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Abstract

ABSTRACT

The main goal of this PhD thesis has been the creation of new multi-target derivatives which
interact simultaneously with multiple targets implicated in a pathology. The multi-target strategy
has become more widespread in the twenty-first century where year after year there has been an
increasing number of compounds approved by the FDA and EMA that have this type of
characteristics. The main advantages are a better patient compliance, a reduction of drug-drug
interactions, a simpler pharmacokinetics, and a synergistic effect.

The multi-target drug-design projects here proposed have a common base that is a portion in
the compound structures to modulate the activity of human carbonic anhydrases (hCAs). CAs
have been found in countless species, including bacteria, protozoa, fungi, mammals and thus
human. Eight families, indicated with Greek letters (o, B, v, 6, {, m, 0 and 1), have been
discovered from unrelated gene families. Among these, only o-class CAs are present in human
and are distinguished in 15 different isoforms, of which 12 are catalytically active (hCAs I, II,
111, IV, VA/B, VI, VII, IX, XII, XIII, XIV). As all CAs, hCAs catalyse the hydration of carbon
dioxide into bicarbonate and protons, playing a variety of pivotal physiological roles in human
body, which are related to this apparently simple reaction: respiration, pH and CO;
homeostasis, transport of CO,/HCO;5 and a multitude of biosynthetic reactions involved in
crucial metabolic pathways such as gluconeogenesis, lipogenesis, ureagenesis, bone resorption,
calcification, and carcinogenesis. Abnormal levels or activities of hCAs have been associated to
a multitude of human diseases which increased the interest of the scientific community for the
design of hCAs inhibitors or activators with biomedical applications.

In a first project we proposed the inclusion of a 5-fluorouracil (5-FU) moiety, a
chemotherapeutic agent, into the structure of different types of validated inhibitors of CAs IX
and XII, that are cancer-associated isoforms and valuable antitumor targets. Most sulfonamide
derivatives efficiently inhibit the target CA IX and CA XII, while the 5-FU coumarin derivatives
showed a potent and totally selective inhibitory action against the cancer-related CAs over off-
target CA I and II. A subset of potent inhibitors showed effective in vitro antiproliferative and
proapoptotic action against several cancer cell lines corroborating the potential of 5-FU CAls

for the design of new effective anticancer strategies.




Abstract

The second proposed project is also aimed at obtaining new antitumor derivatives upon a
multi-target approach. Again, sulfonamide and coumarin CAls were hybridized with a
berberine scaffold, a natural compound shown to be able to stabilize G-quadruplex (G4)
structures. The latter are non-canonical DNA folding, found in guanine-rich sequences, such as
single-stranded terminal segment of telomeres and numerous proto-oncogenic genes (e.g. C-kit
and C-myc). G4 stabilization inhibits the action of telomerases (overexpressed in 85% of tumors
and making cancer cells semi-immortal), and the transcription of Ckit and C-myc. Berberine
was linker to CAI portions by different length spacer and 1,2,3-triazole linker produced by
Click Chemistry. The compounds demonstrated relevant inhibitory potency and often
selectivity against the tumor-associated CAs over off-target ones. Further, all hybrid compounds
showed to stabilize the target G4 foldings (c-kit > telomer > c-myc > off-target DNA folding)
more efficiently than lead berberine. In this project I have also dedicated to crystallization
studies, that were set to attain the 3D structure of the G4 folding in complex with the hybrid
inhibitors. To date, we succeeded in solving the Tel23 structure (mimicking the telomer G4) in
complex with a sulfonamide berberine hybrid (PDB code 7PNL).

The third proposed project also applies a multi-target approach to produce innovative agent
endowed with a potent precognitive action for the symptomatic treatment of neurodegenerative
disorders, such as Alzheimer's disease (AD). CA activators of the amine/amino acid type were
merged with tacrine, the first drug approved by the FDA for the treatment of AD, that
effectively inhibits acetylcholinesterase and butyrylcholinesterase. Two series of hybrids were
designed according to the type of linker (amide or amine) connecting tacrine with the CAAs.
Extended SAR were worked out with the wide set of derivatives as activators of many CNS CA
isoforms and inhibitors of cholinesterases, identifying a multitude of potent dual modulators.
The 3 best derivatives were evaluated by a procognitive test in mice and even showed that the
multi-target compounds are more effective than the co-administration of D-Phe, as a standard
and potent CAA, and tacrine.

During my Ph.D. period, I also performed a multitude of kinetic studies with inhibitors and
activators of several isoforms of CA belonging to the classes a, 3, Yy and L. These studies allowed
to draw up the inhibition or activation profiles of hundreds of derivatives from collaborators of
us. Additionally, I performed the exnovo complete kinetic characterization of the new CA

isoforms identified in a Gram-negative bacterium Burkholderia territorii.
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Chapter 1. Classification, Biochemistry and Structure of Carbonic Anhydrases

PART I: INTODUCTION
CHAPTER 1. CARBONIC ANHYDRASES: CLASSIFICATION, BIOCHEMISTRY, AND STRUCTURE

Carbonic anhydrases (CAs, EC 4.2.1.1) exist in eukaryotes and prokaryotes as a superfamily of
phylogenetically ubiquitous metalloenzymes."" The omnipresence of CAs is due to the catalysis
of an easy physiologically essential reaction for living beings,' that is the reversible hydration of

carbon dioxide to bicarbonate and proton (Equation 1).
CO; + HO s HCOs + H” (Eq.1)

Usually, this reaction happens slowly at the pH values typically found in most tissues and
organisms (turnover number - ke - of 10" s'). Thus, CAs are evolved to catalyze the carbon
dioxide hydration to manage the large CO2 loads produced by most organisms, making the
reaction substrates readily available for physiologic processes and managing acid-base
equilibria."”” Consequently, CAs are found in organisms of all life kingdoms (Animalia, Plantae,
Fungi, Protista, Bacteria, and Archaea), becoming among the fastest enzymes known which

effectively accelerate the speed of the reaction to 10°s™.'°

In a lot of organisms, CAs are involved in the essential physiological processes of respiration,
transport of CO;/HCO5, pH and CO; homeostasis and a range of biosynthetic reactions."
Moreover, in mammals, CAs promotes the metabolic reactions such as gluconeogenesis,
secretion of electrolytes in many tissues/organs, ureagenesis, lipogenesis, bone resorption,
calcification and tumorigenicity.'”® In algae, cyanobacteria and plants, these enzymes are
implicated in photosynthesis,*” whereas in diatoms CAs play a pivotal role in CO; fixation and

SiO; cycle.'" In pathogen microorganisms, such as bacteria, protozoa and fungi, CAs were

shown to be crucial for the growth, virulence or acclimatization of the parasites in the hosts."
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1.1 Classification of carbonic anhydrases

The CAs are classified in eight evolutionarily unrelated families (a-, -, y-, &-, &, 1, 6-, and

CAs) that are distinguished by different structural properties and phylogenetic distribution
(Table 1).'7

The o-CAs have been identified in vertebrates, protozoa, algae, corals, bacteria, and green
plants."'” The B-CAs are present in bacteria, fungi, archaea, algae, and chloroplasts of both
mono- and dicotyledons.'**"*® The y-CAs were found in archaea, bacteria, and plants.’ The &-
CAs are encoded in marine phytoplankton, such as haptophytes, dinoflagellates, diatoms, and
chlorophyte prasinophytes,® whereas (CAs have been identified only in marine diatoms.* A
unique N-CA were detected to date in the protozoa Plasmodium falciparum.” The 8-Cas seem to
be present in the marine diatom Phaeodactylum tricomutum." The first L CA was identified in the
marine diatom Thalassiosira pseudonana,” and more recently it was also found in Gram-negative

bacterium Burkholderia territorii. %%

Table 1. Structural features and phylogenetic distribution of the eight evolutionarily unrelated families: a-, -, y-, 6-

, &, 1, B-and -CAs.

Family | Metal atom Coordinated residues Quaternary structure Organisms
Vertebrates, bacteria, protozoa, fungi,
o Zn* His, His, His Monomer, dimer
green plants, algae, and corals
Bacteria, protozoa, fungi, archaea,
Dimer, tetramer,
B Zn*" His, Cys, Cys algae, and chloroplasts of mono- and
octamer
dicotyledons.
Y Zn?, Fe?', Co*' His, His, His Trimer Archaea, bacteria, and plants
) Zn*", Cd*, Co* His, His, His Not available Marine phytoplankton
4 Cd*, Zn* His, Cys, Cys Trimer Marine diatoms
1 Zn*" His, His, Gln Not available Plasmodium spp.
0 In* His, Cys, Cys Dimer Marine diatoms
L Not available Not avalailable Not available Marine diatoms, and bacteria

A broad collection of kinetic and X-ray crystallographic data allow a detailed awareness of the

structure-function relationship in the CAs superfamily.”'® These metalloenzymes are catalytically
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effective when a metal ion is bound within the active site cavity. The catalytic portion frequently
includes a metal(Il) ion in a tetrahedral geometry, three coordinated amino acid residues, and a
water molecule/hydroxide ion completing the coordination sphere around the metal atom.
Zn(II) is the metal ion spread in all CA genetic families, but it can be exchanged with Cd(II) in
C¢CAs* and Fe(Il) is presumably present in y-CAs in anaerobic conditions.® A Co(II) ion can

replace the zinc ion in several a-CAs not giving a significant loss of the catalytic efficiency.®




Chapter 1. Classification, Biochemistry and Structure of Carbonic Anhydrases

1.2 Catalytic mechanism of carbonic anhydrases

In all CA classes, the catalytic mechanism is verified in two steps (Eq. 2 and 3).
EM*- OH" + CO, 2 EM*- HCO;5 + H,0O 2 EM*-H,0 + HCOy (Eq.2)
EM*- H,O+B a2 EM”- OH + BH" (Eq. 3)

The metal hydroxide (EEM*-OH) is the catalytically active species of the enzyme. At neutral pH,
in the first step of the reaction, this species acts as a strong nucleophile against the CO;
molecule bound in a hydrophobic pocket nearby, with consequent formation of HCOs.
Therefore, the bicarbonate ion is displaced by a second water molecule and released outwards
(Eq. 2). When a water molecule is bound to the zinc ion (EM*-H,0), the enzyme is in its
acidic, catalytically inactive form. In the second and rate-determining step, the catalytically
active metal hydroxide species is regenerated by a proton transfer reaction from the metal-
bound water to an exogenous proton acceptor or an active site residue (B)."” The overall
catalytic mechanism is shown in Figure 1A. In the catalytically very active isozymes, (such as the
human isoforms II, IV, VI, VII, IX, XII, XIII, and XIV), the proton transfer process is assisted
by a Histidine residue placed at the entrance of the active site (H64 known as "proton shuttle
residue"), or by a cluster of Histidines (Figure 1B), which protrudes from the rim of the active
site to the surface of the enzyme, thus assuring efficient proton-transfer pathways.” The absence

of His64 in other CAs significantly decreases their catalytic efficiency.

A B H_ -
LA © B
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H__H (GIn)His—/* " His(Cys)
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. —Zn% (1
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Figure 1. (A) Schematic representation of the CA catalytic mechanism; (B) His64, known as "proton shuttle

residue” and cluster of His residues which ensure an efficient proton-transfer pathway (shown in hCA II, PDB

3KKX).

A catalytic turn-over reaching ke./Ku values over 10° M" x s in some a- and CCAs places CAs
among the most efficient natural catalysts.”® This efficient catalysis is also due to a peculiar
architecture common among all CA families that differentiates the active site in two very
different environments: one made of hydrophobic amino acids and the other lined by
hydrophilic residues.'® Indeed, the hydrophobic part could have the role of entrapping the
CO; molecule while the hydrophilic one could represent the escape outwards of the polar
species produced by the CO; hydration reaction.” The latter process was demonstrated at least
for the protons, adjuvated in their moving towards outside of the cavity by a network of water

molecules and Histidine residues.’
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1.3 Characteristics of the major families of carbonic anhydrases
1.3.1 a-Carbonic anhydrases

o-CAs are spread in vertebrates, algae, protozoa, corals, green plants and bacteria. A great deal

of studies enabled to identify sixteen different isozymes in mammals, and several other isozymes

1,2

in non-mammalian vertebrates.”~ Unquestionably, the most important a-CAs subset is

represented by the fifteen isoforms identified to date in Homo sapiens (Table2).'>'®

Table 2. Organ/Tissue Distribution, Subcellular Localization, CO; Hydrase Activity, and Diseases in which each

isoform is involved.

Subcellular Diseases in which the isoform is
hCA Organ/tissue distribution Kea/ Kt (M5
localization involved
CAT Erythrocytes, gastrointestinal tract, c I 50107 Retinal/cerebral edema,
ytoso Ux
eye, CNS (motoneurons) neurodegenerative diseases
Erythrocytes, eye, gastrointestinal
FYERTOCYLes, eye, gastromtesting Glaucoma, edema, epilepsy, altitude
tract, b teoclasts, kidney, lung,
CA Il ract, bone osteoctasts, kidney, Uhg Cytosol 1.5x 108 sickness, cancer, neurodegenerative
testis, brain (choroid plexus
’ ’ diseases
oligodendrocytes, astrocytes, and
CA 11 Skeletal muscle, adipocytes Cytosol 2.5x10° Oxidative stress
Kidney, lung, pancreas, colon, heart L
Membrane- Glaucoma, retinitis pigmentosa,
CA IV | muscle, eye, brain (brain capillaries, 5.1x 107
bound stroke, neurodegenerative disease
BBB, thalamus, and hippocampus)
Obesity, diabetic cerebrovascular
CA VA | Liver, CNS (astrocytes and neurons) | Mitochondria 2.9x 107
and neurodegenerative disease
Heart and skeletal muscle, pancreas,
CA VB | kidney, spinal cord, gastrointestinal | Mitochondria 9.8 x 107 Obesity, neurodegenerative disease
tract, CNS (astrocytes and neurons)
CA VI Salivary and mammary glands Secreted 4.9x 107 Cariogenesis
Epilepsy, neuropathic pain,
CA VII CNS (pH regulation) Cytosol 8.3x 107
neurodegenerative disease
CAIX Tumors, gastrointestinal mucosa | Transmembrane 5.4 x 107 Cancer
Renal, intestinal, reproductive
CA XII Transmembrane 3.5x 107 Cancer, glaucoma
epithelia, eye, tumors
Kid brain, 1 t
CA XIII 1Aney, brath, tung, sub Cytosol 1.1x 107 Sterility
reproductive tract
CA XIV | Kidney, brain, liver, skeletal muscle | Transmembrane 3.9x 107 Epilepsy, retinopathies
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These isoenzymes differ by molecular features, expression levels, kinetic properties, distribution
in organs and tissues, oligomeric arrangement, cellular localization and response to different
classes of inhibitors."” Catalytically active isoforms are twelve(l, II, III, IV, VA, VB, VI, VII, IX,
XII, XIII, XIV), while the remaining three (VIII, X, XI), called CA-related proteins (CARPs),
have no catalytic activity as they lack the zinc ion in the active site and one or more Histidine
residues usually belonging to its coordination sphere.”” Human CAs can be grouped into four
different subsets depending on their subcellular localization (Figure 2). CA I, II, III, VII, VIII,
X, XI, XIIII are cytosolic proteins, CA VA and VB are present in the mitochondrial matrix, CA
VI is a secreted enzyme, CA IV is a glycosylphosphatidylinositol (GPI)-anchored protein, and
CA IX, XII and XIV are trans-membrane isoforms.’* These enzymes are broadly distributed in
many organs and tissues where they are involved in a plethora of essential physiological
processes. Thus, their dysregulated expression and/or abnormal activity can result in severe

pathological conditions (Table 2).

Figure 2. Schematic illustration of domain composition and subcellular localization of catalytically active human o-

CA:s.

All 3D structure of all catalytically active human isoforms are contained in PDB’' database
contains the 3D structures, except CA VA and VB. These enzymes maintain common
structural attributes independently on their subcellular localization. Indeed, in agreement with
the high sequence identity among hCA isoforms, structural studies have demonstrated that all
these enzymes share the same fold characterized by a central ten-stranded B-sheet, surrounded
by a- and 3¢ helices and additional B-strands (Figure 3A). The active site is in a large conical
cavity, about 15 A deep, at the base of which the zinc ion is located, coordinated by three

conserved histidine residues (H94, H96, and H119) and the solvent molecule/hydroxide ion.
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The Zn*"bound water molecule/hydroxide ion is involved in a network of hydrogen bonds that
increase its nucleophilicity (Figure 3B).
A “hot spot” B

region
127-136

T200

: L198
Y7
= T199 w209
H64 deep water
Tl 5%
N62
N67

°H,0/0H
V143

24

p ? >
é V121
H119
H94

Figure 3. (A) Ribbon diagram of hCA 1II structure (PDB code 1CA2), which has been chosen as representative CA
isoform. The active site Zn** coordination is also shown. Helix and B-strand regions are colored in red and yellow,
respectively. (B) View of CA II active site. The Zn® is tetrahedrally coordinated by the three catalytic Histidines
and a water molecule/hydroxide ion, which is engaged in a well-defined network of hydrogen bonds. Water

molecules are indicated as red spheres.

In particular, it establishes a hydrogen bond with the hydroxyl moiety of the conserved T199
residue and with two water molecules, located on two opposite sides: the first one also called
the “deep water”, is located in a hydrophobic cavity delimited by conserved residues V121,
V143, L198, and W209, while the second one is in a hydrophilic environment toward the
entrance of the active site (Figures 3B and 4A). These two peculiar active site environments are
supposed to be responsible for the rapid catalytic cycle of CO; to bicarbonate; in fact, the
hydrophobic region is necessary to take the CO; substrate and orient the carbon atom for the
nucleophilic attack by the zincbound hydroxide (Figure 4B), while the hydrophilic region
creates a well-ordered hydrogen-bonded solvent network, which is necessary to allow the proton

transfer reaction from the zinc-bound water molecule to the bulk solvent (Figure 4C).'**
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Figure 4. (A) Solvent accessible surface of CA II. Residues delimiting the hydrophobic half of the active site cleft
are shown in red (191, F131, V121, V135, L141, V143, 1198, P202, L204, V207 and W209), while residues
delimiting the hydrophilic one is shown in blue (N62, H64, N67 and Q92). The active site of CA II showing: (B)
the position of CO; molecule (PDB code 2VVA), and (C) the binding of the bicarbonate ion (PDB code 2VVB).

Zn* coordination and polar interactions are also reported.

A detailed comparison between all hCA isoforms reveals that the main sequence and structural
differences between these enzymes are observed in the region 127-136 (Figure 3A), which thus
has to be considered a “hot spot” in the structure-based drug design of selective hCA
inhibitors.” The 12 catalytically active isoforms show also important differences in the
quaternary structure; indeed, whereas CAs -1V, VA, VB, VII, XIII, and XIV are monomers,
CAs VI, IX, and XII are dimers. Interestingly, the dimeric interface is different in each one of
these hCA dimers.
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Figure 5. Proposed models of full-length CA IX (A)** and CA XII (B)*’ on the cell membrane. Both CA IX and CA
XII contain an extracellular CA domain, a transmembrane region (cyan), and an intracellular tail (green).

Additionally, CA IX contains a proteoglycan-like (PG) domain (magenta) at the N-terminus.

Differently, the bacterial a-CAs, such as those identified in Sulfurihydrogenibium yellowstonense,
Sulfurihydrogenibium azorense, and Neisseriagonorrhoeae, are dimers formed by two identical active
monomers.”” Additionally, a-CAs possess a certain catalytic versatility that enables the
fulfilment of several other hydrolytic processes presumably involving non-physiological
substrates. These promiscuous reactions include the hydration of cyanate to carbamic acid
(Equation 4), or of cyanamide to urea (Equation 5), the aldehyde hydration to gem-diols

(Equation 6), the hydrolysis of carboxylic, sulfonic, and phosphate esters (Equations 7-10).%

10
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1.3.2 B-Carbonic anhydrases

B
w
@
qf H124
ces ¢
127

Figure 6. (A) Overall structure of a representative B-CA from fungi Cryptococcus Neoformans (Can2) dimer. One
monomer is colored magenta, while the other one is colored sea green. The Zn?" ions are shown as orange spheres.
(B) The active site of Can2. Coordination of the active-site Zn(II) by C68, H124, C127, and a water molecule is
shown by colored dashed lines, and the D70-R72 salt bridge is colored black.

The B-class CAs are widely distributed and identified in plants, bacteria, archaea, yeast,
invertebrates and fungi.'” Conversely from a-class isozymes, B-CAs are oligomers formed by two
or more identical subunits, generally dimers, tetramers, and octamers (Figure 6A).”* The active
site exists at the dimer interface and contains hydrophobic and hydrophilic areas similar to
hCAs. The residues of the catalytic triad are highly conserved among B-CA isoforms: the Zn(II)
ion is coordinated by two cysteine residues, a residue of His and the carboxyl group of a residue

of Asp or, alternatively, a water molecule/hydroxide ion (Figure 6B and Figure 7).

At a pH of 7.5 or lower, the B-CA active site, formed by residues belonging to two different
subunits, is “closed” (type Il enzyme), since the carboxyl group of the aspartic acid of the
conserved dyad arginine-aspartate coordinates the zinc ion, thus completing the coordination
sphere (Figure 7A). At pH values higher than 8.3, the aspartate and arginine of this dyad form a
salt bridge leading the enzyme in its “open” active form (type I enzyme).'®'*** A molecule of
water/hydroxide ion completes the tetrahedral geometry coordination pattern around the metal
ion (Figure 7B). The catalytic mechanism of B-CAs with the active site in the "open" form is

rather similar to a-class enzymes.

12
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Figure 7. Inactive (A) and active (B) forms of 3-CAs active sites.
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1.3.3 y-Carbonic anhydrases

Until now, y-class CAs have been identified in plants, archaea and bacteria’ Cam, the carbonic
anhydrase from the methanearcheon Methanosarcina thermophila, is the prototype of the y-
class.” The crystal structure of Cam showed that one monomer consists of seven complete
turns of a left-handed parallel B-helix topped by a short o-helix, followed by a second C-terminal
ahelix which is positioned antiparallel to the axis of the B-helix (Figure 8A).” Each face of the
beta-helix is included of parallel beta-strands, containing two or three residues each, and is
connected to the subsequent face by a 120° turn, so that the cross-section of the B-helix
resembles an equilateral triangle. Each turn of the B-helix contains two type II B-turns
positioned between strands 1 and 2 and between strands 2 and 3 and is completed by a loop,
connecting strand 3 with strand 1 of the next turn. The interior of the helix is dominated by
hydrophobic interactions between aliphatic side chains of residues originating from equivalent
positions in adjacent turns of the helix. The active enzyme is a homotrimer resulting from the
packing of three lefthanded B-helices with the axis all parallel (Figure 8B and 8C). Three
residues, R59, D61, and D76, are important amino acids for trimer formation. R59 forms a salt
bridge with D61 of the same monomer and D76 of another monomer. These three residues are

almost entirely conserved in all y-CAs sharing homology with Cam.

The active site is localized at the interfaces between two subunits. In the active site a Zn(II) ion
is coordinated by H81 and H122, which extend from equivalent positions of the adjacent turn
of one monomer, and by H117 located in an adjacent monomer (Figure 8C). Two water
molecules complete the zinc coordination sphere forming a distorted trigonal bipyramidal

geometry. The two water molecules are within hydrogen bond distance of the side chain of Q75

and E62.1%%
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Figure 8. Ribbon representation of the Cam trimer. (A) Top view of the enzyme / HCO5 complex (PDB: 1QRL).
(B) Side view (PDB: 1QRG). The overall fold is a lefrhanded B-helix, consisting of three untwisted, parallel -
sheets connected by lefthanded crossovers. (C) Metal coordination within the active site which consists of a
distorted trigonal bipyramidal geometry. Residues belonging to different subunits are depicted using different

colours.
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Chapter 2. Carbonic Anhydrases as drug target

CHAPTER 2. CARBONIC ANHYDRASES AS DRUG TARGETS
2.1. Human carbonic anhydrases

The first isoforms to have been studied as drug-targets are human Cas, they have been from
both the inhibition and activation perspectives." Human CA inhibitors (CAls) have written a
long pharmacological history in many fields due to the involvement of CAs in a variety of
important physio/pathological processes such as pH regulation, calcification, respiration,
lipogenesis, gluconeogenesis, or tumorigenesis.'**” In contrast, CA activators have been much
less studied to date, but in this thesis will see how they too will have some relevance.'**® Indeed,
as a subset of CAs is abundant in the brain and was shown to be activatable by drug-like
compounds, the possibility to design agents that enhance cognition has been recently emerging,

with potential therapeutic applications in aging and neurodegenerative diseases." "

CAls of the sulfonamide/sulfamate type have been long used as diuretics, systemic anti-
convulsants, topically acting anti-glaucoma agents, or for the treatment of altitude sickness."'™
!037 More recently CAls have shown promising results as anti-obesity, anti-inflammatory, anti-

neuropathic pain, and anti-tumor agents/diagnostic tools.'*’

The first-generation of CAls shows an isoform mixed inhibitory activity, which leads to serious
side effects for all pathologies in which they are used.” Hence, in the last decades, some
innovative strategies were adopted to produce isoform-selective sulfonamide-like derivatives as
well as new classes of isoform-specific CAls were produced which showed alternative
mechanisms of action. Understanding the factors governing selective inhibition of the single
isoforms is clearly of pivotal importance and represents the breakthrough step to yield potential
drugs that avoid the serious side effects due to promiscuous inhibition in the treatment of all
pathologies in which CAls will be employed.” In fact, the great potential of hCAs as drug
targets resides in the wide multitude of diseases that can be targeted by selectively modulating

the different isoforms.’”®!

