-1.70 
R-work** (%) 17.9 16.6 17.1 19.5 19.4 19.3 
R-free** (%) 21.4 19.4 20.6 23.3 23.6 24.5 
r.m.s.d. from ideal 
geometry: 

      

Bond lengths (Å) 0.006 0.008 0.009 0.008 0.007 0.006 
Bond angles (°) 1.4 1.5 1.6 1.5 1.5 1.5 
Number of protein 
atoms 

2039 2093 2063 2066 2057 2055 

Number of inhibitor 
atoms 

24 25 26 24 25 26 

Number of water 
molecules 

158 225 229 116 115 144 

Average B factor (Å2)       
All atoms 16.04 12.51 11.88 22.91 19.45 21.27 
Protein atoms 15.42 11.52 10.78 22.61 19.22 20.75 
Inhibitor atoms 16.97 15.50 20.29 21.45 19.60 19.92 
Waters 23.30 21.33 20.57 28.68 23.68 28.32 
PDB accession code 6H2Z 6H33 6H34 6H36 6H37 6H38 

 *R–merge=
∑
hkl

∑
i |Ii (hkl) − 〈I(hkl)〉 |/

∑
hkl

∑
i Ii (hkl), where Ii (hkl) is the intensity of an observation and 〈I(hkl)〉 is

the mean value for its unique reflection; summations are over all reflections; §Rmeans=
∑
hkl {N (hkl)/[N (hkl) −

1]}1/2×
∑
i |Ii (hkl)−〈I(hkl)〉 |/

∑
hkl

∑
i Ii (hkl);

¶Rpim=
∑
hkl {1/[N (hkl)−1]}1/2×

∑
i |Ii (hkl)−〈I(hkl)〉 |/

∑
hkl

∑
i Ii (hkl);

**R–
work=

∑
hkl |Fo(hkl)| − |Fc(hkl)|/ |

∑
hklFo(hkl)| calculated for the working set of reflections. R–free is calculated as for R–work,

but from data of the test set that was not used for refinement (Test Set Size (%) = 5.7% for hCA II/49a, 3.5% for hCA II/49b,
3.0% for hCA II/50b, 5.0% for hCA VII/49a and hCA VII/49b, 4.0% for hCA VII/50b). Values in parentheses are referred to
the highest resolution shell (2.01–1.94 Å for hCA II/7a, 1.64–1.58 Å for hCA II/49b and 1.61–1.55 Å for hCA II/50b, 1.92-1.85
Å for hCA VII/49a, 1.97-1.90 Å for hCA VII/49b, 1.76-1.70 Å for hCA VII/50a).

Table 4.1: Data collection statistics and refinement statistics.
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  hCA II/54a 
Cell parameters  
Space group P21 
Cell dimensions (Å, °) a= 42.3 

b= 41.5 
c= 72.1 
b= 104.3 

Number of independent molecules 1 
Data collection statistics  
Wavelength (Å) 1.0 
Resolution limits (Å) 35.7-1.05 
Total reflections 652807 
Unique reflections 112517 
Redundancy 5.8 
Completeness (%) 99.2 (86.9) 
R-merge* 0.072 (0.277) 
Rmeas§ 0.078 (0.323) 
Rpim¶ 0.031 (0.159) 
<I>/<σ(I)> 22.1 (4.3) 
Refinement statistics  
Resolution limits (Å) 35.7-1.05 
R-work** (%) 13.5 
R-free** (%) 14.6 
r.m.s.d. from ideal geometry:  
Bond lengths (Å) 0.008 
Bond angles (°) 1.5 
Number of protein atoms 2129 
Number of inhibitor atoms 26 
Number of water molecules 271 
Average B factor (Å2)  
All atoms 16.03 
Protein atoms 10.54 
Inhibitor atoms 13.49 
Waters 21.36 
PDB accession code 6XXT 

*R–merge=
∑
hkl

∑
τ |Ii (hkl) − 〈I(hkl)〉 |/

∑
hkl

∑
i Ii (hkl), where Ii (hkl) is the intensity of an observation and 〈I(hkl)〉 is the

mean value for its unique reflection; summations are over all reflections; §Rmeans=
∑
hkl {N (hkl)/[N (hkl) − 1]}1/2 ×∑

i |Ii (hkl) − 〈I(hkl)〉 |/
∑
hkλ

∑
i Ii (hkl);