CA 1 is abundantly expressed in red blood cells and colon but is still considered an “orphan
target” as it remains an “obscure object” for medicinal chemists."””” Further difficulties have

been encountered in developing CA I selective inhibitors.! However, several pieces of evidence
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have demonstrated that CA I is involved in some types of anemia and chronic acidosis, diabetic

macular edema and the proliferative diabetic retinopathy."**®

The deregulation of the activity of the most physiologically relevant CA II has important
pathological consequences in one or more tissues, such as glaucoma, edema, epilepsy, and is
also involved in other pathologies such as acute mountain sickness and, apparently,
atherosclerosis’' and osteoporosis.”® CA 1l is also a target for imaging in various pathological
conditions, in organs where the enzyme is present, such as the brain and cerebrospinal fluid or

the gastrointestinal tract."”

Inhibition of CA III has not been determined to be advantageous for treating several diseases."

On the contrary, several natural and non-natural amino acid and aromatic/heterocyclic
activators of CA III have been discovered, which might increase the defense mechanism against
reactive oxygen species (ROS) in hepatocytes especially in the case of hepatotumorogenesis or
infection by hepatitis B or C virus or might be beneficial therapeutics aimed to treat obesity.”**
However, because CA III has recently been proposed to be associated with acute myeloid

leukemia and the progression of liver carcinoma, CA III specific inhibitors may have potential

against in tumor proliferation and invasiveness in myeloid and liver tissue.”

CA 1V was proven to be a promising drug target in the treatment of glaucoma, inflammation,

L . 3538
retinis pigmentosa, some types of brain cancers and stroke.

The involvement of CA VA and VB in de novo lipogenesis and the clear indications that the
antiepileptic drugs topiramate and zonisamide (also potent inhibitors of the mitochondrial
CAs) elicit significant weight loss in obese patients suffering with epilepsy led pharmaceutical
companies to show interest in hCA V enzymes as novel drug targets for the treatment of
obesity.*® Activators of CA V (probably CA VB) might have clinical potential in diabetes, due to
the implication of CA V in glucose-mediated insulin secretion from pancreatic B-cells.”* CAVA
has been also recently proposed as a specific target for prevention of diabetic cerebrovascular

pathology.”

It could be speculated that the caries-inducing effect of CA VI is a result of enzymatic activity,

and thus the inhibition of CA VI could reduce carcinogenesis. A CA inhibitor might be added

17



Chapter 2. Carbonic Anhydrases as drug target

to oral hygiene products, such as toothpaste, mouthwash, tooth varnish, and chewing gum, to

reduce the risk for the formation of enamel caries lesions.?**

CA VII might represent a safe drug-target in the treatment of febrile seizure or eventually other
epileptiform diseases as it is involved these pathologies and almost uniquely expressed in the
central nervous system (CNS).”*%¥ As the treatment with acetazolamide in combination with
midazolam synergistically reduces neuropathic allodynia after spinal nerve damage,* CA VII
together with CA II may represent a new drug target for managing neuropathic pain.
Considering the importance 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.5 >

Data are available on the involvement of CA XIV in some retinopathies and epileptogenesis,

which make CA XIV inhibitors useful agents for the management of such diseases.”’

pH,= 7.2-7.4

Figure 9. pH modulation machinery in hypoxic tumor cells. HIF-1 upregulates the expression of glucose
transporters (GLUTT1), glycolytic enzymes and proteins involved in pH regulation: monocarboxylate transporter
(MCT), V-type H'ATP (V-ATPase), Na"/H" exchanger (NHE), bicarbonate co-transport (NBC), anion exchanger
(AE), carbonic anhydrase IX (CA IX) and XII (CA XII).
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The CA IX and XII were consistently validated as drugtargets and markers of disease
progression in many solid tumors.**’"% Overexpression of tumor-associated CAs is part of
tumor cells adaptive responses to hypoxic conditions.’’ In fact, the inadequate delivery of
oxygen to tumor cells (hypoxia) does induce a shift to glycolytic metabolism. The high glycolytic
rate of tumor cells leads to increased production of acid metabolites, including lactate, carbon
dioxide, and protons that creates an intracellular acidosis (pH;) incompatible with the basic
cellular functions. To survive and reduce intracellular acidification, cells activate complex
molecular mechanisms involving ion exchangers, pumps, transporters, and carbonic

anhydrases, which maintain a slightly alkaline pH; acidifying the extracellular environment

(pH.) (Figure 9).%

CA IX was even more studied in this context being almost uniquely overexpressed in hypoxic
tumors by the major pathway of HIF-1 transcription factor and serving as a
prognostic/predictive factor for hypoxic, aggressive, and malignant tumors.”>*> Nonetheless,
both CA IX and XII were shown to be involved in chemoresistance, tumor cell migration,

. . . 16,26
invasion, and maintenance of cancer cell stemness.

Besides, CA IX and XII were lately identified to be overexpressed in inflamed tissues, being
likely implicated in the acidification marking these tissues.* Furthermore, CA XII is also a

validated target for the treatment of glaucoma.”

The 3D structures are available for all human isoforms except CA VA and VB and are of

significant importance for structure-based drug design campaigns for yielding disease-targeting

CA selective modulators.®* !
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2.2 Carbonic anhydrases from pathogens

CAs are also emerging as innovative targets for the development of anti-infective agents with
novel mechanisms of action to overcome cross-resistance shown against various existing anti-
microbial drugs. A plethora of a-, B-, y-CAs were cloned and characterized in many bacterial,
fungal and protozoan pathogens and were shown to be promising anti-infective targets, though
to date no CAI as anti-microbial agent is available for clinical use. CAs are essential in the
pathogens life cycle and their inhibition can lead to growth impairment and defects.'®”* One of
the beststudied bacterial a-CA is the one from the gastric pathogen provoking ulcer and gastric
cancer, Helicobacter pylori.”™ In fact, the genome of H. pylori encodes two CAs with different
subcellular localization: a periplasmic a-class CA (hpaCA) and a cytoplasmic B-class CA
(hpBCA).”" These two enzymes were shown to be catalytically efficient, exhibiting an almost
identical activity as the human isoform hCA I in the CO; hydration reaction, and are highly
inhibited by many clinically used sulfonamides/sulfamates.” Since the efficacy of H. pylori
eradication therapies currently employed has been decreasing due to drug resistance and side
effects of the commonly used drugs, the dual inhibition of a- and/or B-CAs of H. pylori could
be applied as an alternative therapy against the infection or for the prevention of

gastroduodenal diseases provoked by this widespread pathogen.™"

Vibrio cholerae is a Gram-negative bacterium, the causative agent of cholera, that colonizes the
upper small intestine where sodium bicarbonate, an inducer of virulence gene expression, is
present at a high concentration. V. cholera utilizes the CA system to accumulate bicarbonate
into its cells, thus suggesting a pivotal role of these metalloenzymes in the microbial virulence.™
V. cholera encodes CAs of three distinct classes, which are called VchCA (a-CA), VchCAR and

VchCAY. These enzymes are efficient catalysts for CO; hydration.””

CAs are also abundantly spread in fungi and yeasts.”*™® Saccharomyces cerevisiae,”> Candida
albicans™®', and Candida glabrata™® have only one B-CA, whereas multiple copies of B-CA- and
a-CA-encoding genes were reported in other fungi.’' A recent work demonstrated that these
CAs play an important role in the COzsensing of the fungal pathogens and the regulation of
sexual development.®® Finally, another yeast, which has been investigated in detail for the

presence of CAs is Malassezia globosa, which induced the production of dandruff.*’ As the

20



Chapter 2. Carbonic Anhydrases as drug target

above-mentioned fungi/yeasts, it contains only one B-CA, denominated MgCA. Few protozoan
parasites have been investigated for the presence and druggability of CAs. The malaria-
provoking Plasmodium falciparum encodes the unique example of N-CA identified to date.'**"*
An o-CA has also been cloned and characterized in the unicellular protozoan Trypanosoma cruzi,

the causative agent of Chagas disease.”®® The enzyme (TcCA) has a very high catalytic activity

for the CO; hydration reaction, being similar kinetically to the human isoform hCA II.

In addition, another B-CA from the unicellular parasitic protozoan Leishmania donovani chagasi

(LdcCA), which causes visceral leishmaniasis was identified, cloned and characterized.®
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2.3 Main categories of carbonic anhydrase inhibitors

The mechanisms through which CAs are inhibited or activated have been studied for long time
and are well-kknown processes. Nonetheless, new discoveries in the field are continually
emerging.””" Four inhibition mechanisms have been kinetically and structurally validated,
while a significant subset of CA inhibitors lacks mechanistic characterization yet. A
superimposition of compounds binding to the representative CA II by four distinct inhibition

mechanisms is depicted in Figure 10 and classification is reported below:

Figure 10. (A) hCA 1II active site with three superimposed inhibitors: acetazolamide (blue); phenol (yellow),
hydrolyzed natural product coumarin (green). The hydrophobic half of the active site is colored in red, the

hydrophilic one in blue. His64, the proton shuttle residue is in green (surface representation) (PDB files codes:
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3HS4, 3F8E, 4QY3). The hydrophobic adjacent pocket where inhibitors bind outside the active site is shown in
yellow with a benzoic acid derivative represented in magenta. The detailed interactions for the binding of the four
inhibitors, with their different inhibition mechanisms, are shown in (B) for acetazolamide, (C) for phenol, (D) for

the 2-hydroxy-cinnamic acid derivative, and (E) for the benzoic acid derivative.

a) the zincbinders, among which inorganic anions, sulfonamides, and their bioisosteres
(sulfamides, sulfonates, sulfamates), monothiocarbamates, dithiocarbamates, xanthates,

thioxanthenes, hydroxamates, carboxylates, phosphates, selenols, benzoxaboroles (Figure

IOB).%’IH

b) compounds that anchor to the zinc-bound water molecule/hydroxide ion, such as phenols,

thiophenols, polyphenols, carboxylates, polyamines, 2-thioxocoumarins, sulfocoumarins (Figure

IOC).“S‘IZZ

c) compounds that occlude the entrance of the active site, namely coumarins and their

123-130

bioisosteres (Figure 10D).

d) compounds binding out of the active site (to date this inhibition mechanism has been shown
uniquely for 2Abenzylsulfonyl)-benzoic acid - Figure 10E).”' Compounds such as
secondary/tertiary sulfonamides, N-substituted saccharin, imatinib, and nilotinib inhibit
specific CA by an unknown mechanism of action.”’”"’ Among these categories, compounds

belonging to a, b and ¢ classes are described more in-depth.
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2.3.1 Zinc binders
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Figure 11. Schematic illustration of the key interactions between a zinc-binder and a representative human CA

active site.

Compounds containing a zinc-binding group (ZBG) directly coordinate the metal ion with a
tetrahedral or trigonal bipyramidal geometry, displacing the zinc-bound nucleophile (water
molecule or hydroxide ion; Figure 11)."”% In addition, the ZBG interacts with various residues
(i.e. such as with T199, a conserved residue in all a-CAs) nearby the metal ion, mainly by
hydrogen bonds, whereas the scaffold of the inhibitor participates in several other interactions
with the hydrophilic and/or hydrophobic areas of the active site. The sulfonamide group (R-
SO,NH,) is the most important and widely used zinc-binding function for designing CAls,”"*
with at least 20 such compounds in clinical use for decades or clinical development in the last

period (Figure 12).7°%
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Figure 12. Examples of clinically used or studied sulfonamides.

A wealth of X-ray crystallographic evidence showed the binding mode of the zinc-binder-type
CAls, to which sulfonamides and their bioisosteres sulfamates and sulfamides belong. The
latter binds in the deprotonated form to the Zn(Il) ion from the enzyme active site, replacing

the zinc-bound water molecule and retaining the tetrahedral coordination geometry (Figure

1 3) 1,2,93,94,96
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Figure 13. Schematic illustration of the key interactions between a primary sulfonamide and the hCA II active site

as determined by X-ray crystallography.
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It is commonly accepted that the sulfonamide group is the ideal ZBG for the CAs as it
combines a negative charge of the deprotonated nitrogen with the positively charged zinc ion
and, on the other hand, the presence of one proton on the coordinated nitrogen atom satisfies

the hydrogen bond acceptor character of T199 OG1 atom."’

The first- and second-generation sulfonamide CAls and their sulfamate/sulfamide analogs act
as non-selective and rather efficient inhibitors of all CA isoforms. The consequence of this
inhibition profile is the multitude of undesired side effects due to inhibition of isoforms not
involved in the targeted pathology. This was and it is in fact the main drawback of the first- and
second-generation CAls, although they are still in clinical use."” As most differences among
hCAs active site occur at the entrance of the cavity, compounds that would interact with that

part may lead to isoform-selective inhibitors. Thus, the idea to attach “tails” to the scaffolds of

9’94'96

the sulfonamide inhibitors emerged in 199 and indeed led to a certain degree of isoform

selectivity already with the initial derivatives for which it has been proposed. Originally

99-101

conceived for the design of water-soluble, antiglaucoma sulfonamides, the tail approach was

subsequently extended for the design of a multitude of CAls possessing a variety of desired
physicochemical ~properties, among which membrane impermeability,’” enhanced
liposolubility,'™ and more importantly, isoform-selective inhibitory profiles.’ In fact, nowadays
it is the most used synthetic approach for designing CAls belonging to a variety of classes. The
main outcome to date of the application of the tail approach is an ureidobenzenesulfonamide
SLC-0111 (Figure 12), selective inhibitor of CAs IX and XII over CAs I and II, which
successfully completed Phase I clinical trials for the treatment of advanced, metastatic hypoxic
tumors over-expressing hCA IX, and is currently in Phase Ib/II clinical trials in a multi-center,

open-label study of oral in combination with gemcitabine (administered i.0.) in subjects affected

. . . 102,103
by metastatic pancreatic ductal adenocarcinoma. ™

Beyond sulfonamides, in the last period, a multitude of new ZBG for CAs have been identified,

108, 110,111

among which carboxylates,'®'” hydroxamates, phosphonates''?. Lately crucial advances

104-106

have been made in this field with mono- and dithiocarbammates, xanthates,'®

2 112

thioxanthates,' boroles,'"” phosphonamidates,'”” and selenols'” identified as novel zinc-

binders. X-ray crystallographic evidence was achieved for dithiocarbamates (Figure 14A) and

0 8 0

their derivatives,'® hydroxamates,'® some carboxylates," one phosphonate,'""? and some
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boroles (Figure 14B).'"” It should be stressed that a certain versatility was observed in the
binding mode of some such ZBGs, with hydroxamates and boroles coordinating the metal ion

. . 9
in monodentate or bidentate manners.”

A
@ P202 F131
F131

L198

T199 H94

H96

Figure 14. Active site view of the hCA II adduct with (A) a DTC (PDB 3P5A) and (B) benzoxaborole (PDB 5]QT).
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2.3.2 Anchorage to the metal-bound water/hydroxide ion
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Figure 15. Compounds that anchor to the Zn(II)-coordinated water molecule/hydroxide ion. The anchoring group

(AG) is of the phenol, amino, carboxylic acid, ester (COOR), sulfonate type.

Phenols, polyamines (e.g. spermine and spermidine), some carboxylates, sulfocoumarins (after
having been hydrolyzed by the sulfatase activity of a-CAs to the corresponding hydroxyphenyl-
w-ethenylsulfonic acid), and thioxocoumarins have been chronologically shown to anchor to
the zinc-bound water molecule/hydroxide ion by means of X-ray crystallography (Figure 15).'"
2054 The anchoring is granted by an H-bond between the zinc-ligand and a precise anchoring
group (AQG) in the inhibitor of the OH, NH,;, COOH, COOCHj3;, and SOsH type. As in the

case of zinc-binders, the ligand/target adduct is stabilized by further interactions the inhibitor

scaffold establishes with amino acid residues from the active site.

The phenol is anchored to the Zn-bound hydroxide ion i.e. the major species at the pH of
experimental conditions, by a hydrogen bond between the donor zinc bound hydroxide ion (E-
M*- OH) and the ligand OH.'"" In addition, a second hydrogen bond involves the gate-
keeping residue Thr199, whose backbone NH group participates in a second hydrogen bond
with the phenol (Figure 16A).
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Figure 16. Active site view of the hCA II adduct with (A) phenol, (B) spermine (PDB 3KWA), and (C)
hydroxyphenyl-w-ethenylsulfonic acid deriving from sulfocoumarin hydrolysis (PDB 4BCW).

Spermine binds in a rather similar manner as phenol, although with a slightly different network
of hydrogen bonding (Figure 16A)."" Thus, one of the primary amine moieties of the inhibitor,
probably as ammonium salt, anchors by means of a hydrogen bond to the zinc-coordinated
water molecule/hydroxide ion, and also makes a second hydrogen bond with the side chain
OH group of Thr199. The other terminal primary amine of spermine participates in hydrogen
bonding with Thr200 and Pro201 (Figure 16B). The sulfonic acid from the hydrolyzed
sulfocoumarin derivative was found to anchor to the Zn-bound hydroxide ion, thus making this
CA inhibition mechanism much more general than initially considered when phenols were

discovered as inhibitors (Figure 16C).""'
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2.3.3 Occlusion of the active site entrance
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Figure 17. Schematic representation of compounds occluding the entrance to the active site. AG represents an
anchoring group, of the phenol, carboxylic acid, or amide-type for sticking at the entrance of the active site cavity

whereas the tail, when present, interacts with residues at the outer edge of the cleft.

The third main CA inhibition mechanism consists of the active site entrance occlusion (Figure
17). These inhibitors bind further away from the metal ion compared to the zinc binders in
compounds anchoring to the zinc coordinated water molecule.”™ The occlusion of the entrance
of the binding site cavity as inhibition mechanism, has been proposed for the first time for
coumarins,'” but thereafter other compounds such as the antiepileptic drug lacosamide,'** 5-

126-128

and 6-membered lactones and thiolactones or quinolinones were observed to possess

significant CA inhibitory properties probably sharing a common mechanism of action (Figure

18).
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Figure 18. Proposed inhibition mechanism of CAs by coumarins/thiocoumarins, leading to cis- or trans-2-
hydroxy/mercapto-cinnamic acids. A) Hydrolysis of the lactone ring. B) Movement of the hydrolysis product (as cis

stereoisomer) towards the entrance of the active site cavity. C) Cis-trans isomerization of the hydrolysis product.'**

Xeray crystallography studies primarily carried out on the coumarin derivatives isolated from the
Australian plant Leionema ellipticum showed that coumarins (as the sulfocoumarins) acts as
prodrug - at least- in human CAs and are hydrolyzed to the active species 2-hydroxycinnamic
acids by the CA esterase activity (Figure 18)."° In fact, unexpectedly the electron density data
for the hCA II adduct with coumarins revealed that the actual inhibitory species is the
coumarin hydrolyzed form that, depending on how bulky the moieties attached on the scaffold
are, might bind as cis isomers (Figure 19A) or as trans-isomers (Figure 19B). Indeed, for the not
bulky substitution pattern on the coumarin scaffold, the trans isomer was observed in the CA
active site, whereas for bulkier such groups the isomerization did not occurThe most notable
aspect of this inhibition mechanism is the fact that the inhibitors bind in an active site region
where more significant differences in the amino acid compositions among hCAs occur."” This
produces important consequences in the inhibition profiles exhibited by such a class of
derivatives which showed a unique isoform-selective action. In fact, wide series of diversely
substituted coumarin/thiocoumarin derivatives were investigated which reported significantly
selective inhibition against isoforms such as CA IX, XII, XIII, and XIV over the ubiquitous CA
[ and I1.'"2"°
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Figure 19. CA-mediated hydrolysis of (A) the coumarin extracted from Leionema ellipticum and (B) coumarin. (C)

Active site view of the superimposed hCA II adducts with of the coumarins hydrolysis products shown in panel A

(blue, PDB 3F8E) and B (green PDB 5BNL).
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2.4 Carbonic anhydrase activators

CA activation with amino acids or biogenic amines, such as histamine, and peptides was
reported in the early 40s, but it was validated only at the end of the 20™ century.! Using
methods such as stopped-flow kinetic assays, X-ray crystallography and spectroscopy, the CA

activators (CAAs) were shown to take part in the catalytic cycle, as shown below in equation

10.135437
EZn*-OH, + A 2 [EZn*'-OH, - A] 2 [EZn*-HO - AH’] 2 EZn*-HO + AH" (Eq. 10)

The CAA binds within the enzyme active site during the formation of the enzyme - activator
complex. The activator participates in the rate-determining step of the catalytic cycle, which is
the proton shuttling between the zinc coordinated water and the reaction medium. In many
CA isoforms, His64 placed in the middle of the CA active site plays this role through its
imidazole moiety with a pK, in the range of 6-7.° In the enzyme-activator complexes, this
proton transfer reaction is achieved more efficiently both by His64 and the activator molecule.
The activator does not influence Ky (the affinity for the substrate) but affects the k.. of the

enzyme-catalyzed reaction, thus leading to the efficient formation of the nucleophilic species of

the enzyme (EZn*"-OH).'**

To date, several X-ray crystal structures of CAAs bound to several hCA isoforms have been
reported (Figure 20)."”>'* The Histamine—-hCA II adduct crystallography was the first published

135

such study,” and successively activators of the amines and amino acid type, such as L- and D-

His, L- and D-Phe, D-Trp and L-adrenaline were studied by this technique.”'®"'* All these
activators bind in the same region of the CA active site, which has been denominated the
activator binding site A; except D-Trp which interact in a bind site called activator binding site
B (Figure 20).In this position, at the entrance of the active site and not far away from His64,
the activator participates in favorable interactions with several amino acid residues and water
molecules, supplementing the proton shuttling effects of His64.It is supervising the activators

and the coumarins binding sites are in fact superimposable, as shown in Figure 20.
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Figure 20. hCA II complexed with CAAs and the hydrolyzed coumarin (2-hydroxycinnamic acid). Histamine is
shown in green (PDB 1AVN) D-Phe in magenta (PDB 2EZ7) and D-Trp in cyan (PDB 3EFI). 2-Hydroxycinnamic
acid (in yellow, PDB 5BNL) is also superimposed to the hCA II - activator adducts. a) Complete view of the
enzyme-ligands superimposed adducts. b) Active site view of the three activators and the hydrolyzed coumarin in a
slightly different orientation, compared to panel A. A series of drug design studies are also available for CAAs,
mainly using histamine and histidine as lead molecules.>*® Some of these compounds showed an increased affinity
for many CA isoforms (compared to histamine), but the level of isoform selectivity achieved up to now is very

poor.’

The present Ph.D. thesis mainly focused on tumor-associated hCAs IX and XII. The ligands
that we have investigated act as zincbinders and anchor to the zincbound water
molecule/hydroxide ion. Moreover, we have studied the Cas present in brain, and, about the

ligand, we  focused on the Cas activator, less studied than CAL
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PART II - CHEMISTRY AND ENZYME KINETICS PROJECTS

CHAPTER 3. MULTITARGET APPROACHES APPLIED TO INHIBITORS AND ACTIVATORS OF HUMAN
CARBONIC ANHYDRASES AS THERAPEUTICS AGAINST OF NEW DRUGS AGAINST DIFFERENT

DISEASES.
3.1 Scope of the PhD thesis work

According to the classical approach, a drug should interact as much as possible with a single
biological target. However, in recent years a trend reversal has been observed due to the
increasing use of molecular hybrids."*"** These molecules incorporate in their structure
pharmacophoric characteristics suitable for interaction with two or more biological targets. In
fact, the complex network of biochemical processes involved in the pathogenesis of a disease, as
in the case of cancers, is more effectively affected by molecules that hit multiple targets within
the set of enzymes/receptors involved. Combination drug therapies could therefore be replaced
by multifunctional molecules that minimize pharmacokinetic and metabolic problems that arise
from taking multiple drugs simultaneously. Patient compliance improves, as do chemical or
metabolic drug-drug interactions.'*'* Similar to the combinatorial therapies from which it
takes its inspiration, the multi-target approach does not necessarily require that the two targets
have similar subcellular localization. For this reason, this thesis work addressed the design and
synthesis of novel hybrid anticancer agents capable of acting on two distinct anticancer
therapeutic targets. In detail, the goal of the first two projects is to obtain an anticancer agent
that is able at the same time to inhibit the human Carbonic Anhydrases IX and XII associated
with tumors and to stabilize the G-quadruplex structures, present at the level of telomeres in
DNA; in one case, and in the second of these two projects, to insert a Fluorouracil moiety as
antimetabolite drugs. In the third project, we decided to renew the interest toward the
Carbonic Anhydrase Activators; insert them in complex with a Tacrine scaffold. The CAA part
acts with the objective to restore the memory deficit'®’; while the tacrine interact with both
Cholinesterase in order to maintain a valid cholinergic efflux in brain'*.

In addition, I performed further enzyme kinetic studies to characterize ex novo a new isoform:
iota Ca. This CA was isolated for the first time by the marine diatom Thalassiosira pseudonana
and the kinetic profile was evaluated on iota from the Gram-negative bacterium Burkholderia

. .. 1315
territorii.
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3.2 Inclusion of 5-fluorouracil in benzenesulfonamide CA IX/XII inhibitors produced a

targeted action against MDA-MB-231 and T47D breast cancer cells (Series A).

Hypoxic induced cancer cells adapt their metabolism via a glycolytic shift, which decreases
extracellular pH and modifies their genes expression pattern to survive in an environment
incompatible for normal cell growth. *™* Among the membrane proteins overexpressed by
hypoxic tumors to regulate pH are the carbonic anhydrases (CA, EC 4.2.1.1),”" that catalyze the
reversible hydration of carbon dioxide to bicarbonate ion and a proton. In this context, the
transmembrane isoforms CA IX and XII participate in the pH regulation of the extracellular
environment 2’ CA IX is not appreciably expressed in most normal tissues, while its up-
regulation is associated with hypoxic cancer phenotypes, where it is strongly induced via the
hypoxia inducible factor-loc (HIF-1a)."*"® CA XII is also implicated in the extracellular
acidification in many tumor types.”” As a result, CA IX and XII are factors driving tumor
growth, invasiveness, proliferation, metastasis, as well as resistance to radio- and
chemotherapy.”' This makes agents inhibiting CA IX and XII, in a selective manner, a valuable
therapeutic for the targeting of the primary tumor growth, invasion metastasis, and the

reduction of cancer stem cell population. ****"

The issue with sulfonamide-like CA inhibitors (CAls), the main inhibitory chemotypes adopted
for therapeutic purposes, is a promiscuous action against almost all isoforms encoded in
humans, that results in non-selective targeting, and therefore undesired side effects.' In fact, the
comparison of the 12 catalytically active human CAs demonstrates a high sequence homology
within the active sites that increases the difficulties in the design of disease-targeted
inhibitors.””” Among the strategies adopted to bypass this issue are the optimization of CAls (i.e.
the tail approach,” whose application produced SLC0111," the firstin-class CAI entering
clinical trials for the treatment of hypoxic tumors) or the use of alternative chemotypes, such as

coumarin and bioisosters which use different chemotypes for enzymatic inhibition.>**

As an application of the tail approach, we recently reported two series of uracil/adenine-tailed
benzenesulfonamides as potent CA IX inhibitors (series 1 and 2, Figure 1)."*
Purine/pyrimidine-based scaffolds are considered privileged structures in the drug-design of
bioactive compounds because of synthetic accessibility and ability to confer druglike

. 155.1 . . . . .
properties.””*® In particular, pyrimidines and purines are widely used as antitumor and
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antiviral pharmacophores in medicinal chemistry, due their ability to interfere with the DNA
functions in diverse manners."”""*® A selection of the reported CAls showed significant anti-

proliferative activity against HT-29 colon cancer cell lines."™

As a continuation of the previous work, the uracil derivatives series is here developed by
swapping the nitrogenous base to a 5-F-uracil (5-FU), a clinically used chemotherapeutic agent,
to produce series 3 (Figure 21). A major number of benzenesulfonamide scaffolds as CAls was
investigated as well as coumarin cores to achieve a more targeted CA IX/XII inhibition. A
subset of 5-FU CAls was evaluated in vitro against eight cancer cell lines. The effects of the two
more active compounds on the phases of cell cycle and annexin V-FITC-positive staining in

breast T47D cells were thereafter assessed.
Results and Discussion

Drug design and chemistry

Chemotherapeutic

agent Sulfonamides subset
H,NO,S N
|
%
+F
H,NO,S ﬁ Series 3
Coumarins subset
; ~ X
Series 1 l
(@) O &
NH,
</ / h N Development of series 1 to series 3
FaNOS N N/J by incorporation of 5-F-uracil and,
l — Uinker additionally, of coumarins as CAls
Adenine
Series 2

Figure 21. Drug-design of 5-fluorouracil derivatives as antitumor CAls.

5-FU is widely used medication in the treatment of cancer.'” Over the past 20 years, increased

understanding of the mechanism of action of 5-FU, principally based on the inhibition of
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thymidylate synthase, has led to the development of strategies that increase its anticancer
activity. A molecular hybridization approach is here adopted combining 5-FU with CAI
scaffolds to synergize the inhibition of the tumor-associated isozymes with intrinsic anticancer
effects resulting by the pyrimidine pharmacophore.'® 5-FU was incorporated through the N1
atom on a wealth of benzenesulfonamide structures by amide or triazole linkers to explore the
chemical space within the target and off-target CAs binding sites. A small subset of ester, amide
or triazole linked 5-FU coumarin derivatives was also produced to yield markedly selective CA
IX/XII 5-FU-based inhibitors. In fact, coumarins act as prodrug which undergo a CA mediated
hydrolysis and the formed species (E- or Z cinnamic acid) accomplishes the enzymatic
inhibition by occluding the entrance of the active site.””* The latter is the most variable region,
in terms of amino acid residues, among the human CAs. The cancer-related CAs were shown to

be more prone to such a kind of inhibition mechanism than ubiquitous CAs.

o O
o) Aoy .
F NH
| NH KOH | /§
_—
NGO
N @) H,0
H 100°C COOH
Al A2

Scheme 1. Synthesis of intermediate A2.

Intermediate A2 was provided by reacting 5-FU with chloroacetic acid in KOHgg) (Scheme 1).
The carboxylic acid A2 was thus coupled with a variety of primary (A3-A7) and secondary (A13-
A18) amine benzenesulfonamide derivatives using l-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI) in presence of 1-hydroxybenzotriazole (HOBt) and
4-dimethylaminopyridine (DMAP) to yield amides A8A12 (Scheme 2) and A19-A24 (Scheme
3) [15].

z X
0
o HZNHJQ[
Y A3, A8: n=0, X=SO,NH,, Y=H, Z=H

n

F
NH HN
| A3-A7 )\ | . A% A9 n=0,X-H, Y=SO,NH,, 7-H
NAO EDCI o0oN A5, A10: n=1, X=SO,NH,, Y=H, Z=H
L H A6, All: n=2, X=SO,NH,, Y=H, Z=H
COOH HOBT, DMAP g Y A7, Al12:n=0, X=H; Y=SO,NH,; Z=OH
O

dry DMF, r.t.
A2 A8-A12

Scheme 2. Synthesis of amides A8-A12.
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N7 0 ERC! A16, A22: X = OCH,4
HOBT Al17,A23: X =CN
COOH dry DMF, r.t. A18, A24: X = N(CH;),
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Scheme 3. Synthesis of amides A19-A24.

The triazole derivatives (10a-d) were generated by a Cu(l) catalyzed azide—alkyne cycloaddition
(CuAAC) between the N1-propargyluracil A27 and the freshly prepared azides A30-A33 yielded
by a Sand-Meyer reaction (Scheme 4). CuSO4 and vitamin C were used to generate in situ the

Cu(I) catalyst.

Pz o X X
(@) B Z
F ~Z NI vy NaNO, Y
NH DBU | PN NaNj
| + -
/& INENS VA yA

]Itll (@] ACN, 90°C \ 2M HCl Y

N3 0°Ctor.t. 2
X
Al A27 A30-A33 A3,A4,A28,A29
CuSO;, H,O/tBuOH 1/1
Na ascorbate 40°C

O

F
Ty
A3, A30, A34: X= SO,NH,; Y=H;Z=H 7

A4, A31, A35: X= H; Y= SO,NH,; Z= H N X
A28, A32, A36: X= SO,NH,; Y= H; Z= CI K(\
A29, A33, A37: X= SO,NH; Y= H; Z= Br N

N=\ Y

A34-A37
Scheme 4. Synthesis of triazoles A34-A37.

The coumarin derivatives A40 and A41 were prepared by coupling intermediate A2 with 7-
amino-4-methylcoumarin A38 and umbelliferone A39, respectively, adopting again EDC as
coupling agent. The CuAAC between alkyne A27 and coumarin azide A42 yielded triazole
A43. Compounds A8-A12, A19-A24, A34-A37, A40-A41, A43 were obtained in high vyields
and thoroughly characterized by 'H-, "C-, "FNMR and HRMS.
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Scheme 5. Synthesis of coumarins A40-A41 and A43.

Carbonic anhydrases inhibition

The CA inhibitory action of 5-FU compounds A8A12, A19-A24, A34-A37, A40-A41, A43,
was assessed against the cytosolic CA I and II (ubiquitous) and CA IX and XII (cancer-related)
isoforms by a stopped flow CO; hydrase assay, in addition to acetazolamide (AAZ) as standard

161

inhibitor."” The following structure-activity relationship (SAR) can be drawn up from the

inhibition data reported in Table 3.

Table 3: Inhibition data of human CA isoforms I, II, IX and XII with 5-FU derivatives A8-A12, A19-A24, A34-
A37, A40-A41, A43 and the standard acetazolamide (AAZ) by a stopped flow CO; hydrase assay'®’. Compounds

selected for in vitro anticancer assays are highlighted in gray.

Ki (nM)*
Cmpd
CAl CAIl CAIX CAXII
A8 323.5 6.8 4.8 4.7
A9 5158.3 81.5 44.7 66.3
Al10 738.6 101.3 29.2 40.1
All 299.3 19.6 24.8 7.0
Al2 9679.8 9083.9 452.8 59.5
A19 207.6 0.59 3.5 2.9
A20 2965.0 34.8 4.2 6.2
A21 933.9 13.4 11.8 4.8
A22 727.4 8.0 1.9 9.0
A23 383.6 0.71 4.9 28.6
A24 581.9 5.1 26.8 15.5
A34 651.0 0.67 0.47 9.8
A35 8911.2 89.2 105.3 83.1
A36 656.1 2.4 11.2 8.4
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A37 626.3 0.81 3.8 3.9
A40° >10000 >10000 16.5 23.2
A41° >10000 >10000 36.8 14.4
A43° >10000 >10000 173.4 408.4
AAZ 250.0 12.5 25.0 5.7

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

values). b. Incubation time of 6h.

The cytosolic off-target CA I was the least inhibited isoform. The inhibition constants (Kis) of
the sulfonamide 5-FU derivatives spanned between 207.6 and 9679.8 nM. The m-substitution
at the benzenesulfonamide scaffold produced the least CA I inhibition, such as in compounds
A9 (K; of 5.1 uM), A12 (K; of 9.7 uM) and A35 (K; of 8.9 pM). Additionally, the p-chloro
substituted secondary amide A20 inhibited CA I by a micromolar value (K; of 2.6 uM). The
removal of the chlorine atom in the latter compound led instead to best CA I inhibitor that is
A19 (K; of 207.6 nM). The elongation of the spacer between the benzenesulfonamide and the
primary amide moiety reduced the CA I inhibitory activity passing from O (A8) to 1 (A10)
carbon atom, while it is restored to a 300 nM value approximately when a second carbon atom
unit was introduced (A11). The most physiologically relevant isoform CA II was effectively
inhibited by most 5-FU based sulfonamide derivatives. In fact, Kis spanned in the range 0.59-
34.8 nM, except for A9 (K;of 81.5 nM), A10 (K;of 101.3 nM) and A35 (K; of 89.2 nM), while
A12 barely inhibited CA II below 10 pM (K of 9.1 puM). Again, msubstitutions at the
benzenesulfonamide core were detrimental for CA inhibition with respect to p-substitutions, as
well as a l-carbon atom linker between zinc-binding portion and amide linker (A10). A subset
of derivatives inhibited CA II in a subnanomolar range, that are the unsubstituted and p-CN
benzyl amide compounds A19 (K; of 0.59 nM) and A23 (K; of 0.71 nM) and the p-triazole
benzenesulfonamide derivatives A34 (K;of 0.71 nM) and A37, that is also substituted in meta
by a bromine atom (K; of 0.81 nM). Swapping the p-CN group with a chlorine atom (A20), a
fluorine atom (A21), a methoxy group (A22) and a dimethylamino group (A23) reduced the CA
inhibitory action by 7 to 50-fold.

The main antitumor target CA IX was also efficiently inhibited by most 5-FU sulfonamide
derivatives with Kis ranging between 0.47 and 44.7 nM. Uniquely, the msubstituted A12 and
A20 induced inhibition above 100 nM, with Kis of 452.8 and 105.3, respectively. A single
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subnanomolar CA inhibitor was identified against CA IX, that is the triazole A34, whose K; of
0.47 nM represents the best CA inhibition here reported. Among the N-benzyl substituted
secondary amides A19-A24, the p-OCHj; derivative A22 stood out as most active one with a K;
of 1.9 nM. Notably, a significant subset of 5-FU CAls inhibits CA IX more capably than the
clinically used AAZ (K; of 25.0 nM). CA XII, the second tumor-related CA, was inhibited by
most sulfonamide CAls reported here with an overall comparable range with CA II and IX,
though with diverse SAR. Kis spanned in the range 2.9-83.1 nM and no subnanomolar
inhibition was detected. The worst Kis, detected in the range 59.5-83.1 nM, are consistently
associated with the m-substituted A9, A12 and A35. The introduction of a 1-carbon atom linker
between zinc-binding portion and amide linker (A10) decreased CA IX inhibition below the
average as well (K; of 40.1 nM). The N-benzyl substituted secondary amides showed a rather flat
inhibitory trend with Kis spanning in the range 2.9-28.6 nM. The best value is associated to the
unsubstituted A19 while the worst value is related to the p-CN substitution of A23. Among the
triazole derivatives A34-A37 the introduction of m-Br substituent on the benzenesulfonamide
scaffold produced the best CA XII inhibition (K; of 3.9 nM). In contrast, the 5-FU coumarin
derivatives A40-A41 and A43 showed a potent and totally selective inhibitory action against the
target CA IX/XII over CA I/IL. In detail, the three compounds did not inhibit CA I and II,
lower than 10 uM. Whereas, CA IX and XII were inhibited in similar ranges, 16.5-173.4 nM
and 14.4-408.4 nM, respectively. However, while amide A40 was the best CA IX inhibitor (K; of
16.5 nM), CA XII turned out to be slightly more efficiently inhibited by ester A41. The triazole
coumarin A43 exhibited a decrease of efficacy against both cancer-related Cas. As for target/off-
target CAs selectivity ratio of action of sulfonamide 5-FU derivatives, all compounds exhibited
remarkable 1/IX and I/XII inhibitory specificity, as the calculated selectivity index (SI) span the
ranges 12.1-1385.1 and 13.4-478.2, respectively (Table 2). In contrast, only two distinct subsets
of sulfonamide derivatives (approximately the half compounds) produced a preferred inhibition
of the target CA IX and XII over the main off-target CA II. In detail, only the 1-carbon atom
spacer derivative A10, the m-substituted A12 and the N-benzyl amides A20 and A22 reported
significant II/IX SI spanning between 3.5 and 20, that are greater than that measured for the
standard AAZ. As for II/XII SI values, oddly the 1- and 2-carbon atoms spacer derivative A10
and A11, the m-substituted A12 and the N-benzyl amides A20 and A21 solely had values above
2, with that of A12 even reaching the value of 153.
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On the basis of the data of Table 3 and 4, coumarin A40, the sulfonamide CAls showing the
greatest 1I/IX SI, namely A12, A20 and A22, and the unique subnanomolar CA IX inhibitor
A40 were chosen for assessing in vitro their antiproliferative action against a panel of cancer cell

lines.

Table 4. Selectivity index (SI) calculated for human CA IX and XII over off-targets isoforms as ratio between Kis.

Selectivity Index (SI)
Cmpd

I/IX I/IX | I/XII | 1I/XII
A8 67.4 1.4 68.8 1.4
A9 115.4 1.8 71.8 1.2
Al10 25.3 3.5 18.4 2.5
All 12.1 0.8 42.8 2.8
Al2 21.4 20.1 162.7 152.7
A19 59.3 0.2 71.6 0.2
A20 706.0 8.3 478.2 5.6
A21 79.1 1.1 194.6 2.8
A22 382.8 4.2 80.8 0.9
A23 78.3 0.1 13.4 <0.1
A24 21.7 0.2 37.5 0.3
A34 1385.1 1.4 66.4 0.1
A35 84.6 0.8 107.2 1.1
A36 58.6 0.2 78.1 0.3
A37 164.8 0.2 160.6 0.2
A40 >606.1 | >606.1 | >431.0 | >431.0
A41 >271.7 | >271.7 | >694.4 | >694.4
A43 >57.7 >57.7 >24.5 >24.5
AAZ 10.0 0.5 43.9 2.2

The corresponding nonfluorinated analog (uracil derivative, from series A) was previously
reported and characterized for a subset of 5-FU derivatives, namely A8A12, A34-A37 and
tested as inhibitor of CA I, II and IX." Table 3 shows the K; ratio against CA I, II and IX
between each uracil derivative and its corresponding 5-FU analog. A significant enhancement
in the CA inhibitory action was detected for most 5-FU compounds against CA II (ratio of 0.5-
8.6) and CA IX (ratio of 1.0-69.8) compared to the uracil correspondents. As in most cases the

increase was more intense against the target CA IX over CA II, it can be speculated that the
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incorporation of a fluorine atom in position 5 of the nitrogenous base scaffold increases both

potency and selectivity against the target CA IX.

Table 5. K| ratio between 5-FU derivatives and corresponding non-fluorinated compounds from series A (uracil

derivatives) when applicable.

K uracil derivative (series A) / K; 5-FU derivative (series C)
Cmpd
CA1l CA Il CAIX
A8 2.0 2.6 53
A9 1.5 8.6 69.8
A10 2.1 49 13.9
All 2.2 2.1 1.8
Al2 1.0 0.5 1.0
A34 04 1.4 10.2
A35 0.5 4.3 4.4
X-ray crystallography
A

) / H9a

W ) ot gl

Figure 22. A) Surface representation of CA Il in complex with compound A from series 1, the uracil (F-devoid)
analog of compound A8 (shown as cyan sticks). Hydrophobic and hydrophilic residues of the active site are labeled
and colored orange and purple, respectively. B) Active site view of compound A binding. Hydrogen bonds are
shown as black dashes with distances labeled in A. X-ray crystallography was utilized to observe the binding to CA
II of a representative compound from the pyrimidine series, compound A from series 1, the uracil (F-devoid)
analog of compound A8 from series 3. This structure was determined to a resolution of 1.4 A (Table 6). As
expected for a sulfonamide-based compound, the zinc-binding group (ZBG) displaced the active site zinc-bound

water (ZBW) and bound directly to the zinc. The ZBG also formed a hydrogen bond between the sulfonamide

44



Chapter 3. Multitarget approaches applied to inhibitors and activators of human carbonic anhydrases.

oxygen and backbone amide of T199 (3.0 A). The tail component of compound A was observed to exhibit dual
conformations, attributed to the freedom of rotation about the amide linker, resulting in one conformation
oriented towards the hydrophobic side and another extending towards the hydrophilic side of the active site
(Figure 22A). The minor tail conformation, oriented towards the hydrophobic pocket, exhibited a lower occupancy
(43%) as indicated by the weaker electron density (Figure 22A). In the minor conformer, the carbonyl of the linker
forms a hydrogen bond with a water that bridges to the side chain of T199 (2.2 and 2.9 A, respectively; Figure 2B).
In the major tail conformation, occupancy (55%), a hydrogen bond is formed between the linker carbonyl and side
chain of Q92 (2.8 A) in addition to the uracil moiety and side chain of N67 (3.2 A) (Figure 22B). The additional

hydrogen bonding is thought to stabilize the compound tail, resulting in the observed higher occupancy. Both
conformations are further stabilized by interactions with active site residues F131, V135, L198, P202, L204 and
F131, 191, V121 (Figure 22B).

Interestingly, the two orientations of compound A are reminiscent of the duel binding modes
of a previously studied purine-based inhibitor, compound B from series 2, namely the adenine
analog of A11 from series 3. Compound B exhibited unique binding modes based on the CA
isoform with the inhibitor tail orienting in the hydrophobic side in the active site of CA II and
extending toward the hydrophilic side of the active site of CA IX-mimic. Despite a shift of the
linker and tail portion of compound A by approximately 2-3 A due to the steric hindrance of
F131, these two binding modes of compound B are oriented similarly to the two observed

conformations of compound A in CA II (Figure 23).

Figure 23. Overlay of compound A (cyan sticks) and compound B, an adenine derivate (adenine analog of A11)

from series 2 (green sticks in CA II and yellow sticks in CA IX-mimic binding) in surface representation of CA I
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Table 6. X-ray crystallography statistics for structure of CA Il in complex with compound A.

CAIl-A
PDB Accession Code
6V]3
P2,
Space Group =42.5,b=41.4,c =722
Cell Dimensions (A;°) ¢ " e -
B =104.4
Resolution (A) 32.2 - 1.4 (1.40 - 1.35)
Total Reflections 164,794
1/lo 12.9 (1.5)
Redundancy 3.1(2.1)
Completeness (%) 98.0 (88.0)
Reryst (%) 15.1 (27.2)
Rfree (%) 15.2 (28.4)
# of Protein Atoms 2069
# of Ligand Atoms 51
Ramachandran stats (%): 97.3,2.7. 0.0
favored, allowed, generously allowed
Avg. B factors (A?): Main-chain, Ligand, Solvent 15.8, 23.8, 25.7
rmsd for bonds, angles (A,°) 0.007, 1.12

In vitro anti-proliferative activity

Sulfonamides A12, A20, A22, A34 and coumarin A40 displayed efficient and/or selective
inhibitory actions against the tumor-related isoforms CA IX and XII over the cytosolic off-target
CA I and II (Tables 3 and 4). Accordingly, the five compounds were selected to be evaluated in
vitro for their potential anti-proliferative activity, utilizing Sulforhodamine B colorimetric assay

(SRB) as described by Skehan et al.

The anti-proliferative activities of A12, A20, A22, A34 and A40 were first evaluated in a
preliminary screening against eight cancer cell lines, namely cervical (Hela), colon (Colo-205),
lung (A-549), leukemia (HL-60), ovarian (SKOV-3), and breast (MDA-MB-231, MCE-7 and
T47D) cancer cell lines. This initial assessment of antitumor activity tested each derivative in
triplicate at 10 and 100 uM concentrations, and the data were presented as percentage cell

viability caused by each tested compound (Figures 24 and 25).
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Figure 24. Anti-proliferative activity (cell growth inhibitory activity at 10 and 100 pM concentrations) of

compounds A12, A20, A22, A34 and A40 against Hela, Colo-205, A549 and HL-60 cancer cell lines.

The tested derivatives showed different levels of growth inhibitory activity and possessed a
distinctive pattern of selectivity toward the examined eight cancer cell lines. Close examination
of the cell viability % in Figures 4 and 5 hinted out that breast cancer MDA-MB-231 and T47D
cells were the most susceptible examined cell lines to the influence of the tested compounds,
with cell viability % range of (49-61 and 36-58, respectively) at 10 uM and (34-41 and 49-61,
respectively) at 100 uM (Figure 25). Moreover, lung A-549 and leukemia HL-60 cells were
moderately affected by the tested compounds, with cell viability % range of (5891 and 59-99,
respectively) at 10 pM and (53-80 and 41-65, respectively) at 100 uM (Figure 24), whereas, the
tested compounds (A12, A20, A22, A34 and A40) displayed weak or no growth inhibitory
activities towards cervical Hela, colon Colo-205, ovarian SKOV-3, and breast MCF-7 cancer cell

lines.
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Figure 25. Anti-proliferative activity (cell growth inhibitory activity at 10 and 100 uM concentrations) of

compounds A12, A20, A22, A34 and A40 toward SKOV-3, MDA-MB-231, MCFE-7 and T47D cancer cell lines.