¶Rpim=
∑
hkl {1/[N (hkl) − 1]}1/2 ×

∑
i |Ii (hkl) − 〈I(hkl)〉 |/

∑
hkλ

∑
i Ii (hkl);

**R–
work=

∑
hkl |Fo(hkl)| − |Fc(hkl)|/ |

∑
hklFo(hkl)| calculated for the working set of reflections. R–free is calculated as for R–work,

but from data of the test set that was not used for refinement (Test Set Size (%) = 1.0%). Values in parentheses refer to the
highest resolution shell (1.07-1.05 Å for hCA II/54a).).

Table 4.2: Data collection statistics and refinement statistics.
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Transition-Metal-Mediated versus Tetrazine-Triggered
Bioorthogonal Release Reactions: Direct Comparison and
Combinations Thereof
Francesca Mancuso,[a] Michal Rahm,[b] Rastislav Dzijak,[b] Helena Mertlíková-Kaiserová,[b] and
Milan Vrabel*[b]

Bioorthogonal cleavage reactions are gaining popularity in
chemically inducible prodrug activation and in the control of
biomolecular functions. Despite similar applications, these
reactions were developed and optimized on different substrates
and under different experimental conditions. Reported herein is
a side-by-side comparison of palladium-, ruthenium- and
tetrazine-triggered release reactions, which aims at comparing
the reaction kinetics, efficiency and overall advantages and
limitations of the methods. In addition, we disclose the
possibility of mutual combination of the cleavage reactions.
Finally, we compare the efficiency of the bioorthogonal
deprotections in cellular experiments, which revealed that
among the three methods investigated, the palladium- and the
tetrazine-promoted reaction can be used for efficient prodrug
activation, but only the tetrazine-triggered reactions proceed
efficiently inside cells.

Biocompatible cleavage reactions complement bioorthogonal
bond forming reactions by enabling control and activation of
molecular functions in response to specific chemical stimuli.[1]

One of the earliest examples of bioorthogonal cleavage
reactions is based on the Ru-catalyzed cleavage of allylcarba-
mate-protected amines. This reaction can be performed under
biological conditions as originally shown by deprotection of
fluorogenic alloc-caged rhodamine dye in HeLa cells.[2] Careful
structural optimization of the Ru-complex further led to
improved catalytic turnover number and efficiency of the
reaction.[3] Embedding of organelle-targeting groups to such
catalytic systems enables performing the cleavage reaction
even in an organelle-specific manner.[4] Inspired by the great
success of Pd-mediated chemical transformations in organic

synthesis,[5] Pd-assisted deprotections were employed as alter-
native organometallic decaging reactions.[6] Pd-mediated depro-
tections were mainly used for prodrug activation[7] and for
chemically-induced rescuing of molecular function of proteins.[8]

The click-to-release strategy based on the inverse electron-
demand Diels-Alder (IEDDA) reaction of alkene dienophiles with
1,2,4,5-tetrazines (Tz) was developed as an alternative to the
metal-promoted deprotection reactions. A pioneering work
from the Robillard’s group showed that allylic trans-cyclooctene
(TCO)-caged carbamates undergo after initial Diels-Alder reac-
tion with tetrazines a set of electron-cascade elimination steps
leading to the release of free amino group. The power of the
concept was demonstrated by bioorthogonal activation of TCO-
caged doxorubicin, which was successfully reactivated after
TCO elimination from the respective TCO-caged prodrug.[9]

Later, the same group reported that other functional groups
including carbonates, esters and ethers can be activated using
the same strategy.[10] Recently, the approach was extended to
the release of tetrazine-caged compounds.[11] In combination
with the targeting ability of antibodies, the activation strategy
was successfully applied for targeted release of biologically
active compounds from antibody-drug conjugates.[12] Another
example showed that the chemistry can be used for chemically-
induced control over T-cell activation by bioorthogonal depro-
tection of TCO-caged epitopes.[13] In addition to the strained
TCO, vinyl ethers,[14] benzonorbornadienes[15] and 3-isocyano-
propyl groups[16] were employed as alternative dienophiles in
tetrazine-promoted deprotection reactions.[17]