Therefore, the quantitative ICso values were determined for sulfonamides A12, A20, A22, A34
and coumarin A40 against the most susceptible cancer cell lines in the preliminary screening
(MDA-MB-231 and T47D), testing concentrations of 100, 10, 1, 0.1 and 0.01 uM for 72h
(Table 7).

Table 7. ICs of anti-proliferative activity of compounds A12, A20, A22, A34 and A40 against breast MDA-MB-
231 and T47D cancer cell lines

1Cso (UM)a
Cmpd
MDA-MB-231 T47D
Al2 2546 £1.38 | 7.56 £0.29
A20 4092 +1.59 | 18.86 +0.72
A22 6.86 + 0.31 2.45 +0.07
A34 22.85+£091 [33.51+1.24
A40 32.04 +1.84 | 13.16 +0.71
Staurosporine | 4.25 +0.16 452 +0.19

a. ICso values are the mean + S.D. of three separate experiments.

As indicated in Table 7, the tested compounds were more effective against T47D (ICso range:
2.45+0.07-18.86£0.72 uM) than MDA-MB-231 cells (ICso range: 6.86+0.31- 40.92+1.59 uM),
except sulfonamide 10a that exhibited enhanced activity against MDA-MB-231 cells (ICs5o =
22.85 £ 0.91 pM) than T47D cells (ICso = 33.51 + 1.24 pM). As for the activity against T47D
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cells, sulfonamides 4e and A22 emerged as the most potent analogues in this study with 1Cso
values of 7.56+0.29 and 2.45+0.07 uM, respectively. Besides, A22 was the most efficient anti-
proliferative agent herein reported, specifically against MDA-MB-231 cells with ICso value of
6.86 £ 0.31 pM.

Cell Cycle Analysis

The efficient anti-proliferative impact of sulfonamides A12 and A22 on breast T-47D cancer
cell line (Table 6) prompted a further investigation on their growth inhibitory action. The
impact of both sulfonamides A12 and A22 on cell cycle distribution, after incubation with T-
47D cells at their ICso concentration (7.56 and 2.45 puM, respectively) for 24 h, was analyzed by

a DNA flow cytometry assay (Figure 26).

The obtained results highlighted that, compared to control cells, breast cancer T-47D cells
treated with A12 and A22 were arrested at the G2/M phase with an increase in cell population
from 16.59% (control) to 26.83% and 35.47%, respectively. Moreover, the number of cells in

the sub-G1 phase was dramatically increased from 2.41% (control) to 12.72% and 18.04%,

respectively (Figure 26).

100 =3 % Sub-G1
= %G2/M
- =3 %S
g 00
S xa %G0-G1
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Figure 26. Effect of sulfonamides A12 and A22 on the phases of cell cycle of T47D cells.

Annexin V-FITC Apoptosis Assay
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To determine whether the growth inhibitory action of sulfonamides A12 and A22 is consistent
with the induction of apoptosis suggested by the elevated population of sub-G1 in the treated T-
47D cells (Figure 26), Annexin V-FITC/PI double staining (AV/PI) apoptosis assay was carried
out (Figure 27).

The results of this AV-FITC/PI assay revealed that incubation of T-47D cells with sulfonamides
A12 and A22 resulted in an induction of apoptosis in these cells, that was evidenced via the
marked elevation in the apoptotic cells percentage for the early apoptosis (from 0.39% to
3.59% and 7.31, respectively) and the late apoptosis (from 0.17% to 9.62% and 12.19,
respectively) phases which represents about 23.6-fold and 34.8-fold total apoptosis increase,

compared to the untreated control (Figure 27).

%Total
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% Late
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Figure 27. Effect of sulfonamides A12 and A22 on the percentage of annexin V-FITC-positive staining in breast
T47D cells. The experiments were done in triplicates. The four quadrants identified as: LL, viable; LR, early

apoptotic; UR, late apoptotic; UL, necrotic.

The addition of a fluorine atom in the structure of previously reported uracil
benzenesulfonamide inhibitors of tumor-associated CAs produced a novel series of derivatives

of 5-FU, a widely used medication in the treatment of cancer. A major number of
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benzenesulfonamide scaffolds as CAls was here investigated as well as coumarin fragments to
achieve a more targeted CA IX/XII inhibition. Most sulfonamide derivatives efficiently inhibit
the target CA IX (Kis in the range 0.47-44.7 nM) and CA XII (Kis in the range 2.9-83.1 nM),
whereas the 5-FU coumarin derivatives A40-A41 and A43 showed a potent and totally selective
inhibitory action against the target CA IX/XII over the off-target CA 1/1I. In contrast, while all
sulfonamide compounds exhibited remarkable I/IX and I/XII inhibitory specificity, only two
distinct subsets of sulfonamide derivatives produced a preferred inhibition of the target CA IX
and XII over the main off-target CA II. When applicable, the comparison of K; against CA I, II
and IX between a 5-FU derivative and the corresponding nonfluorinated analog previously
reported showed that the incorporation of a fluorine atom in position 5 of the nitrogenous
base scaffold increases both potency and selectivity against the target CA IX. The X-ray solved
crystal structure of CA II in adduct with a representative uracil derivative provided insights on
the binding mode to the target of such pyrimidine derivatives. Coumarin A40, the sulfonamide
CAls showing the greatest I1I/IX SI, namely A12, A20 and A22, and the unique subnanomolar
CA IX inhibitor A34 were chosen for assessing in vitro their antiproliferative action against a
panel of eight cancer cell lines. The 1Cs values, determined against the most susceptible cancer
cell lines MDA-MB-231 and T47D, settle in a low to medium micromolar range (2.45+0.07-
18.86+0.72 uM and 6.86+0.31- 40.92+1.59 uM, respectively). A cell cycle analysis showed that
A12 and A22, the most active compounds, arrested T-47D cells mainly in the G2/M phase.
Using an annexin V-FITC apoptosis assay, A12 and A22 were shown to induce an
approximately 23.6-fold and 34.8-fold total increase in apoptosis, corroborating the concrete

potential of these 5-FU CAIs for the design of new effective anticancer strategies.

The experimental procedures are reported in Chapter 5 and the data and results of this

research were published in A. , et al. Eur ] Med Chem. 2020, 190, 112112.
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3.3. Design, synthesis and biological evaluation of sulfonamide/coumarin CAI hybrids with
berberine as a G-Quadruplex stabilizer to achieve new multi-target antitumor agents (Series
B).

The G-Quadruplex is a non-canonical folding structure of deoxyribonucleic acid (DNA). DNA
does not occur only in ordered structures held firmly in helical form. In some stretches it folds
according to non-canonical structures including "hairpin" structures, Holliday junctions, triple
helix DNA, i-motif and G-Quadruplex'®*.

Hairpins are formed in stretches where the sequence is palindromic, meaning that it can be
equally read in both directions (the sequence can also rearrange in a cross pattern). Holliday
Junctions were observed by Robin Holliday to explain a particular case of genetic
recombination and consist of four complementary double-helix strands so that they can overlap
each other without base pairing errors.'®

In other cases, DNA does not appear according to the canons described by Watson and Crick.
The first to observe one of these cases was Hoogsteen, who in the early 60s described how bases,
in a slightly acidic environment (it is no coincidence that it is at a similar pH of that outside the
tumor cells), can bind in triplets instead of doublets; the most classic example is that between
protonated cytosine-guanine-cytosine, CEG-C+ that can determine the formation of a triple
helix of DNA (Figure 28). However, the formation of the latter turns out to be favored by

homopurinic, purine-only strands or homopyrimidinic, pyrimidine-only strands.'®’

B) DNA single - strand sequence
) 3
CGTTAGGCTACXXXXGTAGCCTAAAAAA

©)

Transcription

h-u| Stem

Single stranded uracils

Structure

RNA Sequence

Figure 28. A) Holliday junction; B) Hairpin; C) i-Motif (C-quadruplex).

Non-canonical (Hoogsteen) base pairing can occur between bases of the same type such as A-A,

G-G, T-T, C-C but also between different bases such as G-A or G-T.'®’
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This structure has in the central region a certain negative electronic density that requires the
presence of a monovalent cation to stabilize the structure. The most frequent cation is
potassium (K+), both because it stabilizes the tetrad better than other ions and because it is
found in greater quantities in the cellular environment (Figure 29). Other cations that can be
found to stabilize the tetrad are always monovalent alkali metals: Na+, Rb+, Li+ and Cs+;

Sodium and Rubidium stabilize more effectively than Lithium and Cesium.'®*

H I]I / N
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Figure 29. Tetrad arrangement in the presence of a metal cation.

The tetrads can be classified in several ways: they can be identified according to the number of
filaments that form them, according to the loops, i.e., the links between the various strands, or
according to the orientation of the filaments. The "strands" are the DNA sequences on which
are located the guanosines that form the tetrad; in humans the 4 guanosines are all on the same
strand, while in other species it has been seen that they can be on two or even four strands
(even if in vitro 4 human strands have the ability to form tetrads if placed in ideal conditions).
The orientation of the strands can be (Figure 30): parallel, when the 4 filaments all follow the
same direction; antiparallel of the type 3+1, where 3 filaments follow one direction while the
fourth goes to the opposite side; antiparallel of the type (2+2) where two adjacent filaments go
in one direction and the other two follow the opposite one; finally, antiparallel always of the

type (2+2) but where the filaments follow opposite directions in an alternating manner. '**'°
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Figure 30. The possible orientations of the strands.

The loops that can be formed exist in four different conformations (Figure 31):
- edgewise loop, also called lateral loop, connects two adjacent antiparallel strands and
the nitrogenous residues composing it can also be single (>1);
- diagonal loop connects two opposite antiparallel strands and in this case the nitrogen
residues required are at least three (>3);
- double-chain-reversal loop, also called propeller loop, connects two adjacent parallel
filaments and requires at least two nitrogen residues (>2);
- Vsshaped loop requires one or more nitrogen residues (>1) and is the most particular
connection.
The latter type binds a phosphate- and deoxyribose-free guanosine with a guanosine present
within the classical scaffold forming a bond ideally like a "V"; it appears in those structures in
which the three guanosines included in the strands are in the anti conformation while the free
one is in the syn conformation. The fact that it is released from the classical structure represents
an interesting point within the G-quadruplexes because it results in a greater gap suitable for

interaction with molecules with pharmacological activity.'®

n>l z

(b)

edge wise loop diagonal loop double lc:unn
reversal loop

Figure 31. The four types of loops. Arrows indicate the 5-3' trend; "n" the number of nitrogenous bases.

Finally, the last way of characterizing G-quadruplexes is based on the nature of the sequences; as
far as singlesstranded ones are concerned, they are assumed to have a sequence of the type
GmLnGmLoGmLpGm, where the Gs indicate the guanosines that form the tetrads and "m"

the number of them (often this number is between 3 and 5); L are all the bases found in the
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n_n n_n

loops, including the guanosines, and "n", "o", and "p" indicate the number of bases that make
up the loops (these numbers range from 1 to 7). G-quadruplex sequences composed of two or
four strands are identical to monomeric sequences but, simply, shorter in fact they contain one
or two guanosine tracts; the other difference is that the latter are intermolecular, whereas single-
stranded sequences are intramolecular.'**'%

Various studies have confirmed that there are approximately 700000 hot sites within the
human genome for the formation of these structures, and the most susceptible areas are
telomeres and oncogene promoters. Oncogene promoters are regions within genes that
promote uncontrolled growth and proliferation of malignant cells; under normal conditions
they control the cell cycle and regulate apoptosis, but if they have undergone some mutation,
they can lead the cell towards immortalization. The main genes involved in the formation of
G4 structures are c-Myc, cKitl, cKit2, Bcl-2, H-ras1, H-ras2, Kras, B-Raf, TERT, VEGF, TBA,
HD22, and FMR1; most of these genes are involved in tumor development as oncogenes,

which suggests that they too may be targets of small molecules in cancer therapy.'®’

Within telomeres, G4 structures are found in the single-stranded protrusion. They show a fair
amount of variability at the topological level, and the structures that have been observed are as
follows (Figure 32): anti-parallel-1 type basket, with anti-parallel strands and diagonal and lateral
loops; parallel, with parallel strands and propeller loops; hybrid-1 and hybrid-2, with parallel

and anti-parallel strands and propeller and lateral loops; anti-parallel-2 basket, with anti-parallel

167-168

strands and diagonal and lateral loops but formed by only two tetrads.

Figure 32. Examples of the possible conformations of G-quadruplexes in human telomeres. A) Antiparallel-1
basket; B) Parallel; C) Hybrid-1; D) Hybrid-2; E) Antiparallel-2 basket. Blue-colored guanosines are in anti
conformation, whereas those in magenta are in syn conformation; N, M, W represent narrow, medium, and wide

grooves.

55



Chapter 3. Multitarget approaches applied to inhibitors and activators of human carbonic anhydrases.

The consequence of this is that it is difficult to determine which of these conformations will
have the greatest biological value; however, by implanting sequences into Xenopus laevis oocytes,

it has been determined that the most likely is the Hybrid-1 type form.'®®
Ligands

In 1991, Zahler and his collaborators demonstrated that it was possible to inhibit telomerase
activity by stabilizing G-Quadruplexes, and thus many researches were directed towards the
discovery of molecules that could interact with them.'®” The first problem encountered was to
understand where the ligands could bind; initially, researchers thought that the ideal location
was among the various tetrads of guanines, but subsequent studies showed that the central part
of the tetrads remained unperturbed. The explanation lies in the fact that this type of
conformation is very stable and compact. The entry of a molecule between the various planes of
guanine needs a high energy cost because it causes the distortion of the structure in addition to
the fact that inside there is a metal, which is difficult to displace.

These studies have led to the realization that the ligand can be arranged predominantly in three
ways: above or below the tetrad, within or along the grooves (the areas comprising the bases that
form the loops). In fact, position number 2 is the least likely and most energetically

unfavorable. 17

Among the possible ligands in the literature, our choice fell on berberine. A natural compound
found in some plants of the genus Berberis and Coptis native to China. It has been used for
centuries as an antimicrobial but at the end of the last century it was found to have inhibitory
activity against telomerase. The two main groups of derivatives enclose berberine substituted in

13 and 9 respectively (Z1 and Z2, Figure 33).; the latter shows a higher affinity toward G4

9

structures. 6

Figure 33. Berberine Z, Berberine substituted Z1 in 13 and Berberine Z2 in 9.
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Antitumorali

After the presentation about who binds the G4 structure, it is necessary to understand how the
berberine derivatives stabilize these kinds of foldings and promote the cancer regression.
Telomeres are found at the ends of chromosomes and contain non-coding DNA sequences,
devoid of genetic information, but they act as protection to coding sequences. They are
composed by a double helix made by TTAGGG sequences repeated for 2000-10000 bases and
they end in a protrusion composed by 150-200 single stranded bases always with the TTAGGG
sequence repeated several times. An important factor is their length: each cell division shortens
the length of the telomere by a certain number of bases (due to the need to synthesize Okazaki
fragments). After a series of divisions, the cell goes into senescence and the apoptotic
mechanism that leads to programmed cell death is triggered. According to Hayflick's studies
and calculations, the possible divisions are about 50. In germ cells there is the telomerase
complex, an enzyme that among its various constituents has the TERT that is a reverse
transcriptase able to attack in the 3' terminal part (the single stranded one) sequences of the
type GGTTAG,; this leads to the elongation or, however, to the maintenance of the length of
the telomere avoiding apoptosis. In mature cells this mechanism is not active since TERT is
inhibited, but if telomerases are overexpressed the cell becomes theoretically immortal since it
never enters senescence. 85% of tumors show overexpression of telomerases. To prevent the
action of this enzyme, it is necessary to stabilize the G-Quadruplexes, which do not allow the

enzyme to anchor itself to the single DNA strand and lengthen the telomere again.'” ™" (Figure

34)
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Figure 34. Mechanism of action of G4 to inhibit telomerase.

In addition to telomeric G4s, we also focus on those present in the ckit and cmyc
protooncogenes. Indeed, binding studies have also been conducted on those particular types of
tetrads. In addition, crystallographic studies, to date, have been conducted in most cases against
Tel23, however, in the latter part of my PhD I also performed crystallization tests on c-kit. The
ckit receptor (CD117) is a transmembrane protein with tyrosine kinase activity encoded by the
oncogene ckit. It is an important member of type III receptor tyrosine kinase family'™*. The
human receptor tyrosine kinase (RTK) c-kit was identified and characterized in 1987 as the
cellular homologue of the viral oncogene v-kit which was isolated in 1986 from a feline
retrovirus' . Human ckit proto-oncogene locates on chromosome 4q11~12 and has a total
length of 90 kb. the ckit receptor is composed of 976 amino acids (aa) divided into an extra-
cellular domain with 519 aa, a trans-membrane domain with 23 aa, an intracellular tail of 433
aa consisting of a juxta-membrane domain and a tyrosine kinase domain inserted by about 80

17 C-kit was found in a plethora of compartments of our organism, infact,

amino acid residues
C-kit-dependent cell types include hematopoietic cells, germ cells, mast cells, melanoma cells
and the gastrointestinal tract cajal cells. C-kit signaling plays a very important role in regulation
of the red blood cell production, lymphocyte proliferation, mast cell development and function,
melanin formation, and gamete formation. Human ckit receptor loss of function mutations
can cause autosomal mottle disease. Gain of function mutations can be found in GIST

(>90%), mast cell tumor (>70%), nasal T-cell lymphomas (>17%), seminoma /

dysgerminoma (> 9%) and acute myeloid leukemia (>68%)."™' One of the strategies
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hypothesized, to act against the overexpression of c-kit receptors in this type of tumors, is to go
to stabilize the g-4 structures that are formed in the proto-oncogenes c-kit (the same strategy that
is used against telomerase) in order to avoid gene transcription.

Drug-design

The phenomenon of development of drug resistance, the main cause of possible therapeutic
failure, has led towards the use of customizable polypharmacies, made with drugs that act on
different cellular mechanisms, mutually increasing their effectiveness and reducing their
respective dosage (with a decrease in the intensity of adverse effects). Research is moving
towards the discovery of molecules with innovative targets to give a wide variability of choice on
the drugs to be used in case of manifestation of resistance.

The new anticancer therapies should have a reduced toxicity (improving patient compliance to
treatment), prevent and prevent the phenomena of resistance and should also be valid against
most cancers.

Considering what has been said in the introductory chapters in relation to CA IX/XII and G4
targets, the objective of this thesis is to design target-specific molecular hybrids against hypoxic
tumors, containing a selective inhibitor of CA IX and XII, and a pharmacophore capable of
stabilizing non-canonical DNA structures called G-Quadruplex.

Inhibition of CA IX and XII is now a validated therapeutic approach to inhibit growth,
invasiveness and metastasis of primary tumors, and to reduce the population of cancer stem
cells. On the other hand, it has been shown that 85% of tumors possess active telomerase
systems. G-quadruplexes, found at the singlesstranded end of telomeres, inhibit telomerase
activity allowing the cell to move toward senescence and subsequently apoptosis. Stabilization of
G4 inhibits telomerase reactivation and causes apoptosis of the cancer cell.

The hybrid molecules reported in this thesis work were designed to incorporate Carbonic

Anhydraseinhibitory pharmacophores on chromophore scaffolds known to interact with G4.

SO,NH, SO,NH, SO,NH,
SO,NH,
CL ool o!
NH, NH, Br OH H,N o” "0 HO (O]
A3 A4 B1 B3 A38 A39

Figura 36. Sulfonamide or coumarin scaffold used as inhibitory CA portion in the hybrids.
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The CA inhibitory portion is either sulfonamide or coumarin in nature (Figure 35). While
coumarin derivatives almost distinctly delineate a selective of inhibitory action toward CA IX
and XII as opposed to I and II, sulfonamides are known to result in a more promiscuous action.
Despite this, sulfonamides bring greater solubility to the molecule. It should also not be
forgotten that the incorporation of the G4-binding portion represents an application of the "tail
approach" on the scaffold bearing the sulfonamide. Considering the steric encumbrance
represented by the polycyclic structures used as G4 ligands (considered tail of the CA inhibitor),
the reduced size of the catalytic sites of CA I and II (compared to IX and XII) may not allow an
appropriate binding and equally delineate a selectivity of action.

Regarding the G4-binding portion, we opted for the berberine core, as previously explained.

The two types of designed hybrids are the follows (Figure 36):

@]
- Coumarin
O

Ibrido BERB-1 Ibrido BERB-2

Figure 36. Two types of projected hybrids.

Recently, berberine has been shown to bind and stabilize human telomeric G4 with micromolar

order constants.

Click chemistry, or Huisgen's 1,3-dipolar azide-alkyne cycloaddition, is a synthetic approach that
is widely used today, particularly in pharmaceutical chemistry. It allows to connect two distinct
portions of the molecule through a stable linker and not separable under physiological
conditions, such as 1,2,3-triazole 1,4-disubstituted if catalyzed by Cu (I) (the reaction with
ruthenium-based catalysts generates instead triazole 1,5-disubstituted). The only requirement is
the presence in the two fragments of a terminal alkyne function and an azide function. The
click chemistry reaction is rapid, simple to purify and versatile, so much so that it tolerates a
wide variety of substituents, solvents and temperatures. 1,2,3-triazole is considered an amide
group biosubstrate with a moderate dipolar character, hydrogen bond acceptor and donor

properties, and an aromatic character useful for establishing T-type interactions with its receptor
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counterpart'’’. For these reasons, the triazole-type linker was from the outset the first choice

regarding the connection between the berberin core and CAlportion.'™

Synthesis

To start the click chemistry, we need on our intermediates various azides ad alkynes. The first
intermediates that we show are of sulfonamide tipe. We treated different sulfonamides A3-A4
in a Sandemayer reaction to obtain the respective azides A30 and A31. The alkynes were
obtained from two different sulfonamides B1 and B3; the first one (B2) through a Sonogashira
reaction and the second one (B4) through a reaction with propargyl bromide and potassium

carbonate in dry DMF.

NH, N;
NaNO,
N NaN; N
| 1SO,NH, ——== ||  1SO,NH,
= HCI 2M =
A3: 3:S0,NH, 0° A30: 3:50,NH,
A4: 4SO,NH, A31: 4-SO,NH,
A3, A4 A30, A31
SO,NH, SO,;NH,
1) (CHy)Si—=—

NEty, PACL,(P(Ph);),, Cul
Dry 1,4-dioxane

Br | |
B1 2) TBAF 1.0M in THF B2
SO,NH, SO,NH,

Br\///
K,CO;4
_ =
gz
OH DM o_Z
B3 F, B4
60°
C

Scheme 6. Synthesis of sulfonamide intermediates A30, A31, B2 and B4.

The second types of intermediated that we have synthetized are of coumarin scaffold. We
treated the umbelliferone A39 with 3 different dibromoalkanes with 3 to 5 carbon spaces in
carbonate and DMF at 80° degrees and than, without purification, we put them (B5-B7) in
DMF and sodium azide to obtain the compounds B8B10. The same A39 was also reacted in

carbonate and DMF with 3 different propargyl bromide from 3 to 5 unit carbon atoms,
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obtaining the intermediates B11-B13. One more azide A42 was derived by treating the

coumarin A38 in the same conditions of compounds B5-B7.

m=3,4,5
NaNj m
o o 70 K,CO, /H\ o0~ o dry DMF Ns/H\O O
A39 dry DMF, 80°C B5-B7 60°C B8-B10
n K,CO;
//(/\)\Br dry DMF
n=1,2,3 80°C
//
B11-B13
NaN; X
T ayDME
Yo N; 0”0
A38 A42

Scheme 7. Synthesis of coumarin intermediates B8-B13 and A42.

The last group of intermediates are the berberines. First, is necessary to do the selective
demethylation of berberine to berberrubine (B14) in position 9; obtained at high pressure and
high temperature without solvent for 2 hours. Very interesting is that berberine is a yellow
powder while berberrubine powder is red, just like the name suggests. This modification is
probably due to the rearrangement of the electronic configuration after loss of permanent
charge on nitrogen; instead, the following NMR spectra show that, on the aromatic portion,

there is a significant change.
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Scheme 8. Synthesis of berberrubine B14. Comparison between the aromatic part of berberine and berberrubine.

Subsequently, we treated berberrubine in the same way of coumarins to obtain azides and
alkynes, with propargyl bromide in dry DMF at 60° to give the compounds B23-B24. For the
compounds B15-B18 we incorporated a bromoalkyl linker on the berberrubine scaffold then

converted into the respective azides (B19-B22).
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Scheme 9. Synthesis of azides B19-B22 and alkynes B23-B24 from berberrubine.
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Sulfonamide hybrid derivatives were obtained using the click chemistry cited before. Our click
conditions are composed by Sodium Ascorbate, Copper Sulfate in water and tert-Buthanol. To
purify all compounds, we decided to quench all reaction with lipophilic ion
hexafluorophosphate, in order to obtain final compounds more soluble in organic solvent and
thus, have the ability to extract them in DCM to remove the various inorganic salts. Azides and

alkynes of berberine were reacted with corresponding azides and alkynes of sulfonamides.
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N

0\ SO,NH, O™\ p=1; R= 0; B25
O O
S : ()

p=2; R= 0; B27
= R-0; B2 N p=2; R= OCH,; B28

= _| - - ; . 2;

5 /g) R=-OCH,-; B4 o /g 5 p=3; R= 0; B29
| Br@ CuSOy; Na Asc | PF, p=3; R= OCH,;B30

O O N
N, ¢BuOH-H,0 ™ ONTy p=4; R= ©; B31
s 40°; KPFg pi23,4,5 \<< p=4; R= OCH,; B32
B25-B32 R\©\
B19-B22 '
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O
N O
| TSO,NH, O
X = AN
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O ® e @)

“®
| O Br CuSOy; Na Asc | S PF@
+BuOH-H,0 6
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" | D so,NH
B33-B34 SO,

Scheme 10. Synthesis of hybrid derivatives berberine-triazolesulfonamides B25-B34.

Using the same strategy and the same click-conditions, we synthetized the coumarins derivatives
starting from the azido and alkyno coumarins in complex with the same berberino-

intermediates.
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Scheme 11. Synthesis of hybrid derivatives berberine-triazolecoumarins B35-B46.

To concluse the synthesis part, we decided to realize an alkylsulfonamide. Berberrubine was reacted with
propansultone in dry DMF at 60°% the reaction mixture, once cooled, was treated with Et20, then
filtering the precipitate obtained. The latter were then chlorinated into chloride of thionyl chloride

using a drop of catalytic DMF, heating the reaction reflux for 2-3 hours. Once the excess SOCI2 was
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brought to dryness, the crude was directly resolubilized in THF anhydrous and treated at 0°C with
NH40OH (aq.) The crude obtained by filtration of the resulting suspension was purified by

chromatographic column using as eluent various degrees of the TFA/ MeOH/ DCM mixture as eluent.

0\
O
\\ /O
1) SOCl,; N
DMF 1 drop \ ©)
2 N Z PF,
dry DMF; 60° 2) NH;(aq), ? ®

O\/\/SOS THF 0° O ~_-SO;NH,
B14 B47 3) KPFg B48

Scheme 12. Synthesis of hybrid derivative berberine-alkylsulfonamide B48.

Biological assay and results

All final compounds were assayed in vitro by Stopped-Flow technique for their ability to inhibit
target CA isoforms IX/XII and off-target isoforms I and II compared with the classical
sulfonamide inhibitor Acetazolamide (Table 8). The coumarins derivatives are incubated for 6h;

while sulfonamide compounds for 15 minutes.

Table 8. Inhibition data for human CAs I, II, IX, and XII with the final hybrid sulfonamide compounds in
comparison with the sulfonamide standard Acetazolamide (AAZ), obtained by CO2 hydration assay performed

using the Stopped-Flow technique.

K" (nM)
Compound
CAI CAIl | CAIX | CAXII
Hybrids G4-CAl of the sulfonamide types
B25 580.5 59.4 1.4 7.3
B26 940.2 6.0 0.65 4.4
B27 872.1 66.8 0.73 14.0
B28 805.0 62.3 0.56 31.2
B29 592.4 55.1 0.49 25.5
B30 915.6 71.5 0.70 7.2
B31 573.6 15.8 0.24 18.3
B32 219.5 41.1 0.54 2.9
B33 3670.2 | 90.1 3.9 24.8
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B34 829.1 22.9 2.7 6.1
AAZ 250 12 25 5.7

a. Mean from 3 different assays (errors were in the range of * 5-10 % of the reported values).

1)The ubiquitous isoform I was found to be the least inhibited from the entire set of hybrids
made. The compounds inhibit in the mid-nanomolar to low micromolar range (inhibition
constant, KI=219.5-5653.4 nM). Increasing the distance between benzenesulfonamide and the
berberine core only slightly increases the inhibitory action. Meta-substitution on the

benzenesulfonamide core is unfavorable for hCA I inhibitory action (B33 vs B34)

2) All sulfonamide derivatives of berberine show activity in the low nanomolar range towards
this isoform (with KI from 6.0 to 90.1 nM). The nature and length of the spacer present in

compound B26 is the best to achieve efficacy towards hCA II (KI of 6.0 nM).

3) The hCA IX target isoform is effectively inhibited by most assayed derivatives (KI in the
range 0.24-3.9nM), Notably, the inhibitory action improves with increasing length of the spacer
linking CAI to the berberine scaffold. In fact, compounds bearing the shorter linker B33, B34,
B25 inhibit the enzyme up to 10-fold worse than longer-chain derivatives. In the case of
derivatives with 4- and 5-carbon atom linkers between triazole and berberine (B29-B32), the
inclusion of an additional oxymethylene spacer between triazole and benzenesulfonamide
slightly worsens the inhibitory efficacy. The opposite effect occurs in the case of derivatives B25-

B28, which have a 2- and 3-carbon atom spacer between triazole and berberine.

4) A rather flat inhibitory trend toward CA XII was detected for sulfonamide derivatives with

KIs ranging from 2.9 to 31.2 nM, making it difficult to develop accurate SARs.

5) Both tumor-associated isoforms appear to be strongly inhibited by all berberine derivatives,
especially hCA IX. Although the off-target isoform hCA 1II is also effectively inhibited by
berberine scaffold sulfonamides, subnanomolar inhibition data measured toward hCA IX
delineate hCA IX/II selectivity profiles (selectivity index, SI) that reach two orders of magnitude
(>100fold) for the target isoform. In detail, B28-B30 proved to be the most IX/II selective
derivatives (IS of 111, 112, 102, respectively). The data in Table 1 show a lower hCA XII/II

action selectivity for the same derivatives that reaches, however, approximately 10-fold, as in the
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case of B30 (SI 9.9) and B32 (SI 14). The IX/I and XII/I selectivity indices are even higher for
all berberine scaffold sulfonamide derivatives with action selectivity reaching three orders of
magnitude. Interesting inhibitory profiles selective for tumor isoforms over hCA I and II are
also found in the set of disulfonamide derivatives.

Table 9. Inhibition data for human CAs I, II, IX, and XII with the final hybrid coumarin compounds in

comparison with the sulfonamide standard Acetazolamide (AAZ), obtained by CO2 hydration assay performed

using the Stopped-Flow technique. 6h incubation to obtain the active open form of coumairns.

K (nM)
Compound
CAI CAIl | CAIX | CAXII
Hybrids G4-CAI of the coumarin types
B35 >10000 | >10000 | 20,4 1,2
B36 >10000 | >10000 & 24,0 6,3
B37 >10000 | >10000 15,2 10,1
B38 >10000 | >10000 17.3 8.4
B39 >10000 | >10000 19,6 5,9
B40 >10000 | >10000 12,9 3,4
B41 >10000 | >10000 | 51.5 10.2
B42 >10000 | >10000 | 48,2 1,1
B43 >10000 | >10000 | 43,1 10,6
B44 >10000 | >10000 | 29,7 8,3
B45 >10000 | >10000 | 35.1 5.4
B46 >10000 | >10000 18,6 6,9
B48 >10000 | >10000 14,4 5,1
AAZ 250 12 25 5.7

a. Mean from 3 different assays (errors were in the range of + 5-10 % of the reported values).

1-2) All coumarins do not inhibit off-target isoforms [ and II below the 10 UM concentration, in

agreement with literature data for this type of derivatives.

3) Coumarin derivatives effectively inhibit hCA IX in a range slightly higher than sulfonamide

analogs (12.9-51.5 nM).
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4) They demonstrate potent and selective CA XII inhibitory action (compared to hCA I and II).

Indeed, these prodrugs show an inhibitory effect in the low nanomolar range (5.4-10.2 nM)

against the target enzyme.

Binding experiments

Several techniques exist to assess ligand binding on g4 structures, the most widely used of which

are shown below:

UV-Vis spectroscopy acts on the basis of changes in absorption of the chromophore
(ligand) when bound to the target. G-quadruplex structures tend to have a hypochromic
effect, i.e. they lower the value of "€" (molar extinction coefficient, specific for each
molecule);

circular dichroism offers the possibility to characterize conformations of nucleic acids
and their complexes with proteins or other ligands. It has proven useful in
distinguishing parallel from antiparallel filaments. Moreover, the circular dichroism
does not recognize achiral molecules; often the ligands of G-Quadruplexes belong to
this category but if they are bound to the nucleic acid, they undergo the phenomenon
called induced circular dichroism. In summary, it can be understood if the binding
between quartet and achiral molecule has occurred if the set orient the polarized light;
IH-NMR spectroscopy; in the case of G4 we study the hydrogens bound to the
nitrogenous bases involved in Watson-Crick type bonds and Hoogsteen bonds. Usually,
these hydrogens fall at 12.5 ppm but if implicated in Hoogsteen bonds they are found
between 10.5 and 12 ppm, showing that they are involved in G-Quadruplex structures;
X-ray crystallography has allowed the study of several different types of G-Quadruplexes
as well as their complexes with ligands;

FRET (Fluorescence Resonance Energy Transfer) exploits the transfer of energy from a
molecule, capable of emitting fluorescence, to an adjacent molecule. It is useful in
understanding the distance, therefore the bond, between two compounds. In this case

between the ligand and the quartet.

In our case the technique of circular dichroism was used; to be precise an application of it

called 'circular dichroism melting experiment'. It consists in evaluating the variation of the

melting point of the various structures considered, after being incubated with a known amount
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of our hybrids. The higher the melting point after incubation, the greater the stability that this
compound confers to the non-canonical folding of DNA.

The research group of Professor Antonio Randazzo has been involved in doing this type of
assay; evaluating the binding of our derivatives on 4 structures; 3 quadruplexes and one double
helix. The structures that they have selected are: Tel23, typical telomeric sequence able to fold
in g4 structures; ckit and cmyc, sequences of 22 nitrogenous bases detected in the
protoncogenes just listed, also considered among the sequences that have the greatest ability to
fold in g4 structures; finally, the hairpin structure, a double helix and is used as an off-target
sequence because, in the organism, DNA is in the vast majority of cases double helix and we do
not want our hybrids to interact with it, but only with g4 structures. The following spider-plot

shows the obtained results. (Figure 37

Figure 37. Spider-plot of binding capacity of our synthetized hybrids.

Berberine
B38 Berberrubine

B32 \ 28 B35

A

B30 _ B40
B29 - __B36
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vs. ckit1 B25 / / \ \ B4l

—A— vs. cmyc B33
—&®— vs. hairpin B34 B48

From the spider-plot, it can be seen that the most effectively stabilized sequence is largely that of

ckit. The notable compounds are B25, B29, B35, and B40. In detail we can see that
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berberrubine, with its conformational change, stabilizes drastically worse than all other
compounds; also, berberine despite being much more effective than its demethylated
counterpart is also inferior in quality compared to all hybrids. This allows us to say that the
hybridization of berberine with ca inhibitory portions increases the affinity towards the chosen
target. Next, the stabilized sequences are tel23 and c-myc; which show very close values, but
with a slight preference of tel 23, particularly in compounds B31, B37 and B41. While towards
c-myc, the most related compounds were found to be B25 and B35. It is important to note
that, towards the off-target sequence (Hairpin), the compounds stabilize in the least effective
way; with the only exception of compound B48 which, however, is the only one that does not
present aromatic portions in the inhibitory CA portion and, it may be plausible that it has less
chance of stacking, necessary to be a good ligand towards g-4 structures. The fact that there is
no particular affinity of our compounds towards the hairpin is good news for us, as it means

that our molecules do not readily interact with the DNA double helix.

Crystallization test

Intro

A large part of my thesis project is the various experiments done using the X-ray crystallography.
This technique is the most widely used for understanding chemical systems at the atomic level.
One of the major difficulties is that the results obtained in solution (binding assays or CA
inhibition studies) do not always correspond to the results obtained in crystallography.
However, it does provide information about intermolecular binding between dna and ligand
that is obtainable in few other ways. There are several critical steps in order to obtain a valid
crystallographic structure such as getting acceptable crystals, understanding what the right

model is to have good phasing, and finally getting good data refinement.

The first challenge is to obtain sufficiently ordered crystals, since a crystal is defined as a
sequence of physical entities arranged according to an ordered and defined lattice. To achieve
this we rely on the graph that relates solubility to the concentration of the protein/nucleic acid.
There are usually three phases of crystal formation: nucleation, which occurs in the
supersaturation region and consists of the formation of an aggregate of a certain number of

thermodynamically stable molecules; then there is crystal growth which occurs in the metastable
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region where other molecules aggregate around the critical nucleus previously formed; Finally,

there is the cessation of growth that occurs when the solution is now poor in proteins/nucleic

acids or impurities have formed that block the development of new nucleations (Figure 38).'”

Saturation Supersaturation

Precipitation

Crystal Labile zone

growth

——— Crystal
nucleation
and fast growth

Solubility

Metastable
zone

Unsaturated region

[Protein]

Figure 38. Graph of dependence of nucleic acid/protein concentration to solubility.

The variables that arise at this stage are many. In order to obtain a crystal, an enormous number

of parameters must be taken into account, which are expressed in the figure below. (Figure 39).

Physical factors Chemical factors Biochemical factors
Temperature Precipitant type Sample purity
Pressure Precipitant concentration Sample homogeneity
Gravity pH Sequence modifications
Magnetic fields Buffer type Posttranslational modifications
Electric fields Tonic strength Chemical modifications
Dielectric properties Sample concentration Aggregation
Viscosity Metal ions Proteolysis
Vibrations and sound Polyions Sample pI
Time Detergents Ligands. co-factors, inhibitors
Equilibration rate Heavy metals
Nucleants Small molecule impurities
Methodology Crosslinkers
Surface of crystallization device Reagent source
Sample handling Reagent formulation

Figure 39. Physical, chemical and biochemical parameters to obtain a valid crystal growth.

Usually, a screening of conditions is created in which an attempt is made to compare as many
parameters as possible; these screenings can be either purchased or created ad-hoc by the
operator. Often it is necessary to optimize the conditions used at first, because it frequently

happens that the crystal formed was not good enough. These conditions contain: salts useful for
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the nucleation of the crystal; buffers useful because pH variations could lead to conformational
changes especially of proteins that are very sensitive to these fluctuations; and then contain a
precipitant that can be of organic nature such as MPD, a polymer such as PEG or a salt such as
ammonium sulfate. It serves to reduce the solubility of the protein to favor nucleation and then

crystallization of the desired species.'™

The most common techniques for obtaining crystals are as follows: Counter-Diffusion in Gel,
Gel Crystallization, Free Interface Diffusion, Dialysis, Batch and Vapor Diffusion. In my little
experience | have used only the technique of Vapor Diffusion. This method consists in putting
inside a minimum amount of solvent your macromolecule or adduct and it is balanced by a
reservoir that contains the same salts of the solvent but at a higher concentration, this leads the
drop to decrease in volume slowly bringing the macromolecule up to the point of
supersaturation where the nucleation will begin. The fact that it requires small amounts of
compounds makes it one of the most used techniques. There are 3 variations of it: sitting drop,

hanging drop and sandwich drop. (Figure 40)

A B

C
O O @

i .

Figure 40. Variants of the vapour diffusion method. A) sitting drop (drop on a support); B) sandwich drop (drop

between two surfaces); C) hanging drop (drop on a glass slide).

The difference between these three methods is only in the location of the drop that will contain
the future crystals. In the sitting drop it is located inside a well and around it has the reservoir,
in the sandwich drop it is located between the plate closure and a thin glass plate perforated on

one side to allow the evaporation of the drop and in the hanging drop the drop is attached to
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the wall that closes the plate thanks to its surface tension. Over the course of these 3 years |

have used the sitting drop technique.'™'®

Once the crystal is obtained it must be brought in a place that is able to shoot a X-rays beam to
obtain the reflected images useful for the resolution of the structure. These structures are called
synchrotrons and keep the crystal at a temperature of 100 Kelvin; from this it can be deduced
that it is often necessary to create solutions, called cryoprotectants, to ensure that the crystal
when placed at this temperature does not freeze and, therefore, lose its main characteristics.
Usually, the solution is identical to that where the crystal was formed but with a higher
percentage of precipitant because these substances are often viscous (eg MPD, glycerol, PEG)
and their increase is at the expense of the percentage of water. Unfortunately, it can happen

that the cryoprotectant dissolves the crystal.'®’

X-ray diffraction involves aiming a beam of electromagnetic waves at a known wavelength at the
resulting crystal. Due to the ordered nature of crystal lattices, electromagnetic radiation can
only be observed in specific directions where positive interference occurs; this leads to a pattern
of reflections. The optimal wavelengths are between 0.4 and 2.0 A since they roughly
correspond to the interatomic distances of molecular bonds.'™ To make these measurements,
the crystal is placed on a goniometer that has a loop capable of trapping the droplet of
cryoprotectant in which the crystal itself resides. This goniometer rotates 0.5-1 degrees
depending on how frequently we want to obtain the images; in addition, we choose to make it
rotate on itself for 2-3 angles turns in order to have a certain redundancy of data that will then
be reflected in the parameter of "completeness"."™® A small mention should also be given to the
X-ray source, and conventional sources such as sealed X-ray tubes and rotating anode tubes are
based on the emission of white light from a metal target at the incidence of accelerated
electrons (30-60 kV). The intensity of the light is determined by the acceleration of the
electrons and the nature of the metal that makes up the target. More specifically, the higher the
atomic number of the metal, the more intense the resulting white light. However, these sources
have been superseded by more recent and advanced technologies such as the synchrotron; it is a
charged particles accelerator composed of a circular ring (beam line) in which electrons and
positrons are accelerated to speeds close to those of light and kept under control by magnetic

and electric fields. To compare with traditional X-ray sources, the standard closed tube
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produced a brilliance of 0.6*10° photons/mm®/s, while the synchrotron reaches a brilliance of
1.9*10". This has also led to a decrease in the time of the experiment, passed from several
hours to a few tens of minutes. This beam power, however, leads to a decay of the quality of the

crystal very fast.

At this point we arrive at the time of phasing. The collected data set must be processed in order
to obtain preliminary information about the crystal cell. To do this there are a series of
equivalent programs that are able to give us the necessary information; in our case we have used
XDS'™:. Subsequently to try to solve the structure, exploiting the information coming from
XDS, there are various techniques. The one we used is the molecular replacement (MR) that is
based on models and structures already present in the literature used as a starting point for
understanding the crystal we developed'®. The programs we use for MR are Molrep and
Phaser.'®'® Finally, there is the refinement phase where the goal is to match as much as
possible the calculated model called Fc with the observed model called Fo; also, in this step
there are many programs that are able to help us and we have used more Refmac. Putting in
relation Fc with Fo you get two parameters, Rfactor and Rfree, which establish the validity of
your model. The equation that calculates Rfactor and is the same; the difference is only in the
number of images that they use. In fact, Rfactor takes into account the whole sample of images
received by the synchrotron, while Rfree uses only a small set of images chosen by the operator.
Rfree is more reliable because it takes surely valid images of the crystal unlike Rfactor that can
include even worse images because, as explained above, the crystal is wasted during the rotation
on the goniometer. These values are smaller the more resolution has been done in the correct

179-185
way.'”

Plate deposition

In this process I have collaborated closely with Professor Carla Bazzicalupi of the Department of
Chemistry, University of Florence. The deposition of the plates began with the choice of
derivatives. Since we did not have preliminary binding studies, we opted to select compounds
that had slightly different characteristics to each other. Thus, the compounds selected for the
first crystallographic tests were B26, B27, B28, B29, B31, and B38. The other choice we had

to make was what type of G-Quadruplex we wanted to interact with, and we chose Tel23; that
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is, a sequence of 23 nitrogenous bases that mimics the G4 that forms in the single-stranded
sequence of the telomere. These sequences are of commercial origin and, of course, are not
already folded in the desired form but are also found in strand form. There are some well
known protocols that are used to fold the sequence in order to obtain the G4; this step is called
annealing and consists in solubilizing the lyophilized DNA in a solution composed of 0.02M
potassium cacodylate buffer (pH 6.5) and 0.05 M KCI, heat it up to 85-90° keep this heat for
15min and then let it cool down to room temperature. This process allows for G4 structures at
a known concentration of 3mM. The hybrids on the other hand are solubilized in a known
amount of DMSO at a concentration of 20mM to try to use as little solvent as possible. With
these 2 stock solutions it is possible to form our desired adduct with DNA at known
concentrations. We prepared 2 stock solutions with tel23-hybrid at concentrations of 2ZmM and

1mM,; verified by means of the Nanodrop instrument.

The next step was to create a screening of conditions in which our adducts could crystallize.

1% that presents 24 conditions in which

The choice fell on a screening found in the literature
G4 were formed (table 10). It was not purchased but we reproduced it manually excluding the

condition 17.

Tube Salt Buller Precipilant

| oM KCI 005 M K Caco pll 6.5 200 wiv MPD

2 03 M KCI 0.05M K Caco pll 6.5 106 viv MPD

3 0.0 M K, (025 MgS0, 005 M K Caco pll 6.5 25% wiv MPD

4 02MKI 005 M K Caco pll 6.5 25% wiv MPD

5 00 M K, 002 M (NIL),S0, 005 M Na Caco pll 6.5 15% viv MPD

[ 03 M Nall 005 M Na Caco pll 6.5 I0% wiv MPD

7 0.1 M Mal 0.05 M MNa Caco pll 6.5 35% wiv MPD

B 03 M K, 002 M MgSOy 0.05M K Caco pll 6.5 35% wiv MPD

9 005 M Nal®, 015 M KF 0.05 M Na Caco pll 6.5 40%% wiv MPD

1o 00 M KCL 0.0 M (NS0, 005 M K Caco pll 6.5 200 wiv MPD

1 0.0 M MNal, 0.1 M Nal, 0.1 M MNaCl 0.05 M Na Caco pll 6.5 30 wiv MPD

12 02M KCL 0.05M KI 005 M K Caco pll 6.5 25% wiv PEGAM

13 0.0 M KCL 0.05 M MgCl, 005 M K Caco pll 6.5 106 wiv PEG400

14 0.1 M LS00y 0.05M K Caco pll 6.5 20 wiv PEGA

15 03 M KI 0.05M K Caco pll 6.5 1 5% wiv PEGAM

16 0.3 M Mal 0.05 M MNa Caco pll 6.5 15% wiv PEG40O

17 00 M KCIL 0.03 M CaCla 0.05M K Caco pll 6.5 1.3 M ammonium sulphale
18 0.2M KCI, 0,05 M LizS0y 0.05M K Caco pll 6.5 1.8 M ammonium sulphale
19 005 M LS80y, 0005 M MeS0y 0.05M K Caco pll 65 20 wiv ivo-propanol
il 0.2 M NaCl 0.05 M MNa Caco pll 6.5 20t JEFT 2000
| 0.2 M NaCl 0.1 M Nal? 0.05 M Na Caco pll 6.5 106 JTEFT 2000
n 0,05 M KL 005 M MgCl, 005 M K Caco pll 6.5 15% JEFT 2000
3 0.0 M NaCl, 0,05 M MgCl, 0,05 M Na Caco pll 6.5 I M ammonium sulphale
24 005 M LSOy 0.05M Na Caco pll 6.5 I M ammonium sulphate

Table 10. Screening condition from Methods 2007.
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Using the sitting drop vapor diffusion technique, we deposited, in each individual plate
(Greiner®96-well plates), the adduct at the two concentrations that became in the drop 1mM
and 0.5mM, respectively. This is because the drop is formed by 1uL of adduct plus 1uL of
condition; the reservoir is formed by 100 pL of condition. After a few weeks, the formation of
numerous crystals, belonging to the B26-Tel23 and B31-Tel23 adduct, was observed. However,
they led to a number of data collections, which gave rise to possible cells but upon reaching
refinement we were unable to resolve the structure. Possible reasons for the failure can be
attributed to the poor quality of the crystals, the small size of the crystal, or, of course, the
inherent difficulties of resolving a DNA-derived structure. The classic strategy is to prepare a
new condition screening starting from the wells in which the crystals had formed. In the case of
B26, crystals had formed from conditions 1 and 3 in Table 10. While in the case of B31,
crystals had formed in the wells with conditions 2 and 10 of Table 10. Through a program
using the experimental design, the following optimizations were designed and targeted for each

individual adduct.

Table 11. Optimization for B26 from the original condition 1 and 3.