All these examples illustrate the great potential of bio-
orthogonal cleavage reactions for non-enzymatic, chemically-
inducible prodrug activation or for on-demand controlled
switch of biomolecular function. Various experimental condi-
tions and model systems were used throughout these studies
to optimize the reaction conditions and to achieve best possible
release yield and efficiency. This makes it very difficult to
compare the individual methods in a broader context. With the
aim to fill this gap, we herein report a side-by-side comparison
of two different metal-promoted and the tetrazine-triggered
decaging reaction with the focus on overall release efficacy and
reaction kinetics. In addition, we explore the possibility of
mutual combinations of the methods in an effort to further
expand the scope of these chemical transformations toward
simultaneous multi-decaging applications.

To enable direct comparison of various bioorthogonal
deprotection reactions we first needed a test releasing system
containing variable caging moieties. Fluorogenic reagents
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leading to formation of fluorescent dyes during the decaging
reaction represent a convenient strategy for monitoring the
process. Indeed, previous studies have utilized various fluoro-
genic probes based mainly on coumarine, rhodamine or
naphthalene scaffolds to optimize the reaction conditions.[18] To

avoid errors that could arise by the use of different fluorophore
systems for different decaging reactions we designed a
‘universal’ probe that incorporates the actual bioorthogonal
protecting group attached via N,N’-dimethylethylenediamine
spacer to resorufin dye (Figure 1A). Resorufin is well established

Figure 1. A) Structure of the ‘universal’ resorufin probes used in this study and mechanism of the dye release from the caged compounds. B) Endpoint release
yields of the resorufin dye after 12 hours using different triggers. The experiment was performed in PBS buffer (pH=7.4) containing 5% DMSO at 25 °C using
10 μm final concentration of the caged resorufin and 15 μm final concentration of the metal complexes or tetrazines. Release of the dye was followed on plate
reader using 555�10 nm excitation and 595�20 nm emission window. C) Release of resorufin from Alloc-Reso. D) Release of resorufin from Poc-Reso. E)
Release of resorufin from TCO-Reso. Black lines at the bottom of the graphs represent control experiments where Alloc-, Poc- or TCO-Reso were incubated in
the absence of the activator. The observed rate constants of the reactions are indicated above or below the curves.
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fluorophore being used in many biological assays e.g. in the
form of resazurin in cell viability assays[19] or as Amplex red for
monitoring the cellular production of reactive oxygen species.[20]

The absorption maximum of resorufin centered around 575 nm
and the fluorescence emission maximum at 585 nm enables
convenient monitoring of the reaction by absorbance and/or
fluorescence spectrophotometry and is well suited also for
cellular experiments. The N,N’-dimethylethylenediamine spacer
is a commonly used self-immolative linker.[21] This linker
contains a methyl group at the amino substituent, which should
prevent formation of the previously described dead-end
product formed in certain TCO/Tz decaging reactions.[22]

Considering these criteria, we synthesized three resorufin
releasing probes containing propargyloxycarbonyl (Poc-Reso),
allyoxycarbonyl (Alloc-Reso) or trans-cyclooctene (TCO-Reso)
caps (Figure 1A). The synthesis is straightforward and includes
attachment of the spacer to resorufin using Boc-protected
imidazolium active ester, Boc deprotection and subsequent
capping of the free methylamino group using the respective
chloroformates (for Poc and Alloc) or the TCO-NHS active ester
under basic conditions (see the Supporting Information for
details). It is important to use highly reactive acylating agents in
the last step as the intramolecular cyclization of the generated
free methylamino group of the self-immolative N,N’-dimeth-
ylethylenediamine linker on the resorufin system is very fast
under basic conditions. For example, using equivalent amounts
of para-nitrophenyl (PNP) active ester instead of the NHS active
ester of TCO yielded only traces of the desired product under
identical reaction conditions (data not shown).

With the three caged resorufin-containing probes in hand,
we next moved to investigate different triggers to release the
dye from the constructs. Based on previous reports, we chose
four different palladium species,[6–7,8b] Ru-complex developed by
the Meggers group[3b] and three different model tetrazines,
dimethyl-tetrazine (diMeTz), dihydroxyethyl tetrazine (diOHEtTz)
and 4-pyridyl-hydroxyethyl tetrazine (4PyOHEtTz) (Figure 1B).
The decaging experiments were performed in phosphate
buffered saline (PBS, pH=7.4) containing 5% DMSO and
progress of the reaction was monitored in fluorescence plate
reader over the course of twelve hours. Alternatively, the
reaction can be monitored by UV/Vis spectrophotometry, which
gave similar results (see Figure S7 in the Supporting Informa-
tion).

Our measurements showed that PdCl2(TFP)2 is the most
effective trigger for Alloc-Reso and led to formation of the free
resorufin dye in 80% yield after twelve hours. This is in good
agreement with previous studies using caged-rhodamine.[7a] We
obtained the second best release yield in reaction of the same
alloc protected compound with the Ru-complex. The decaging
reaction was in both cases fast and the release reaction under
these conditions finished within ca. two hours (Figure 1C).

In the case of Poc-Reso, the most effective metal complex
was Pd(OAc)2 together with PdCl2(TFP)2. However, the release
yield did not exceed 45% in this case with any of the complexes
within the time frame. Other palladium complexes performed
modestly and gave only low decaging yields. As expected, the
Ru-complex was not effective in promoting the Poc deprotec-

tion from Poc-Reso. The Poc-deprotection reactions were also
slower when compared to deprotection of the alloc-caged
resorufin (Figure 1D).

Among the three tetrazines investigated with TCO-Reso,
diMeTz and diOHEtTz gave the free resorufin dye in slightly
better yield when compared to 4PyOHEtTz (ca. 70% vs. 60%)
(Figure 1E). However, the release reaction promoted by the
pyridyl-containing tetrazine was faster. Considering that the
rate of the first Diels-Alder cycloaddition with EWG-group or
aryl containing tetrazines is higher when compared to alkyl
substituted tetrazines, it is reasonable to assume that this step
is also responsible for the observed overall enhanced release
rate of the resorufin dye (Figure S12). The different propensity
of substituted tetrazines to form the head-to-head versus head-
to-tail adduct is another important factor that can influence the
outcome of the tetrazine-promoted release reaction.[22–23]

Importantly, our control experiments using Alloc-Reso, Poc-Reso
or TCO-Reso without any trigger did not yield free resorufin
demonstrating that the constructs are stable under the
experimental conditions.

These initial release experiments showed that the Alloc
group can be removed more efficiently when compared to the
Poc group using either palladium or ruthenium complexes. We
therefore continued our study with Alloc-Reso and the two
most efficient metal-based triggers, the PdCl2(TFP)2 and the Ru-
complex. One of the potential advantages of the metal-
promoted deprotections is the catalytic nature of the reaction.
We therefore performed a series of experiments with Alloc-Reso
using various concentrations/equivalents of the metal com-
plexes. As shown in Figure 2A and 2B, both metal complexes
release the resorufin dye even at 10 mol%, but the yield drops
significantly by lowering the amount of the catalyst. The effect
is more pronounced for the palladium complex even though
the actual deprotection reaction is faster in this case. This
experiment demonstrates that the reaction can be performed
with catalytic amounts of the metal complexes however, the
overall efficiency of the process as well as the final release
yields decrease by lowering the amount of the metal com-
plexes. One possible explanation for the observed reduced
efficiency could be in that the catalyst decomposes over time.
Indeed, we obtained best results when both metal complexes
were prepared freshly before the experiment. Even simple pre-
incubation of the complexes for one hour in PBS buffer before
adding Alloc-Reso resulted in reduction of the release yield and
rate. The PdCl2(TFP)2 seems to be more sensitive than the
Ruthenium complex in this regard (Figure 2C). Decomposition
of the active catalytic species under these conditions indicates
potential limitation for biological applications. However, the use
of specific formulations of the metal complexes could provide
systems with increased stability and advanced performance.[7a,h]