Condition N. K" Salt M* Buffer MPD %
1 0,IM KF 0,05 M MgSO4 0,05 M K Cacodyate 20
2 0,IM KF 0,05 M MgSO4 0,05 M K Cacodyate 25
3 0,IM KF 0,05 M MgSO4 0,05 M K Cacodyate 30
4 0,IM KCl 0,05 M MgSO4 0,05 M K Cacodyate 20
5 0,IM KCI 0,05 M MgSO4 0,05 M K Cacodyate 25
6 0,IM KCl 0,05 M MgSO4 0,05 M K Cacodyate 30
7 0,IM KCI 0,025 M MgSO4 0,05 M K Cacodyate 20
8 0,IM KCI 0,025 M MgSO4 0,05 M K Cacodyate 25
9 0,IM KCl 0,025 M MgSO4 0,05 M K Cacodyate 30
10 0,IM KF 0.05 M CaCl2 0,05 M K Cacodyate 20
11 0,IM KF 0.05 M CaCl2 0,05 M K Cacodyate 25
12 0,IM KF 0.05 M CaCl2 0,05 M K Cacodyate 30
13 0,IM KF 0,05 M SrCI2 0,05 M K Cacodyate 20
14 0,IM KF 0,05 M SrCI2 0,05 M K Cacodyate 25
15 0,IM KF 0,05 M SrCI2 0,05 M K Cacodyate 30
16 0,IM KClI 0.05 M CaCl2 0,05 M K Cacodyate 20
17 0,IM KCI 0.05 M CaCl2 0,05 M K Cacodyate 25
18 0,IM KCl 0.05 M CaCl2 0,05 M K Cacodyate 30
19 0,IM KCI 0,05 M SrCI2 0,05 M K Cacodyate 20
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20 0,IM KCI 0,05 M SrCI2 0,05 M K Cacodyate 25
21 0,IM KCI 0,05 M SrCI12 0,05 M K Cacodyate 30
22 0,1IM KCI 0,025 M CaCl2 0,05 M K Cacodyate 20
23 0,IM KClI 0,025 M CaCl2 0,05 M K Cacodyate 25
24 0,1IM KCI 0,025 M CaCl2 0,05 M K Cacodyate 30
25 0,1M KCI 0,025 M SrClI2 0,05 M K Cacodyate 20
26 0,IM KCI 0,025 M SrCI2 0,05 M K Cacodyate 25
27 0,1M KCI 0,025 M SrClI2 0,05 M K Cacodyate 30
Table 12. Optimization for B31 from the original condition 2 and 10.
Condition N. K* Salt M* Buffer MPD %
1 0,3 M KCI 0,1 M (NH3)2SO4 | 0,05 M K Cacodyate 10
2 0,3 M KCl 0,1 M (NH3)2SO4 | 0,05 M K Cacodyate 15
3 0,3 M KCI 0,1 M (NH3)2S0O4 | 0,05 M K Cacodyate 20
4 0,2 M KCl 0,1 M (NH3)2SO4 | 0,05 M K Cacodyate 10
5 0,2 M KCl 0,1 M (NH3)2SO4 | 0,05 M K Cacodyate 15
6 0,2 M KCl 0,1 M (NH3)2SO4 | 0,05 M K Cacodyate 20

After a few weeks, new crystals had formed but in this second collection none of them
diffracted. Nevertheless, in this expedition to the Elettra synchrotron in Trieste, there was also
a crystal that had formed later from the first plates deposited with the original condition. The
adduct B28-Tel23 had formed crystals with the original condition 2; the cryoprotectant had
been decided by increasing the MPD to 30 (from 10% of the condition) so that the solution of

the condition would not freeze. From it we were able to arrive at the resolution of the structure.

The data are as follows: the crystal was collected at a wavelength of 1 A at a maximum
resolution of 1.6 A. The condition 2 from which it came contains 0.3M KCI, 0.05M K Caco as
buffer and 10% v/v MPD as precipitant. Its cryoprotectant is identical to the original but with
30% v/v MPD. By analyzing the data within the XDS program package we were able to obtain
the cell parameters; the crystal is part of space group C2 which is of monoclinic type with sides

all different from each other and angles alpha=gamma=90° and beta different from 90°.

Table 13. Initial cell parameters.

A(A) B(A) o (deg) B(deg) v(deg)

Cell parameters

36.82 72.72 27.03 90° 90.14° 90°

78




Chapter 3. Multitarget approaches applied to inhibitors and activators of human carbonic anhydrases.

Obtained these parameters we have used the programs of molecular replacement, Molrep and
Phaser, and taking as a basic model the PDB code 6H5R we have reached a model on which we
can start the refinements. Finally, we drew our B28 ligand andtried to place it between 2

(Figure 41).

quadruplex structures where a significant electronic density was present.

o > D% G/

Figure 41. electron density map of B28 between 2 tetrads.

The hardest challenge was to understand the orientation of the ligand and after 49 cycles of
refinement we came to the conclusion that it can be arranged in 2 different positions that we
put at occupational factor 0.5 to explain that it is 50% of the time in one position and 50% in

the other. The result of all our «calculations is the OMIT map, shown here.
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Figure 42. OMIT map of B28.

79



Chapter 3. Multitarget approaches applied to inhibitors and activators of human carbonic anhydrases.

The entire structure with its final data is shown below. It has been deposited in the PDB with

code 7PNL. (Figure 43)
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Figure 43. All structure with its final parameter.

Subsequently, binding data of our compounds to various types of quadruplexes arrived and as
shown above Ckit seems to be the one most stabilized by our compounds. For this reason, we
decided to test crystallizations with the best stabilizers of C-kit which are B25, B29, B35, and
B40. The compounds are divided equally, 2 benzensulfonamide scaffold and two coumarin
scaffold. To increase the number of chances of obtaining crystals of these adducts, we decided
to use a commercial screening MD1-68 Helix from Molecular Dimension and we deposited
them at 2 concentrations: 2ZmM and 1mM. Unfortunately, several weeks after deposition the
plate wells were either clear or loaded with precipitate, showing a substantial inability to reach
the supersaturation threshold to form the first nuclei. So, it was decided to try to use the
screening that had led to the achievement of the resolved structure: the screening of
Parkinson', also in this case we have laid the adducts at 2 concentrations. After a few weeks,
some wells showed the presence of crystals. This information is particularly recent; therefore,
we only have photos of the crystals, which have not yet been brought to the synchrotron. To
date, we can say that we have been able to obtain crystals from both Tel23 and C-kit; but for the

latter we do not yet have diffraction data.
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3.4. Multitarget approach applied to hCA activators as hybrids with cholinesterase inhibitors:

a new type of precognitive agents (Series C).

Dementia is mainly caused by Alzheimer's disease, which is a neurodegenerative disease; it is
estimated that around 40 million people worldwide suffer from it, most of them over 60 years
old, and as the world population grows and ages, the number of affected patients will increase.
In fact, this figure is expected to double every 20 years, at least until 2050. However, despite
decades of research, at present there are still no drugs that can offer a decisive cure or slow
down the progression of the disease.'®'® Dementia is characterized by a decline in memory,
language, problem-solving skills, and other cognitive abilities that affect a person's ability to
perform activities of daily living. It is a decline that occurs due to damage and destruction of

nerve cells (neurons) in parts of the brain involved in cognitive function.'*

The hippocampus is an essential area for the consolidation of short- and long-term memory
information. Destruction of the hippocampal formation makes it impossible to store new
memories. Thus, while the symptoms of Alzheimer's disease vary from individual to individual,
in the early phase the most common symptom is a progressive deterioration in the ability to
remember new information, often mistakenly associated with normal aging and only belatedly

recognized as an early symptom of the disease."”’

The following are the most common symptoms of Alzheimer's:

- Memory loss that disrupts daily life.

- Difficulty planning or solving problems.

- Difficulty completing familiar tasks at home, work or in leisure time.
- Confusion with time or place.

- Difficulty understanding visual imagery and spatial relationships.

- Problems with writing.

- Decreased or poor judgment.

- Changes in mood and personality, including apathy and depression.
- Increased anxiety, agitation, and sleep disturbances.

The pathophysiology is very complex however at the microscopic level there are some

phenomena that occur constantly, and they are:
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- Cortical amyloidogenesis, leading to extracellular deposits of toxic amyloid, mainly AB42, at
the level of the extracellular and cerebrovascular parenchyma.

- Intraneuronal accumulation of neurofibrillary tangles (NFTs), which result from
hyperphosphorylation of the tau protein.'*

This pathogenic accumulation of proteins seems to be the cause, or at least the main factor
leading to cognitive impairment and subsequently to neuronal dysfunction with death in
essential areas, such as hippocampus and amygdala.

Recently it has been suggested that it may be more functional loss than neuronal cell loss that
leads to cognitive impairment. The loss of synapses and dendritic spines itself correlates better
with cognitive impairment than the simple loss of neurons.'”’

Amyloid hypothesis

Senile plaques consist of insoluble deposits of amyloid B-peptide (AB), among other
components; its very pathogenic character has given rise to the "amyloid hypothesis" in which
the formation and deposition of small AB peptides is believed to form long insoluble amyloid
fibrils, which accumulate in senile plaques in critical regions of the brain, leading to the onset
and progression of the disease.'””"*

According to the amyloid cascade theory, brain accumulation of AP peptide, resulting from the
imbalance between the production and clearance of this protein, is the main event causing the
disease. The A peptide, which has 36 to 43 amino acids, is derived from enzymatic proteolysis
of the amyloid precursor protein (APP, consisting of 770 AA), a protein that plays an important
role in brain homeostasis. The APP gene is located on chromosome 21, which explains the
higher incidence of early-onset AD in individuals with trisomy 21 (Down syndrome). APP
processing is divided into two pathways, one mediated by the nonamyloidogenic a-secretase and
a mediated by amyloidogenic B- and y-secretase.'”

Cleavage of APP by a-secretase produces a soluble molecule, sAPPa, which has a likely
neuroprotective function, playing an important role in neuronal plasticity and survival and
protection against excitotoxicity.195

Peptide AP is produced by cleavage of APP by a [B-secretase (mainly the enzyme BACEL),

provides a soluble fragment of APP (sAPPf, a mediator related to neuronal death) and a

carboxy-terminal complex attached to the cell membrane. The latter is cleaved by a y-secretase
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complex composed of 4 proteins: presenilin 1 or 2, nicastrin, APH-1, and PEN-2 (presenilin
enhancer-2), to give rise to Peptide AP.

AP peptides ranging in size from 38 to 43 amino acids are generated with predominance in the
40 amino acid form (AB 40), followed by 42 (AB 42) which accounts for 5-10%, and is
considered more aggregating than AB40. AB42 thus represents the basis for the formation of
larger oligomers and fibrils and ultimately for macroscopic amyloid plaques.'****?

Under physiological conditions, amyloidogenic and nonamyloidogenic pathways coexist in
equilibrium, the latter preferentially favoured. High levels of AP can lead to the formation of
aggregates (dimers, trimers, tetramers), either as cerebral amyloid angiopathy as in the case of
AB1-42 that accumulates in brain vessels; or as senile plaques (SP) in the case of AB1-40, which
will be deposited later in the disease process. **""

AD is also characterized by the presence of NFTs, which are tangles resulting from
hyperphosphorylation of the microtubule-associated protein T. NFTs are helically coiled protein
filament fragments in the cell cytoplasm of neurons. The T protein has a binding domain for
microtubules and co-assembles with tubulin to form mature and stable microtubules;
interconnected bridges are formed between contiguous microtubules for greater stability. When
the T protein comes into contact with released kinases, due to the abundance of the A peptide
in the environment, hyperphosphorylation occurs, leading to its oligomerization. The tubule
becomes unstable, due to dissociation of the tubular subunits, which flake off, and go on to
form large pieces of T filaments, which further aggregate into NFTs, fibrillar and highly
insoluble, capable of leading initially to a loss of normal communication between neurons and
eventually to apoptosis. Despite the presence of neurofibrillary foci in AD, no cases of AD
secondary to mutations in the tau gene on chromosome 174 have been reported, although
frontotemporal dementia with parkinsonism has been found in some families with that
mutation.'”®

Cholinergic hypothesis

In addition to the amyloid theory, the other 2 theories to explain the onset of dementia and
Alzheimer's are the dopaminergic theory, which we will not discuss in this thesis, and the
cholinergic theory, which will be explained in this chapter.

In AD, there is a functional impairment of cholinergic neurons in the basal forebrain related to

structural lesions in the same areas or regions that project to or from those areas. The
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consequences are low levels of acetylcholine (ACh) and a loss of cholinergic transmission,
resulting in learning and memory dysfunction. These related events have led to the so-called
"cholinergic hypothesis," which is firmly supported by the fact that almost all drugs approved for
the treatment of AD exploit as a target the acetylcholinesterase (AChE) that catalyzes the
hydrolysis of ACh into acetate and choline."”

It appears that AChE is also implicated in the pathogenesis of AD through an influence on A
deposition; acting as a molecular chaperone, it accelerates the formation and increases the
neurotoxicity of amyloid fibrils and stable complexes.

[t has also been shown that APP processing is regulated by the cholinergic system, which in turn
can be modulated by AB. This modulation appears to be age-dependent, as older neurons
appear to be more sensitive to Af-mediated inhibition. However, the degenerative cholinergic
loss is unknown whether it is primary or secondary to amyloid plaque pathology. The influence
of neuroreceptors in AD has been intensively studied. Both muscarinic and nicotinic receptors
are altered in patients with AD, and the early stages of the disease show a clear decrease in ACh
and nicotinic receptor levels.

APP processing may also be affected by other factors, endogenous and exogenous, such as
serotonin, glutamate, estrogen, testosterone, bradykinin, insulin, calmodulin, growth factors,
copper, statins, and some plant extracts.'”’

Acetylcholinesterase (AChE) is the enzyme responsible for the degradation of ACh in the
synaptic cleft of the neuromuscular junction, central nervous system (CNS) cholinergic
synapses, and autonomic ganglia. The main biological role of acetylcholinesterase (AChE) is the
disruption of impulse transmission at cholinergic synapses by rapid hydrolysis of the
neurotransmitter acetylcholine (ACh).**

Consistent with this requirement, AChE possesses a remarkably high specific activity,
operating at a rate approaching that of a diffusion-controlled reaction; it is one of the most
efficient enzymes known. AChE is first acetylated by ACh, with concomitant release of choline.
Then, a water molecule regenerates the free enzyme, with release of acetic acid. Because of its
prominent role in the nervous system, AChE is the target of a variety of potent natural and
synthetic compounds, ranging from synthetic organophosphorus nerve agents (OPs) and
insecticides whose potent acute toxicity is primarily due to the fact that they are irreversible

inhibitors, to the first generation of anti-Alzheimer's drugs.®*"'
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CA in CNS

CA 1I is expressed in the choroid plexus, oligodendrocytes, myelinated tracts, astrocytes and
myelin sheaths in the vertebrates’ brain.””*** CA III was shown to be present in the rat and
human choroid plexus.*”* The membrane-associated CA IV has been identified on the luminal
surface of cerebral capillaries, and associated with the blood-brain barrier, being also
concentrated in layers III and VI in the cortex, hippocampus and thalamus [174,175].
Immunocytochemical studies demonstrated that astrocytes and in neurons express the
mitochondrial CA VA.****® The expression of CA VII and VIII are almost superimposable and
are quite high in the cortex, hippocampus and thalamus. *** Of note, CA VII is predominantly
expressed in the brain and thus it is considered a brain-associated CA isoform being almost
absent in most other tissues. *** CA X is expressed in the myelin sheath, while CA XI is present
in the neural cell body and astrocytes of few regions of the brain [170]. CA IX is overexpressed
in many neurologic cancers such as glioma, ependymoma, hemangioblastoma, meningioma and
choroid plexus tumors. * Likewise, brain tumors express CA XII *****) which is however also
present in normal tissues and in the choroid plexus.*”> CA XIV is expressed in nuclei and nerve
tracts associated with pontine, medullary and hippocampal functions. *®

The cerebrospinal fluid (CSF) is produced by the epithelial cells of the choroid plexus by a
process implicating the transport of Na“, Cl and HCO5 from blood to the brain ventricles.*®*
As a result of the formed osmotic gradient water is secreted into the CSF. Several transporters
of HCO3- have a role in this process (anion exchangers (AEs) 1-3, CI/HCOs5 exchangers,
Na’/HCOs cotransporters). A rather high amount of at least CA II, CA III and CA XII is
present in the choroid plexus cells.”®*

The peripheral nervous system was also shown to possess a CA activity, whose distribution was
assessed histochemically in rat cross-sections of peripheral nerves.”” This survey indicated that
high CA activity is found predominantly in large-calibre proprioceptive afferents showing that
CAs have important roles are functionally related subpopulations of nerve fibers.”” It has not
been proven yet which CA isoforms are present in the peripheral nervous system.

Therapeutic use of CAA

In the introductory chapter the activators of carbonic anhydrase have already been explained as
well as their mechanism of action. In order not to repeat ourselves we will talk about one of the

possible therapeutic applications that they have. An interesting field of application for CAA is
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related to the treatment of cognitive deficits, including dementia, including Alzheimer's disease.
This application would result from the pharmacological enhancement of synaptic efficiency,
spatial learning and memory; effects that from current experimental evidence seem to be
achievable precisely by means of CAA.

CA1 pyramidal cells, present at the hippocampal level, on which spatial memory is based,

receive three main inputs:

1. GABA-ergic interneurons
2. CA3 pyramidal cells (glutamatergic fibers)
3. Cholinergic neurons originating from the medial septum.

Activation of the same cholinergic neurons associated with that of GABA-ergic interneurons
transforms the GABA-mediated inhibition of CA1 pyramidal neurons in the hippocampus into
a depolarizing response, and this has been shown to be particularly so in the presence of CAA.
This is due to the fact that the activation of CA determines an increase in intracellular levels of
bicarbonate and consequently an increase in the efflux of the same, through the receptors
channel of GABA, causing a sort of sympathetic switch. If in fact normally the effect of
inhibition mediated by GABA is due to an increase in the conductance to Cl- through the
receptor channel itself, with the increase in the intracellular concentration of bicarbonate, it
follows an efflux, thus determining a depolarizing effect and no longer hyperpolarizing.?****®
This excitatory response appears to persist for several hours resulting in sensitivity to CA or
GABA receptor inhibition alone. If before synaptic transformation following CA activation,
glutamatergic and cholinergic excitatory signals are as if filtered out by GABA-mediated
inhibition, after synaptic switch there is instead a major amplification of the depolarizing signal;
even small glutamatergic inputs that by themselves would be too weak to general an excitatory
signal are amplified under such conditions to the point of resulting in an EPSP signal. **'

CA activators facilitate the synaptic switch between excitatory/inhibitory effects mediated by
the GABA receptor, therefore GABA-mediated responses on CA1 pyramidal neurons become
excitatory, allowing signal enhancement, across the neuronal network involved in memory
processes, in particular a subset of pyramidal neurons are activated, which appear to enhance
associative memories. It has been observed through in vivo experiments (on rats) a significant

increase in learning abilities following the administration of CAA; in particular it has been
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shown the improved ability of these rats to learn tasks within an aquatic maze and remember
the structure of the path itself. >

Carbonic anhydrase given its fundamental role in encoding and storing information possesses
some signaling pathways that control its activity. Activation of ryanodine (RY) receptors in CA1
pyramidal cells, which is responsible for increased intracellular Ca®" release, also appears to be
involved in synaptic switching, mediated by GABA. In fact, the effect of increased intracellular
Ca’" concentration would seem to have an indirect effect on CA; in fact, some studies have
shown that Ca*" potentiates the activation of purified CA or gastric mucosal CA enzymes.
Experimentally it has been observed, more recently, that the administration of CAA (D-Phe) is
also able to activate the extracellular kinase-regulated signaling cascade (ERK), which is involved
in memory formation processes, both at the cortical and hippocampal levels, two brain areas
crucial in memory processes. This effect is in turn antagonized by the simultaneous
administration of a sulfonamide-type inhibitor (e.g., acetazolamide), but not by the
administration of a CAI not able to pass the blood-brain barrier. The ERK pathway is a central
cellular signaling pathway that links the numerous extracellular signals to membrane receptors,
cascading down to transcription factors, ultimately controlling gene regulation; thus,
representing a key step in both learning new stimuli and consolidating and persisting various
types of long-term memory. However, the CA isoforms involved as well as the mechanism by
which CA modulation induces an increase in ERK phosphorylation are still unknown. Some
degree of fear memory impairment could also be observed in rats, which could also lead to a
possible therapeutic application for the treatment of post traumatic stress disorder (PTSD) and
various forms of phobia.'*'%

Drug design

AD, which we have explained to be the first factor leading to dementia in humans, is an
extremely complex disease. An innumerable series of factors are implicated in it, in fact, to date,
an effective therapy has not yet been found either to prevent it or to significantly reduce the
symptoms. Our strategy is to create a dual drug that can act on multiple fronts; an idea that is
becoming increasingly popular in modern pharmaceutical chemistry. Especially with diseases
like this one that involve a wide variety of factors and often occur in older patients already

using substantial amounts of medication. In support of this theory there is an article from
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August 2019;'* which shows all the possible combinations of targets on which to go to act in

the symptomatology of Alzehimer's disease.
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Figure 44. Possible multitarget approach for AD.

Also, in our project is used the multi target approach but acting on two different targets from
those proposed. The first is the acetylcholinesterase, useful to fill the cholinergic deficit present
in various forms of dementia. To inhibit this type of enzyme we have chosen as pharmacological
lead the tacrinic scaffold. Tacrine is the first drug approved in the therapy of AD in 1993, later
removed from the market due to its hepatotoxicity. However, it has been shown in several
articles that functionalization at various positions of the scaffold reduces this toxicity.”” The
second portion is a new idea between the other proposed. We decided to interact with the
Carbonic Anhydrases, because the activators improve memory process and prevent cognitions
deficit. To interact with these seconds enzymes, we include in the scaffold various AA as Phe,
Trp, Lys, His and one biogenic amine as Histamine; all demonstrated compounds activator of
CA. To connect both moiety we use two kinds of linker; the amide one exploiting the carboxyl
group af AA and the amine bridge, more valid to maintain the acid-base properties useful in

CA activation.

amides
C3—6 amines
H
N—(spacer H linker
che NN ’ Ador
inhibitors iogenic amines

Figure 45. Drug design of all hybrids.

88



Chapter 3. Multitarget approaches applied to inhibitors and activators of human carbonic anhydrases.

Synthesis
First series

Series 1 compounds were obtained by coupling reaction between aminoalkyl tacrines C3-C5
and protected L-amino acids on amine function C6-C9. The intermediate 9-chloro-1,2,3,4-
tetrahydroacridine C2 was synthesized by condensation between anthranilic acid C1 and
cyclohexanone, in the presence of POCI3 at 115°C (Scheme 13) and subsequently treated with
the appropriate l-w-diaminoalkane (1-3 diaminepropane, 1-4diaminebutane and 1.5
diaminepentane) in a sealed tube at 180°C in the presence of KI using phenol as solvent to give

the aminoalkyl tacrines C3-C5.

n=3,4,5 n
o) Q Cl . HNHNHZ
@ H N/(/\)\NH
OH = 2 2 X
—_— B ——
POCL z KI, phenol, 180° =
; N , phenol,
NHZ 115° sealed tube N
C1 C2 C3-C5

Scheme 13. Synthesis of amminotacrines C3-C5.

The L-amino acids D-G were protected with Boc on the amine function by reaction with di-tert-
butyl dicarbonate in basic medium to give intermediates C6-C9 (Scheme 14); specifically, TEA
in methanol was used for the synthesis of the N-protected derivatives of L-Tryptophan and L-
Histidine, while K2CO3 in 1,4-dioxane was used for the protected derivative of the amino acid
L-Lysine bearing an N-&-Cbz (carbobenzyloxy) protection. The amino acid bearing a different
protection (Cbz) on the distal amine function than the carboxyl was chosen to assess any
change in affinity to the target of the protected molecular hybrid. The amino acid L-Histidine
was treated with twice as many reagent equivalents in order to obtain double protection,
including on the NH of the imidazole core. For N-Boc-L-phenylalanine the commercial

derivative was used.
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Scheme 14. Synthesis of protected L-AA C6-C9.

The amide coupling reactions between amines C3-C5 and carboxylic acids C6-C9 to obtain
amides C10-C22 were carried out using PyBOP as coupling agent in the presence of DIPEA and
anhydrous DMF as solvent at room temperature for 24-48h (Scheme 15). Unexpectedly, an N-
deprotection occurred totally in the reaction between intermediates C4 and C6, and partially
between intermediates C5 and C6, losing the Boc group on the N-imidazole (derivatives C11
and C13). Hybrid derivatives C10-C22 were purified by chromatographic column using
increasing gradients of MeOH in DCM as eluent.