We performed similar experiment using different equiva-
lents of tetrazines, which promote liberation of the resorufin
dye from TCO-Reso (Figure 2D). In this case, we used two or five
equivalents of the tetrazine since the reaction is not catalytic.
The release of resorufin from TCO-Reso was faster in the
presence of five equivalents of the tetrazine, presumably as a
result of enhanced reaction rate of the first Diels-Alder reaction
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step (Figure S12). The effect was most pronounced for
diOHEtTz. As expected, there was no significant difference in
the final release yield since the subsequent steps leading to
release of the dye are intramolecular and therefore independ-
ent from the tetrazine concentration.

In an effort to further compare the various release reactions
we next explored the possibility to combine the metal-
promoted and the Tz-triggered decaging reaction. To have a
system that would allow for such comparison, we synthesized
Alloc-caged Nile blue dye (Alloc-Nile blue). The absorption and
emission spectra of nile blue (Absmax=635 nm and Emmax=

674 nm) do not overlap with that of resorufin. We therefore
thought that it should be possible to simultaneously monitor
release of the two dyes in a one pot reaction. We chose
4PyOHEtTz tetrazine for resorufin release from TCO-Reso,
because it combines fast reaction rate comparable to the best
palladium and ruthenium catalysts. The two metal complexes,

PdCl2(TFP)2 and the Ru-comp. were used to promote release of
nile blue from Alloc-Nile blue. The experiments were performed
in PBS buffer containing 5% DMSO and progress of the release
reaction was followed by the scanning kinetics method in UV/
Vis spectrophotometer (Figure 3). Similar experiments were also
analyzed by HPLC equipped with a fluorescence detector
(Figure S8).

As observed in all previous experiments, 4PyOHEtTz leads to
efficient release of the resorufin dye from TCO-Reso. The Alloc-
Nile blue can be deprotected with both metal catalysts, but the
reaction is more efficient with the Ru-complex. The observed
difference when compared to the resorufin release could be in
that Alloc-Nile blue bears the substituent on aromatic amino
group. When we combined TCO-Reso and Alloc-Nile blue and
added only 4PyOHEtTz we observed efficient release of the
resorufin dye. Although not directly visible in the UV/Vis
spectrum, the HPLC analysis revealed that small amounts of nile

Figure 2. Comparison of the release reactions using different equivalents of the activators. The experiments were performed at room temperature in PBS
buffer containing 5% DMSO using 20 μm final concentration of the caged-resorufin. Release of the dye was followed by UV/Vis spectrophotometry (575 nm).
A) Deprotection of Alloc-Reso using different equivalents of PdCl2(TFP)2. B) Deprotection of Alloc-Reso using different equivalents of the Ru-complex. C)
Experiment showing that the performance of the metal complex is influenced by the experimental setup. Pre-incubation in PBS buffer lowers the efficiency of
the reaction and influences the release yield. Reproducible results can be obtained by the use of freshly prepared metal complex solutions. D) Deprotection of
TCO-Reso using different equivalents of the tetrazines. The observed rate constants of the reactions are indicated above or below the curves.
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blue formed in this case as well (Figure S8). This can be a result
of the reaction of tetrazine with the alloc group which leads to
subsequent release of the dye similarly to the known reaction
of tetrazines with vinyl ethers.[14c,24] When we combined TCO-

Reso and Alloc-Nile blue with the Ru-catalyst we observed
specific formation of the free nile blue dye without concomitant
resorufin release demonstrating that the Ru-complex does not
release resorufin from TCO-Reso and that this metal-promoted
decaging reaction is orthogonal to the tetrazine-triggered
chemistry.