The N-Boc C10-C22 hybrids were subjected to a deprotection reaction using HCI 5M in MeOH
to give the free chlorinated amines C23-C31. Unfortunately, this reaction applied to the C10-
C13 molecules damaged the structural integrity preventing the corresponding deprotected

derivatives from being obtained.
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Scheme 15. Synthesis of protected hybrids C10-C22 and unprotected hybrids C23-C31.
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Second series

Series 2 compounds were obtained by nucleophilic substitution reaction between bromoalkyl
tacrins C34 and C36 and L-amino acids protected on carboxyl function C37-C40. Tacrine or 9-
amino-1,2,3,4-tetrahydroacridine C33 was obtained by condensation of 2-aminobenzonitrile
C32 with cyclohexanone in the presence of AICl; at a temperature of 110°C for 24 hours. The
nucleophilic substitution reactions of C33 with the appropriate l-w-bromoalkanes were
approached by different synthetic procedures. The use of KOH as a base and acetonitrile as a
solvent gave poor or no product yields. In contrast, the use of NaH as a base and anhydrous
DMF as a solvent produced derivative C34 in good yields. Therefore, the realization of the
bromoalkyl derivative C36 with 6 carbon atoms in the spacer was chosen. It was synthesized
using a different method than the 5-carbon-atom analog C34. Intermediate C2 was treated 6-
aminohexanol, in the presence of phenol and KI, at 180°C for 3h to obtain intermediate C35.
Through an Appel reaction, alcohol C35 was converted to the bromine derivative C36 using

CBr4 and PPh3 in anhydrous DCM (Scheme 16).
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Scheme 16. Synthesis of bromotacrines C34 and C36.

The L-amino acids D-G were protected on the carboxyl function by methyl esterification using SOCI2 in
anhydrous methanol to give the C37-C40 esters (Scheme 17). Again, the amino acid L-lysine bearing a
Cbz protection on the amine function distal to the carboxyl was chosen. For compounds C37 and C40,

the commercial derivative was used.

91



Chapter 3. Multitarget approaches applied to inhibitors and activators of human carbonic anhydrases.

R R/Y\NH \

R
50Cl, N=/ N4
OH ——m8M8M > O
H,N H,N ™~ C37 C39
CH;0H
0°C to rt o H
DG C37-C40 \n/
C40 0
C38

Scheme 17. Synthesis of esterified AA C37-C40.

The amines C37-C40 were then treated with the bromine derivatives C34 and C36 under SN
conditions using different reaction conditions, which, however, resulted in poor yields. The use
of 18-Crown-6, K2ZCO3 in anhydrous acetonitrile or K2ZCO3, Nal in anhydrous acetonitrile
gave poor reaction yields. In contrast, it was possible to obtain the C41-C48 amine linker
hybrids in excellent yields using K2ZCO3 and KI in anhydrous DMF. The C41-C48 hybrid
derivatives were purified by chromatographic column using increasing gradients of MeOH in
DCM as eluent. Alkaline hydrolysis of the ester functions of derivatives C41-C48 were
attempted by two methods: 1) LiOH in a mixture of MeOH and THF at -20°C and 2) NaOH in
MeOH. For the time being, the hydrolysis product was obtained only for derivative C42 to give
C49, whereas, for the other molecules the reactions were either unsuccessful or have not yet

been attempted (Scheme 18).
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Scheme 18. Synthesis of hybrids derivatives C41-C49.

92



Chapter 3. Multitarget approaches applied to inhibitors and activators of human carbonic anhydrases.

Molecular hybrid C50 was obtained from intermediate C36 and histamine H by adopting
similar SN conditions and salifying the product to hydrochloride with 1.25M HCI in MeOH
(Scheme 19).

NH
L)
N
HN /H6\ Br H NH HN ’HB N
) H
X H)N N N
= =
N K,CO; KI N
DMEF, rt
C36 C50

Scheme 19. Synthesis of hybrid derivative C50.

Biological assay and results

All final compounds were assayed in vitro by me using Stopped-Flow technique for their ability
to activate a panel of CA present in brain. In details, I tested all compound against CA I, 11, IV,

Vb and VII. The found activation profiles are shown in Table 14 as activation constants (Ka).

Table 14. Activation profile of derivatives C10-C31, C41-C50, and tacrine C32 toward hCAs I, 11, IV, VB, and
VIL

Cmpd Ka (lM)*
CAl CAIl CA IV CA VB CA VII
C10 NA 15.9 NA NA NA
Cl11 0.93 0.80 0.51 0.90 0.90
C12 NA 11.0 NA 9.05 NA
C13 1.01 0.97 0.69 0.93 091
C14 NA NA NA NA NA
Cl15 NA NA NA NA NA
Cle NA NA NA NA NA
C17 1.92 5.18 5.44 > 50 4.88
C18 2.62 7.65 2.14 8.64 5.21
C19 1.01 2.94 1.41 7.15 2.89
C20 NA NA NA NA NA
C21 NA NA NA NA NA
C22 NA NA NA NA NA
C23 0.89 0.82 0.36 0.97 4.28
C24 0.43 0.80 0.25 4.79 1.00
C25 0.98 0.96 0.20 5.32 0.89
C26 1.00 0.93 0.082 1.96 0.91
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C27 0.54 0.062 0.080 0.70 0.90
C28 1.03 0.070 0.036 0.93 0.47
C29 0.99 1.20 0.082 4.95 0.91
C30 0.97 0.89 0.063 0.70 0.90
C31 0.73 0.99 0.064 0.96 0.90
C41 0.011 0.075 0.012 243 0.010
C42 0.026 0.105 0.009 0.49 0.012
C43 0.73 0.69 >50 5.20 0.89
C44 0.99 0.67 0.26 5.17 0.90
C45 0.005 0.24 0.033 0.47 0.049
C46 0.036 0.13 0.008 5.12 0.027
C47 7.12 6.04 4.75 9.38 8.95
C48 5.21 4.79 5.04 8.61 6.26
C49 0.007 0.089 0.45 0.92 0.096
C50 0.036 0.073 0.37 0.50 0.072
Tacrine NA NA NA NA NA

a. Average of 3 experiments via a Stopped Flow technique (errors in the range 5-10 %). NA= activation

not detected in the concentration range 1 nM - 10 mM.

Considering that tacrine C32 showed no activatory action toward the tested isoforms, the

following structure-activity relationships can be extrapolated.

Hybrid derivatives can be clearly distinguished between compounds with activating CA
character and inactive compounds. In particular, compounds bearing the amino group of the
protected aa (Boc) and having no other function capable of promoting activatory action, i.e.,
C10, C12, C14-C16, C20-C22 (series 1) are inactive. However, the histidine twice protected
derivatives C10 and C12 show weak activatory action toward hCA II and VB isoforms (Ka 9.05-
15.9 uM) because the protected imidazole ring retains an acid-base character. Removal of
imidazole N protection as in C11 and C13 (series 1) strongly promotes activatory action toward
all isoforms tested up to a submicromolar range (Ka 0.51-1.01 pM). N-Boc derivatives with L-
tryptophan as amino acid C17-C19 (series 1) show activatory action in the low micromolar
range toward all isoforms tested. Removal of protection on the a-NH2 group for derivatives
C14-C22 of series 1 significantly increases the activating power of compounds C23-C31
compared with N-Boc analogs. Overall, Ka can be observed in the submicromolar towards hCA
I, II, IV, and VII for most derivatives except L-phenylalanine derivative C23 which activates
hCA VII with a Ks of 4.28 uM. The hCA VB isoform appears to be the least activated by
derivatives C14-C22 with Kas that settle in the low micromolar and partly in the high

submicromolar range (Ka 0.70-5.32 uM). In particular, in this subgroup show marked activatory
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hCA 1I action the L-tryptophan derivatives C27 (n=4) and C28 (n=5) with Ka of 62 and 70 nM,
respectively. Remarkable hCA IV activatory action, on the other hand, was found for L-
tryptophan derivatives C26-C28 (K4 36-85 nM) and N-terminal-Cbz-L-lysine C29-C31 (Ka 63-82
nM) in this subgroup of series 1. Overall, series 2 derivatives show a more pronounced CA
activating action than series 1 compounds. Thus, it is possible to state that an amine-type linker
between the two pharmacophoric portions promotes the proton transfer action required for
enzyme activation. In detail, the derivatives of L-histidine C41 and C42 and L-tryptophan C45
and C46 turn out to be the most potent CAAs identified in this thesis work, together with the
hydrolyzed derivative C49. Specifically, they activate the hCA VB isoform with medium potency
(Ka 0.47-2.43 uM) and the hCA 1II isoform in the mid nanomolar range with K of 75-240 nM.
On the other hand, these derivatives activate the other isoforms with great efficacy so much so
that single digit nanomolar K4 in the range 5-36 nM vs hCA I, 845 nM vs hCA 1V, and 1096
nM vs hCA VII are achieved. Among them, derivatives 41 and 42 appear to be the most potent
CAAs found here. Hydrolysis of the ester group of C42 to carboxylic acid increases the CAA
action of C49 toward the hCA I (26 to 7 nM) and II (105 to 89 nM) isoforms but reduces it
toward hCA IV (9 to 45 nM), VB (490 to 920 nM), and VII (12 to 96 nM). Series 2 scaffold
derivatives L-phenylalanine C43 and C44 and N-&CbzLlysine C47 and C48 exhibit less
activatory action than the corresponding L-histidine and L-tryptophan derivatives mentioned
above. In detail, derivatives C47 and C48 show activatory action in the low micromolar range
toward all isoforms tested (Ka 4.75-9.38 uM), whereas C43 and C44 result in CAA action with
Ka in the high nanomolar range toward hCA I, II, IV, and VII (Kx 0.26-0.99 uM). The
histamine derivative C50 exhibits potent CAA action in the low nanomolar range toward hCA
I, II, and VII (Ka 36-72 nM), and worse toward CA IV, and VB. Overall, C50 is less potent than
histidine analogs C42 and C49.

Overall, it is therefore possible to outline the following SARs:

- An amine linker between the two pharmacophores significantly increases the CAA
action of the reported hybrid derivatives compared to an amide linker.
- The presence of free basic functions increases the CAA action of derivatives importantly

compared to compounds with protected basic functions.
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- Variations in spacer length between 3, 4, and 5 (series 1) or 5 and 6 (series 2) carbon

atoms does not produce significant changes in the CAA action of the hybrid derivatives.
Inhibition data against cholinesterases

All final compounds were assayed in vitro by Professor Oscar Lopez from the department of
chemistry of the University of Seville for their ability to inhibit both cholinesterase,

AcetilCholinesterase and ButirrilCholinesterase (table 15).

Table 15. Inhibition profile of derivatives C10-C31, C41-C50, and tacrine C32 toward AchE and BuChE. Three

different inhibition types. M=Mixed. NC=Non-competitive. C=Competitive.

AchE BuchE
Cmpds AChEKi (nM) BuChEKi (nM)
Inh. Inh.
Cl10 | Kia=314+46 Kib=687+208| M Kia=9.5+ 1.8 Kib =48 + 3 M
Cl11 Kia=574+122 Kib=280+ M Kia=15+1 Kib =61+ 6 M
C12 Kia = 345 + 15 Kib = 607 = M Kia=2.2+0.1 Kib=6.7 £ 7.7 M
C13 Kia=134+6 Kib =79 + M Kia=12+04 Kib=63+15 M
Cl4 Kia = Kib = 777 + 86 NC Kia=1.6+0.1Kib=52+0.3 M
C15 Kia=419+82  Kib=1342 M | Kia=24+09 Kib=4.8 £ 0.8 M
Cl16 Kia =497 + 15 Kib = 1320 M | Kia=11+0.1 Kib=4.1+14 M
C17 Kia = Kib = 608 + 129 NC Kia = Kib = 608 + 129 C
C18 Kia =274 + 51 Kib =316 M Kia =274 + 51 Kib = 316 + 64 M
C19 Kia =107 £ 5 Kib = 284 + M Kia =107 £ 5 Kib = 284 + 40 M
C20 Kia =744+ 79 C Kia = 1.8 £ 0.3 Kib=82+22 M
C21 Kia = 1160 + 225 Kib=4720 M Kia=1.1+0.1 Kib=7.1+28 M
C22 Kia=782+38  Kib=3947 + M Kia=8.4+2.2 Kib =28 + 8 M
C23 Kia = Kib = 664 + 30 NC | Kia=9.1+1.0 Kib=23+1 M
C24 Kia = 306 = 1 Kib=951+96 | M Kia=21+2 Kib=76+1 M
C25 Kia=235+1 Kib =619 £ 3 M Kia=15+2 Kib=59+1 M
C26 Kia=318+32  Kib=1417 + M Kia=Kib=17+4 NC
C27 Kia = Kib =137+ 9 NC | Kia=31+6 Kib =21 + M
C28 Kia =86 +1 Kib=224+3 M | Kia=18+2 Kib=33=+1 M
C29 Kia = 444 + 37 Kib =575 + M | Kia=77+0.2 Kib =24+ 4 M
C30 Kia =825+ 75 Kib =933 M Kia=26+3 Kib =48 + 4 M
C31 Kia = 298 + 35 Kib = 583 M Kia=8.5+1.6 Kib=19+1 M
C41 Kia = Kib = 223 + 36 NC Kia =Kib=74+3 NC
C42 Kia=49 + 13 Kib=92 + M Kia =6.0 + 1.0 Kib=19.0+5.5 M
C43 Kia = Kib = 370 + 64 NC | Kia=24+6 Kib =503 M
C44 Kia =46 +4 Kib = 152 + 39 M Kia=1.9+0.2 Kib=2.6 £0.2 M
C45 Kia=43+2 Kib =150+ 19 M Kia=95+1.0 Kib=24+3 M
C46 Kia=Kib=52+1 NC Kia=Kib=22+2 NC
C47 Kia =46 +3 C Kia=1.7 £ 0.6 Kib=3.5+0.9 M
C48 Kia=29+6 Kib=68+4 | M Kia=1.7 0.1 Kib=4.0£0.5 M
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C49 Kia = 1670 + 284 Kib = 3615 + M Kia =609 + 121 C
C50 Kia=11+2 Kib=27+5 M Kia=Kib=11%2 NC
Tacrine Ki=229 / Ki=17.2 /

The Professor Lopez and his research group identified three types of inhibition against
Cholinesterases: competitive, where the ligand interacts with the free enzyme; mixed, where the
ligand binds to both the free enzyme and the enzyme occupied by its natural substrate; and non-
competitive, where the ligand inhibits the free enzyme and the occupied enzyme equally. In
order to outline in the best way, the inhibitor profiles of the synthesized hybrids, it is necessary
to divide them in the two series with which they have been synthesized. It is necessary to do this
because, as for carbonic anhydrases, also in this case the two series show clear differences, while
within the respective series the compounds follow a range of values rather similar. The first
series, the amides, show an inhibitory capacity against Acetylcholinesterase in the high nano
molar range about 2 units of magnitude worse than lead tacrine. Despite this difference with
lead, there are some interesting considerations to make. In fact, the inhibition of these
compounds is still significant as they are in the submicromolar range; but above all we can
observe that the compounds C12, C13, C16, C19, C22, C25, C28 and C31, sharing the 5
carbons atom spacer are those that work better than their counterparts with 3 and 4 carbon
atoms. This can be explained by the fact that the active site where the tacrinic portion acts is
well known and well defined; this leads to deduce that to go to interact with the other active
site of AchE is necessary at least a spacer of 5 carbon atoms. Summarizing the best hybrids are
compounds C13, C19 and C28 with values around 100 nM (87nM-134nM). The data on
butyrylcholinesterase are certainly more intriguing. The amide series reaches the mid-low
nanomolar range with almost all its derivatives. In many cases it reaches the value of tacrine or
even exceeds it. The exception to this remarkable inhibitory potency is represented by the C17-
C19 derivatives that present the AA Trp, with values well above those of the other amides
(107nM-608nM). All other His, Lys and Phe reach with some compounds the very low
nanomolar like for example C13 (1.2nM), C16 (1.1nM) and C21 (1.1nM). A peculiarity to
underline is that the deprotected compounds C23-C31 act an order of magnitude worse than
their counterparts protected with Boc on amine. Turning to the description of the inhibitory

profiles of the second series, the amines, to remain consistent with the last aspect observed, we
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note that the only deprotected compound, namely the His derivative C49, is clearly the worst of
the series even comparing it with its protected counterpart C42. This leads to a consideration:
the deprotection that so favoured the activity against carbonic anhydrases, seems to dramatically
disfavour the inhibition of cholinesterases. However, the data on the two enzymes agree that
the amine series is the most effective. In fact, excluding the compound mentioned earlier, these
hybrids inhibit acetylcholinesterase in a very similar manner to the tacrine compound C32.
Even the C50 derivative presenting the biogenic amine histamine achieves a better Ki than it
(I11nM). The higher affinity for butyrylcholinesterase is also confirmed in this series. In fact,
almost all the derivatives can interact with it more effectively than tacrine. the other aspect that
we evaluated for the first series was the length of the spacer. in this case, since the derivatives
have spacers with 5 or 6 carbon atoms, there is no significant difference; confirming that 5 or
more carbon atoms are suitable lengths to interact with this type of enzymes. the best example is
represented by Trp derivatives C45 and C46 that have almost identical Ki (C45=43nM,
C46=52nM).

In vivo test

Professor Blandina and doctor Provensi for the University of Florence have performed in vivo
test. We selected three compounds C25, C28 and C42 to evaluate their procogntive effect in
mice. The choice fell on these 3 compounds because they summarize the general characteristics
of all compounds. C25 and C28 are amides, while C42 is an amine. spacers are at 5 carbon
atoms as in the case of C25 and C28 or at 6 as in the case of C42; the 2 lengths that interacted
better with cholinesterases as we had evaluated in previous tests. Also, presented as activators of
carbonic anhydrases 3 different amino acids. C25 has a phenylalanine, C28 a tryptophan and

C42 a histidine, so we could evaluate which AA has a better effect in vivo.

The test is called social recognition test and it consist in three phases. It is necessary to explain

all the phases to better understand the rationale behind this type of experiment.
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Figure 46. Three phases of social recognition test.

Phase 1: the mouse, on which the mnemonic abilities will be assessed, is placed inside a plastic
box that contains 2 empty and transparent cylinders. The mouse will spend 10 minutes inside
the box to familiarize itself with the environment of the experiment. This phase is called the

habituation phase.

Phase 2: after 24 hours a second animal of the same species as the first is randomly inserted
into one of the 2 cylinders. This phase, called acquisition, lasts 10 minutes. Here the time the
animal spends getting to know the cylinder containing the second mouse is measured,
compared to the time it spends looking at the empty cylinder. Given the remarkable sociability
of this species, it is expected that the first mouse will spend most of its time becoming familiar

with the second mouse.

Phase 3: after phase 2 the first mouse is injected intra cerebrovascularly with the drug that is
supposed to be procognitive. After 48 hours from the acquisition phase, the first mouse is
placed in the environment of the experiment where, in this case, it will find both cylinders full.
In one cylinder there is the mouse it met in phase 2, while in the other cylinder there is a
mouse of the same species but not previously known. In this phase, called retention phase, it is
evaluated in 10 minutes how much time it takes to know the new mouse compared to the one
already known. The premise of this type of test is that mice are a very sociable species (as shown
in phase 2) and therefore it is assumed that the first mouse prefers to interact with the third
and unknown mouse rather than the second. By spending 48 hours between phase 2 and phase
3 it is assumed that the mouse may forget who it interacted with previously; if the procognitive

drug takes effect it will be seen that the mouse that received this type of drug will spend more
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time with the new mouse while those that received nothing or received a drug that has no

procognitive effect will spend roughly the same amount of time with both mice.

The first experiment was conducted comparing compound C28 and with a known carbonic

anhydrase activator, D-Phenylalanine, and lead C32 tacrine.
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Figure 47. the compounds compared in all experiments.
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Figure 48. C28, D-Phe and tacrine were administered at the same concentration of 25mM. The graph on the left
shows the time that the mouse spends with both cylinders in the retention phase. The graph on the right is the

mathematic representation of the graph on the left.

This first experiment compares C28 with tacrine, D-Phe and both co-administered. It is clear
that our hybrid and the co-administration act at this concentration, while the single portion of
molecule doesn’t work. To better understand the graph on the left is important to explain that
the two columns represent the two cylinders of the experiment; the white one is the column

with the mouse that was inserted in phase 2. The other column represents the cylinder with the
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third unknown mouse. For example, about the compound C28 we can say that the first mouse

spent 6 minutes to know the new one and only 4 minutes with the already known mouse.
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Figure 49. C28, C25, C42, D-Phe and tacrine were administered at the same concentration of 5mM.

In the second experiment, we decided to administer the drugs at lower concentration than

before, 5mM. The results were really interesting because it is evident that the compound C28

was still effective, while the co-administration loss is efficacy. This finding explains that the co-

administration of two molecules on the same pharmacophore is more potent than the two lead

co-administered simultaneously and it confirms that the multitarget approach is a great strategy.

In the wake of these results, we tested a 5mM also the compound C25 and C42. Again, both

derivatives work at this concentration.
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Figure 50. C42 was administered at three concentration 5mM, 0.5mM and 0.1mM.

The last experiment wants to evaluate up to what concentration these compounds can be
effective. So, C42 was administered at three different concentrations of 5mM, 0.5mM and

0.1mM. It has been shown to be effective down to the low concentration of 0.5mM, but not at

0.ImM.
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CHAPTER 4. KINETIC CHARACTERIZATION OF THE FIRST 1-CLASS CA FROM THE GRAM-

NEGATIVE BACTERIUM BURKHOLDERIA TERRITORIL

During my Ph.D. period I performed a multitude of kinetic studies with inhibitors and
activators of several isoforms of CA belonging to the most classes. The kinetic assessments were
conducted by a Stopped Flow Assay.'® These studies allowed to draw up the inhibition or
activation profiles of hundreds of derivatives from collaborators of us. Moreover, I performed
the exnovo complete kinetic characterization of the new CA classes t identified in marine
diatom Thalassosira Pseudonana and observed for the first time in a Gram-negative bacterium
Burkholderia territorii and denominated BteCAi. These CA was produced by Dr. Clemente

Capasso from the Institute of Biosciences and Bioresources, CNR of Naples.
4.1 Anions

I've performed the inhibition against the most common anions, simple and complex. The most
common sulfonamide, simple and commercial. and I've performed the activation activity on the

most common CA activators.

Table 16. Anion inhibition data of BteCA as determined by a stopped-flow CO2 hydrase assay. Inhibition of the

human isoforms hCA 1 and II, and the bacterial E. Coli B-CA are also shown for comparison.

Anions Ki(mM)
hCAT |hCAIl| E. Coli B-CA BteCA:

F >300 | >300 9.4 4.6
Cr 6 200 6.7 3.1
Br 4 63 3.8 4.8

I 0.3 26 >50 >50
CNO 0.0007 | 0.03 0.58 0.79
SCN 0.2 1.6 5.7 6.1
CN 0.0005 | 0.02 >50 >50
Ny 0.0012 | 1.51 >50 >50
NOy 8.4 63 4.9 8.4
NOs 7 35 2.4 6.2
HCOy 12 85 0.81 0.94
COs* 15 73 0.89 4.4
HSOy 18 89 3.7 8.4
SO4” 63 >200 1.7 5.8
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HS 0.0006 | 0.04 2.7 6.2
NH,SO,NH,| 0.31 | 1.13 0.011 0.086
NH,SOsH | 0.021 | 0.39 0.0025 0.0062
PhAsOsH, | 31.7 49 0.0061 0.008
PhB(OH), | 58.6 23 0.0028 0.009
ClOy >200 | >200 >50 >50
SnOs* 0.57 | 0.83 0.52 0.094
SeO4” 118 112 3.1 0.73
TeO4* 0.66 | 0.92 0.51 0,71
OsOs* 0.92 | 0.95 >50 >50
P,O;* 25.8 48 >50 >50
V,07* 0.54 | 0.57 >50 >50
B,O7* 0.64 | 0.95 0.25 >50
ReOy 0.11 | 0.75 >50 >50
RuOy 0.101 | 0.69 9.5 >50
S,0¢" 0.107 | 0.084 6.4 7.4
SeCN 0.085 | 0.086 3.1 6.6
NH(@SOs),” | 0.31 | 0.76 L5 >50
FSOy 0.79 | 0.46 0.83 9.3
CS5* 0.0087 | 0.0088 3.1 8.6
ENCS;  0.00079 | 0.0031 0.084 0.81
PF¢ nt nt >50 >50
CF;SOy nt nt >50 >50

* Mean from 3 different assays, by a stopped flow technique (errors were in the

range of + 5-10 % of the reported values).