The outcome was different when we combined the mixture
of TCO-Reso and Alloc-Nile blue with PdCl2(TFP)2. In this case,
we observed the release of both dyes, resorufin and nile blue.
This was confirmed also by HPLC analysis using fluorescence
detection (Figure S8). To find out if PdCl2(TFP)2 is able to release
resorufin from TCO-Reso we mixed these two reagents under
the same conditions and analyzed the mixture by HPLC.
Surprisingly, we did not observe resorufin release even after
24 hours, showing that this palladium complex alone is not
responsible for resorufin release from TCO-Reso (Figure S9). We
therefore hypothesized that other active species must form
when the three reagents, TCO-Reso, Alloc-Nile blue and
PdCl2(TFP)2, are all present in the reaction mixture. One
possibility is that the alloc substituent in the form of an allyl
group coordinates to the palladium and that this complex then
leads to the release of resorufin from TCO-Reso. To test this
hypothesis, we incubated TCO-Reso with allyl palladium
dichloride dimer complex (Pd2Cl2allyl2). Indeed, we observed
clear resorufin release in this case (Figure S9). To the best of our
knowledge this is the first example of a metal-promoted release
reaction from a TCO-caged compound. The efficiency and
practicability of the process especially in connection with and
compared to the tetrazine-promoted reaction is currently under
investigation and will be reported elsewhere.

We next evaluated the release reactions in cells. Live HeLa
cells were loaded with 5 μm of Alloc-Reso, Poc-Reso or TCO-
Reso for 30 min. The cells were then washed to remove excess
of the probe from the extracellular space and were incubated
with the activators for 24 hours. The fluorescence intensity of
released resorufin was measured by a flow cytometer (Fig-
ure S10). Assuming that all caged resorufin constructs pene-
trated the cells, this experiment showed that PdCl2(TFP)2 does
not release the dye from Alloc-Reso inside the cells even when
used at 10 μm concentration. Similarly, we did not observe
resorufin release from Poc-Reso by Pd(OAc)2. A series of
additional confocal microscopy experiments corroborated these
results and showed that even higher doses of the metal
complexes do not lead to resorufin release in the cells
(Figure S11). These data clearly indicate that the palladium
complexes are not suitable for intracellular applications. In
contrast, the Ru-complex led to resorufin release from Alloc-
Reso even at 0.5 μm concentration. However, we noticed
altered cell morphology at this concentration possibly due to
toxicity of the metal complex (see below). Both diMeTz and
4PyOHEtTz successfully released resorufin from TCO-Reso as
confirmed by both, flow cytometry and confocal microscopy.

To further compare the efficiency of various release
reactions in a cellular context, we prepared alloc- and TCO-
caged doxorubicins (Alloc-Doxo and TCO-Doxo). These com-
pounds were previously used on different cell lines to
demonstrate the potential of release reactions for prodrug

Figure 3. Simultaneous release of resorufin and nile blue dyes using different
combinations of activators. The tetrazine-triggered reaction is orthogonal to
the Ru-promoted release, but it is not orthogonal to the palladium-
promoted cleavage. The later combination leads to ‘unspecific’ release of the
resorufin possibly promoted by allyl palladium species formed during the
alloc deprotection (Figure S8). These experiments were performed in PBS
buffer containing 5% DMSO at room temperature using 20 μm final
concentrations of TCO-Reso or Alloc-Nile blue and 30 μm concentration of
the activator. Release of the dyes was followed by UV/Vis spectrophotometry
(Abs max. 575 nm for resorufin or 635 nm for nile blue). Similar experiments
were analyzed by HPLC using fluorescence detection (Figure S8).
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activation.[3,9] In agreement with previous studies, blocking the
amino group of doxorubicin with alloc or TCO yields com-
pounds with lower IC50 when compared to free doxorubicin
(Table 1, Figure S13).[3b,9] We first assessed the toxicity of the
metals and the tetrazines after 72 h on HeLa cells. The Ru-
complex was by far the most toxic among the activators with
an IC50 of 70 nM exceeding even the free doxorubicin.
PdCl2(TFP)2 and the tetrazines all showed modest toxicity with
IC50 values well above the doxorubicins.

Based on these preliminary data, we next combined Alloc-
Doxo with PdCl2(TFP)2 (10 μm) and TCO-Doxo with the three
tetrazines (10 μm) using otherwise identical experimental
conditions. We did not use the Ru-complex in this experiment
due to its high toxicity. On the other hand, we used the
palladium complex even though it is probably not cell
permeable. In this case, even if the activation reaction will be
extracellular the released doxorubicin can enter the cells. We
determined the IC50 values of the respective combination of
reagents on HeLa cells after 72 hours (Table 1, Figure S13). As
expected, all compounds were able to release free doxorubicin
from the respective precursors as can be deduced from the
increased IC50 values. The lower IC50 determined in the release
experiments when compared to the parent doxorubicin
indicates that the doxorubicin release is only partial, which
agrees with the resorufin release experiments and with previous
studies.[3,9]

Altogether, these data show that PdCl2(TFP)2 and all
tetrazines tested can be used as triggers for prodrug activation
and that these reactions are similarly efficient. In addition, the
tetrazines efficiently promote release of the dye inside the cells.
Hence, they could be used for release of intracellularly localized
prodrugs. The significant toxicity of the Ru-complex severely
limits its utility in and on biological systems. The palladium
complexes used in this study are not sufficiently cell permeable
(or decompose inside the cells) and are better suited for
extracellular applications.[6,8b] It is worth noting that for many
applications (e.g. metal-triggered prodrug activation) the
release reaction does not need to be intracellular. Indeed,
several groups showed that organometallic activators can be

used in the form of nano-formulations that can be implanted
during surgery or has the ability to accumulate at the tumor
site based on the enhanced permeability and retention effect.
After prodrug administration, these organometallic devices
serve to produce the active drugs locally, which can have
beneficial therapeutic effect.[7a,e] For intracellular applications,
the metal catalyst can be fused to e.g. cell-penetrating
peptides.[25]

In conclusion, we have performed a comparison of two
metal-promoted and the tetrazine-triggered bioorthogonal
release reactions with the aim to identify the pros and cons of
each methodology under the same experimental conditions.
Using new fluorogenic resorufin derivatives, we show that the
allyloxycarbonyl protecting group can be removed more
efficiently when compared to propargyloxycarbonyl group
using either palladium or ruthenium complexes. All tetrazines
investigated efficiently release the resorufin dye from the TCO-
caged compound under the same conditions. Our results
indicate that although the metal-promoted reactions can be
performed using catalytic amounts of the complexes, the
efficiency and the reaction rates significantly decrease when
these reagents are used sub-stoichiometrically. Therefore, the
true catalytic nature of the reactions under biologically relevant
conditions remains questionable. We found that the Ru-
promoted and the tetrazine-triggered reactions are mutually
orthogonal, which opens new avenues toward multi-decaging
applications. However, the high toxicity of the Ru-complex
limits its utility mainly to non-biological systems. Unexpectedly,
we discovered that resorufin can be released from the TCO-
caged compound by certain palladium complexes. This obser-
vation may lead to development of new decaging reactions.
Our experiments on HeLa cells revealed that the elimination
reactions promoted by PdCl2(TFP)2 take place rather in the
extracellular space. In contrast, the tetrazine-triggered reactions
efficiently proceed inside the cells. Except for the Ru-complex,
which showed significant toxicity, the PdCl2(TFP)2 and all
tetrazines investigated can be used for prodrug activation as
demonstrated by doxorubicin release from the respective alloc-
and TCO-caged derivatives. We believe that this study will serve
as useful guideline for scientists who consider using these
chemical activation reactions, but have difficulties by choosing
the right method for a given application.
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Table 1. IC50 values for doxorubicin derivatives, the activators and
combinations thereof as determined on HeLa cells after 72 hours.

Compound IC50 [μM]
[a]

Doxo 0.22�0.02
Alloc-Doxo 2.37�0.17
TCO-Doxo 1.00�0.03
PdCl2(TFP)2 78.0�22[b]

Ru-complex 0.07�0.005
diMeTz >100
diOHEtTz 84.0�2[b]

4PyOHEtTz 31.0�1
Alloc-Doxo+10 μM PdCl2(TFP)2 0.66�0.12
TCO-Doxo+10 μM diMeTz 0.52�0.04
TCO-Doxo+10 μM diOHEtTz 0.45�0.04
TCO-Doxo+10 μM 4PyOHEtTz 0.45�0.04

[a] Determined by CellTiter Glo® ATP assay. [b] Estimated values because of
the concentration range used in the experiment (maximum concentration
tested was 100 μM).
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