The data of Table 16 show the following interesting aspects for the inhibition of this poorly

investigated CA class:

i. some anions, among which iodide, cyanide, azide, perchlorate, perosmate,
diphosphate, divanadate, tetraborate, perrhenate, perruthenate, iminodisulfonate,
hexafluorophosphate and trifluoromethanesulfonate, did not inhibit BteCAz
significantly up to 50mM concentration of inhibitor in the assay system. This is not
unexpected for anions with low affinity for complexing metal ions, such as
perchlorate, hexafluorophosphate and trifluoromethanesulfonate, but it is rather
surprising for iodide, cyanide, and azide, which have quite a high affinity for metal

ions in solution and in the active site of many metalloenzymes. Indeed, some of
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these anions show a potent inhibitory action for other CAs, such as the isoform
hCA 1. As no Xray crystallographic data are available so far for +CAs, it is

impossible to rationalise these interesting and surprising data.

ii. The following inhibitors showed inhibitory action against BteCA7 in the millimolar
range: fluoride, chloride, bromide, thiocyanate, nitrite, nitrate, carbonate,
bisulphite, sulphate, hydrogensulfide, peroxydisulfate, selenocyanate,
fluorosulfonate and trithiocarbonate (KI values in the range of 3.1-9.3 mM). As
above, some of these data stupefied us: sulphate, for example, is a highly inefficient
inhibitor of many a-CAs (e.g. hCA I and II), but it inhibits efficiently the bacterial B
-and +CAs shown in Table 16.

iii. Even more efficient inhibitory action against BteCA: was registered for the
following anions: diethyldithiocarbamate, tellurate, selenate, bicarbonate and
cyanate, which were submillimolar inhibitors with KI values ranging between 0.71
and 0.94mM (Table 16). The bicarbonate high affinity is of interest, since this anion

is also a substrate/reaction product of the CA - catalysed reactions.

iv. The most efficient BteCA 1 inhibitors detected so far were stannate, sulphamic acid,
phenylarsonic acid, phenylboronic acid and sulfamide, with KI values of 6.2-94 mM
(Table 16). Some of these compounds, such as sulfamide and sulphamic acid, act as
effective inhibitors of many other CAs (for example, see the E. coli b-CA inhibition
data shown in Table 16). They also inhibit the human isoforms hCA I and II
(although to lower levels compared to the bacterial enzymes). The stannate data is
also quite interesting. This anion is an order of magnitude better as a BteCA1

inhibitor compared to its inhibition level of other CAs investigated so far.

The experimental procedures are reported in Chapter 5 and the data and results of this
research were published in A. Petreni, et al. J. Med. Chem. J. Enzyme Inhib. Med. Chem. 2021, 36,
372-376.
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4.2 Sulfonamides

Table 17. BteCA_ inhibition parameters for the catalyzed CO2 hydration reaction and their comparison with
those determined for different CA classes (B, ¥ and 1). The inhibition measurements were carried out at 20°C and
pH 7.5 in 10 mM HEPES buffer for the hCA I, hCA II, EcoCAy and BteCA{, while a different buffer was used
for the ECOCAY enzyme (20 mM TRIS, pH 8.3, containing 20 mM NaClO4).

Inhibitors l Ki(nM)
hCA 1 hCA 11 EcoCA B EcoCAy BteCA1

1 28000 300 705 314 325

2 25000 240 790 193 477

3 79000 8 457 246 568

4 78500 320 3015 221 446

5 25000 170 2840 160 97

6 21000 160 3321 622 786
7 8300 60 >10000 605 481

8 9800 110 >10000 671 346

9 6500 40 2712 718 96
10 7300 54 8561 2571 357
11 5800 63 6246 1779 239
12 8400 75 4385 1953 329
13 8600 60 4122 197 303
14 9300 19 440 712 434
15 5500 80 6445 1013 540
16 9500 94 2340 4238 594
17 21000 125 502 1975 404
18 164 46 205 2064 467

19 109 33 416 1894 93
20 6 2 726 883 268
21 69 11 473 819 307
22 164 46 93 3501 365
23 109 33 322 4045 408
24 95 30 82 4262 698
AAZ 250 12 227 248 519
MZA 50 14 480 921 8466
EZA 25 8 557 5538 5024
DCP 1200 38 >10000 889 825
DZA 50000 9 629 2007 794
BRZ 45000 3 2048 4842 3703
BZA 15 9 276 94 724
TPM 250 10 3359 648 787
INS 56 35 3189 755 806
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SLP 1200 40 97 914 958
IND 31 15 2392 387 638
VLX 54000 43 2752 891 934
CLX 50000 21 1894 944 960
SLT 374 9 285 446 954
SAC 18540 5959 6693 4903 7081
HCT 328 290 5010 3643 780
FAM 922 58 2769 274 943
EPA 8262 917 2560 744 955

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

the reported values).
From the data of Table 2, the following results can be observed:

1. Among the sulfonamides and sulfamate used to determine the BteCAz inhibition profile,
only three inhibitors resulted in a KI lower than 100 nM. This is the case of the compounds 5,
9 and 19. These results confirm how different is the spatial organization of the catalytic pocket
of the different CA classes. For the same compounds, the other two bacterial enzymes showed
KI values in the range 160-2840 nM, while the corresponding KI values of two human
isoforms were between 33-25,000 nM. The two human isoforms, hCA I and hCA II, resulted
in a variegate behavior since hCAI was very susceptible to the inhibitors 9 and 19 with a KI
values of 40 and 33 nM, respectively. Again, both human isoforms showed many nanomolar
inhibitors with a KI below 100 nM, such as compounds 20, 21, 24, MZA, EZA, BZA, ZNS,
IND. Once more, there were compounds such as 3, 7, 10, 11, 12, 13, 14, 15, 16, DCP, DZA,
BRZ, SLP, VLX and CLX, which were potent inhibitors of hCA II with KI values in the range
3-94 nM but were very week inhibitors of hCA I (KIS > 5500 nM). Only the study of the three-
dimensional structures of BteCA1: (not available at this moment) will explain the structural

factors responsible for the KI variations.

2. Most of the inhibitors considered in Table 17 were moderate inhibitors of BteCAi with Kls
in the range 239-955 nM, such as compounds 1, 2, 3, 4, 6, 7, 8, 10, 11, 12, 13, 14, 15, 16, 17,
20, 21, 22, 23, 24, AAZ, DCP, DZA, BZA, TMP, ZNS, SLP, SLT, IND, VLX, CLX, SLT,
HTC, FAM and EPA. A good number of these compounds, such as 1, 2, 3, 14, 20, 21, AAZ,
BZA and SLT, resulted in moderate inhibitors for the other two bacterial enzymes (EcoCA 8

and EcoCAy), too. It is important to note that some of these inhibitors were very sensitive

107



Chapter 4. Kinetic characterization of the first --CA.

versus the human isoform hCA II but not versus the human isoform hCA I (KIS > 10,000 nM).

The zonisamide (ZNS), an aliphatic primary sulfonamide, was also a very weak inhibitor for the
bacterial enzymes (Kls = 755-3189 nM) but effective towards the human isoenzymes (Kls = 35-
56 nM).

3. Some substituted benzene-sulfonamides, such as MZA, EZA, BRZ and SAC, were rather
ineffective, weak inhibitors of BteCAzt showing KI values in the range of 5024-8466 nM.
Moreover, MZA inhibited the E. coli EcoCA B and EcoCAy enzymes with KI of 480 and 921

nM, respectively.

The experimental procedures are reported in Chapter 5 and the data and results of this
research were published in V. De Luca, et al. J. Med. Chem. J. Enzyme Inhib. Med. Chem. 2021,
36, 1000-1006.
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4.3 Activators

Table 18. Activation of BteCAz, hCA 1 and hCA II with amino acids and amines 1-24. Experiments were

performed for the CO; hydration reaction, at 25 °C, and performed by a stopped-flow assay.

Activators Ka(uM)’
hCA 1 hCAIl | BteCA:
1 L-His 0.03 10.9 8.6
2 D-His 0.09 43 6.2
3 L-Phe 0.07 0.013 36.5
4 D-Phe 86 0.035 9.4
5 L-DOPA 3.1 11.4 4.3
6 D-DOPA 4.9 7.8 11.7
7 LTrp 44 27 10.2
8 D-Trp 41 12 6.1
9 L-Tyr 0.02 0.011 8.0
10 D-Tyr 0.04 0.013 7.3
11 4-H2N-L-Phe 0.24 0.15 6.9
12 Histamine 2.1 125 6.0
13 Dopamine 13.5 9.2 8.7
14 Serotonin 45 50 13.3
15 2-Pyridyl-methylamine 26 34 24.1
16 2-4(2-Aminoethyl)pyridine 13 15 21.5
17 1-(2-Aminoethyl)-piperazine 1.4 2.3 3.9
18 4-(2-Aminoethyl)-morpholine 0.14 0.19 12.0
19 L-Adrenaline 0.09 96 9.7
20 L-Asn 11.3 0.011 45.6
21 L-Asp 5.20 >100 8.4
22 L-Glu 6.43 >100 18.4
23 D-Glu 10.7 >100 8.5
24 LGIn >100 >50 5.8

The following structure-activity relationship (SAR) data for the activation of BteCA: may be

noted fromthe data reported in Table 18:

i. Most of the tested activators showed an efficient and rather flat activating efficacy towards
BteCA 1, with KA values ranging between 3.9 and 13.3 mM. Both amino acids (1, 2, 4-11, 21,
23 and 24) as well as amines (12-14, 17-19) showed this type of behaviour, with basically poor
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SAR to be discussed due to the low range of activity variations. This condition is different from
what observed for hCA I and hCA II activation, for which some activators also showed
nanomolar activity, e.g., L-Phe, L- and D-Tyr (hCA I and hCA 1I), and L-adrenaline, L- and D-
His (hCA 1). For the enantiomeric pairs L-/D-His, L-/ D-Phe, L./D-Trp and L-/D-Tyr, the D-
enantiomer was always a better activator than the corresponding L-one. Only for DOPA the
reverse was true, with LDOPA being almost 3 times a more efficient activator compared to the

corresponding D-enantiomer.

ii. Several compounds, among which L-Phe, the pyridyl-alkylamines 15 and 16, as well as L-Asn
and L-Glu, showed rather weak CA activating effects against the i-class enzyme, with Ka values
ranging between 18.4 and 45.6 mM. Also, for the L/ D-Glu enantiomeric pair, the D-
enantiomer was always a better activator than the corresponding L-one. When data of the L-
Asp/L-Asn pair were evaluated, the amide derivative appeared a 5.42-fold weaker activator than
the acid counterpart. These results highlight that rather small structural changes (even at the
stereogenic center) in the assayed compounds can lead to rather important modifications of the

corresponding CA activating properties.

iii. As already anticipated above, the activation profile of the i-class bacterial enzyme was very

different from those of hCA I and hCA I1.

The experimental procedures are reported in Chapter 5 and the data and results of this

research were published in V. De Luca, et al. Int J] Mol Sci. 2021, 8, 571
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Chapter 5. EXPERIMENTAL SECTION
General Protocols
Chemistry

Anhydrous solvents and all reagents were purchased from Sigma-Aldrich, Alfa Aesar and TCI.
All reactions involving air- or moisture-sensitive compounds were performed under a nitrogen
atmosphere using dried glassware and syringes techniques to transfer solutions. Nuclear
magnetic resonance ('H-NMR, "CNMR, "ENMR) spectra were recorded using a Bruker
Advance III 400 MHz spectrometer in DMSO-ds or CDCl;. Chemical shifts are reported in
parts per million (ppm) and the coupling constants (J) are expressed in Hertz (Hz). Splitting
patterns are designated as follows: s, singlet; d, doublet; t, triplet; q, quadruplet; sept, septet; m,
multiplet; bs, broad singlet; dd, double of doubles, appt, apparent triplet, appq, apparent
quartet. The assignment of exchangeable protons (OH and NH) was confirmed by the addition
of D;O. Analytical thin-layer chromatography (TLC) was carried out on Merck silica gel F-254
plates. Flash chromatography purifications were performed on Merck Silica gel 60 (230-400
mesh ASTM) as the stationary phase and ethyl acetate/n-hexane or MeOH/DCM were used as
eluents. Melting points (m.p.) were measured in open capillary tubes with a Gallenkamp
MPD350.BM3.5 apparatus and are uncorrected. HPLC was performed by using a Waters 2690
separation module coupled with a photodiode array detector (PDA Waters 996) and as column,
a Nova-Pak C18 4 um 3.9 mm x 150 mm (Waters), silica-based reverse phase column. Sample
was dissolved in acetonitrile 10%, and an injection volume of 45 pL was used. The mobile
phase, at a flow rate of 1 mL/min, was a gradient of water + trifluoroacetic acid (TFA) 0.1% (A)
and acetonitrile + TFA 0.1% (B), with steps as follows: (A% : B%), 0—10 min 90:10, 10—25 min
gradient to 60:40, 26:28 min isocratic 20:80, 29—35 min isocratic 90:10. TFA 0.1% in water as
well in acetonitrile was used as counterion. All compounds reported here were >96% HPLC
pure. The solvents used in MS measures were acetone, acetonitrile (Chromasolv grade),
purchased from Sigma-Aldrich (Milan - Italy), and mQ water 18 MQ, obtained from Millipore's
Simplicity system (Milan-Italy). The mass spectra were obtained using a Varian 1200L triple
quadrupole system (Palo Alto, CA, USA) equipped by Electrospray Source (ESI) operating in

both positive and negative ions. Stock solutions of analytes were prepared in acetone at 1.0 mg
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mL" and stored at 4°C. Working solutions of each analyte were freshly prepared by diluting
stock solutions in a mixture of mQ H,O/ACN 1/1 (v/v) up to a concentration of 1.0 pg mL"
The mass spectra of each analyte were acquired by introducing, via syringe pump at 10 pL min™,
of its working solution. Raw-data were collected and processed by Varian Workstation, version

6.8 software.
Stopped-flow kinetic assays
a-Cas and 1-Cas

An Applied Photophysics stopped-flow instrument has been used for assaying the CA catalysed
CO; hydration activity.'"” Phenol red (at a concentration of 0.2 mM) has been used as a pH
indicator, working at the absorbance maximum of 557 nm, with 20 mM Hepes (pH 7.5) as the
buffer, and 20 mM Na;SO; (for maintaining constant the ionic strength), following the initial
rates of the CA-catalyzed CO; hydration reaction for a period of 10-100 s at 25°C.'"” The CO;
concentrations ranged from 1.7 to 17 mM for the determination of the kinetic parameters and
inhibition constants. For each inhibitor, at least six traces of the initial 5-10% of the reaction
have been used for determining the initial velocity. The uncatalyzed rates were determined in
the same manner and subtracted from the total observed rates. Stock solutions of inhibitor (0.1
mM) were prepared in distilled-deionized water and dilutions up to 0.01 nM were done
thereafter with the assay buffer. Inhibitor and enzyme solutions were preincubated together for
15 min (sulfonamides) or 6h (coumarins) 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
leastsquares methods using PRISM 3 and the Cheng-Prusoff equation, as reported earlier,'®
and represent the mean from at least three different determinations. All hCA isofoms were
recombinant ones obtained in-house as reported earlier,”* while the o-CA SpiCA3, was

obtained and purified by a diverse procedure as the one reported earlier in the thesis.
B-CAs

An Applied Photophysics stopped-flow instrument has been used for assaying the CA catalysed
CO; hydration activity.'® Bromothymol blue (at a concentration of 0.2 mM) has been used as a

pH indicator, working at the absorbance maximum of 557 nm, with 10-20 mM TRIS (pH 8.3)

as buffer, and 20 mM NaBF; for maintaining constant the ionic strength, following the initial
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rates of the CA catalysed CO; hydration reaction for a period of 10-100 s at 25°C. The CO;
concentrations ranged from 1.7 to 17 mM for the determination of the kinetic parameters and
inhibition constants. For each inhibitor, at least six traces of the initial 5-10% of the reaction
have been used for determining the initial velocity. The uncatalyzed rates were determined in
the same manner and subtracted from the total observed rates. Stock solutions of inhibitor (10
mM) were prepared in distilled-deionized water and dilutions up to 0.01M were done thereafter
with the assay buffer. Inhibitor and enzyme solutions were preincubated together for 15 min
(sulfonamides) or 30 min (anions) at room temperature prior to assay, in order to allow for the
formation of the E- complex. The inhibition constants were obtained by non-linear least-
squares methods using the Cheng-Prusoff equation whereas the kinetic parameters for the
uninhibited enzymes from Lineweaver-Burk plots, as reported earlier,'® and represent the mean
from at least three different determinations. Entamoeba histolytica was a protein, obtained and

purified by a diverse procedure as the one reported below in the thesis.

Inclusion of 5Aluorouracil moieties in nitrogenous base derivatives as human carbonic
anhydrase IX and XII inhibitors produced a targeted action against MDA-MB-231 and T47D

breast cancer cells. (Series A)
Synthesis of 2-(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetic acid A2

An aqueous solution of chloroacetic acid (1.1 eq in 4 ml of water) was added dropwise to a
solution of 5Afluorouracil A1 (1.0 g, 1.0 eq) and KOH (3.0 eq) in water (4 ml) at 100°C. The
reaction mixture was stirred for 2h at the same temperature, then cooled to r.t. and acidified to
pH 2. The formed precipitate was collected by filtration and washed with water and Et,;O. The
crude solid was recrystallized from the minimum amount of water to obtain the titled
compound as a white powder. 82% vyield; m.p. 280-282°C; silica gel TLC Ry 0.05
(MeOH/CHCIL; 10 % v/v); 6u (400 MHz, DMSO-ds): 13.29 (s, 1H, exchange with DO,
COOH), 11.96 (s, 1H, exchange with D,O, CONHCO), 8.12 (d, J = 6.7 Hz, 1H, Ar-H), 4.40 (s,
2H, CH,); 6¢ (100 MHz, DMSO-d): 170.32, 158.51 (d, J; c¢ = 25.8 Hz), 150.72, 140.38 (d, J; c¢
= 228.9 Hz), 131.56 (d, J> cr = 33.9 Hz), 49.70; 8¢ (376 MHz, DMSO-de): -170.04 (s); m/z (ESI
negative) caled for COH4FN204 [M-H| 187.0, found 186.9 .

General synthetic procedure of benzenesulfonamides A8-A12.
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EDCI (2.0 eq) was added to a solution of l-carboxymethyl 5-fluorouracil A2 (0.2 g, 1.0 eq),
HOBt (0.5 eq) and DMAP (0.03 eq) in dry DMF (2 ml) under a nitrogen atmosphere and the
reaction mixture was stirred at r.t. until the consumption of the starting material (TLC
monitoring). Thereafter the proper aminobenzenesulfonamide A3-A7 (1.1 eq) was added to the
reaction mixture, that was stirred at r.t. until the disappearance of the activated ester was
observed (TLC monitoring) and then quenched with ice and HCl.y 2M. The formed
precipitate was filtered under vacuo and recrystallized from the minimum amount of water to

afford the titled compounds as white powders.
2-(5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-sulfamoylphenyl)acetamide A8

Compound A8 was obtained according the general procedure earlier reported using 1-
carboxymethyl 5-fluorouracil A2 (0.2 g 1.0 eq), HOBt (0.5 eq), DMAP (0.03 eq) and 4-
aminobenzenesulfonamide A3 (1.1 eq) in dry DMF (2 ml). 36% yield; m.p. >300°C; silica gel
TLC R;0.50 (MeOH/CH:CL 10 % v/v); 81 (400 MHz, DMSO-d): 11.98 (s, 1H, exchange with
D,0, CONHCO), 10.67 (s, 1H, exchange with D,O, CONH), 8.14 (d, J = 6.7 Hz, 1H, Ar-H),
7.82 (d,J = 8.7 Hz, 2H, Ar-H), 7.76 (d, J = 8.8 Hz, 2H, Ar-H), 7.31 (s, 2H, exchange with D,0,
SONH), 4.57 (s, 2H, CHy); 8c (100 MHz, DMSO-y): 166.89, 158.46 (d, J, o =25.7 Ha),
150.74, 142.26, 14021 (d, J, ¢ = 228.6 Hz). 139.70, 131.97 (d, J» o+ = 34.0 Hz), 127.78,
119.70, 51.22; 8¢ (376 MHz, DMSO-de): -170.40 (d, J = 5.7 Hz); m/z (ESI negative) caled for
C12H10FN405S [M-HJ 341.0, found 341.1.

2-(5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(3-sulfamoylphenyl)acetamide A9

Compound A9 was obtained according the general procedure earlier reported using 1-
carboxymethyl 5-fluorouracil A2 (0.2 g 1.0 eq), HOBt (0.5 eq), DMAP (0.03 eq) and 3-
aminobenzenesulfonamide A4 (1.1 eq) in dry DMF (2 ml). 54% yield; m.p. >300°C; silica gel
TLC R;0.25 (MeOH/CH,Cl, 20 % v/v); 81 (400 MHz, DMSO-dg): 11.97 (s, 1H, exchange with
D,0, CONHCO), 10.62 (s, 1H, exchange with D,O, CONH), 8.18 (d, J = 15.2 Hz, 1H, Ar-H),
8.14 (d,J = 6.5 Hz, 1H, Ar-H), 7.74 (5, 1H, Ar-H), 7.57 (s, 2H, Ar-H), 7.42 (5, 2H, exchange with
D,0, SO,NH,), 4.56 (s, 2H, CH.); 8¢ (100 MHz, DMSO-dy): 166.73, 158.47 (d, J» cx = 25.8 Ha),
150.74, 145.70, 140.22 (d, J, cr = 228.5 Hz), 139.72, 131.98 (d, J, cr = 34.0 Hz), 130.57,
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122.92, 121.62, 117.16, 51.19; &r (376 MHz, DMSO-d¢): -170.44 (d, ] = 3.3 Hz); m/z (ESI
negative) caled for CI2ZH10FN4O5S [M-H] 341.0, found 341.1.

2-(5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-sulfamoylbenzyl)acetamide A10

Compound A10 was obtained according the general procedure earlier reported using 1-
carboxymethyl 5-fluorouracil A2 (0.2 g, 1.0 eq), HOBt (0.5 eq), DMAP (0.03 eq) and 4-
(aminomethyl)benzenesulfonamide hydrochloride A5 (1.1 eq) and DIPEA (1.1 eq) in dry DMF
(2 ml). 25% yield; m.p. >300°C; silica gel TLC R;0.30 (MeOH/CH,CL 10 % v/v); 8 (400
MHz, DMSO-de): 11.87 (s, 1H, exchange with D;O, CONHCO), 8.79 (t, J = 5.8 Hz, 1H,
exchange with D,O, CONH), 8.10 (d, J = 6.8 Hz, 1H, Ar-H), 7.80 (d, J = 8.2 Hz, 2H, Ar-H),
7.47 (d, ] = 8.2 Hz, 2H, Ar-H), 7.35 (s, 2H, exchange with D,0, SO,NH,,), 4.41 (d, ] = 5.8 Hz,
2H, CH,), 4.38 (s, 2H, CHy); 8¢ (100 MHz, DMSO-dg): 167.78, 158.68 (d, J; cr = 27.2 Ha),
150.74, 144.04, 143.65, 140.40 (d, J, cr = 238.7 Hz), 131.82 (d, J, cr = 45.1 Hz), 128.45,
126.58, 50.86, 42.75; 8¢ (376 MHz, DMSO-dq): -170.46 (d, J = 3.7 Hz); m/z (ESI negative) caled
for C13H12FN405S [M-H] 355.1, found 355.0.

2-(5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-sulfamoylphenethyl)acetamide A11

Compound A1l was obtained according the general procedure earlier reported using 1-
carboxymethyl 5-fluorouracil A2 (0.2 g 1.0 eq), HOBt (0.5 eq), DMAP (0.03 eq) and 4-
(aminoethyDbenzenesulfonamide A6 (1.1 eq) in dry DMF (2 ml). 63% yield; m.p. 258-260°C;
silica gel TLC Ry 0.55 (MeOH/CH,Cl, 10 % v/v); 8u (400 MHz, DMSO-dy): 11.88 (s, 1H,
exchange with D,O, CONHCO), 8.33 (t, ] = 5.3 Hz, 1H, exchange with D,O, CONH), 8.05 (d,
J=6.7 Hz, 1H, Ar-H), 7.78 (d, J = 8.2 Hz, 2H, Ar-H), 7.45 (d, ] = 8.2 Hz, 2H, Ar-H), 7.34 (s, 2H,
exchange with DO, SO,NH,), 4.28 (s, 2H, CHa), 3.35 (d, J = 15.0 Hz, 2H, CH,), 2.80 (dd, J =
31.9, 24.9 Hz, 2H, CHy); 8¢ (100 MHz, DMSO-de): 167.50, 158.60 (d, J» or = 35.1 Hz), 150.65,
144.43, 143.05, 140.23 (d, J, cr = 234.2 Ha), 131.99 (d, J» cr = 35.9 Ha), 130.11, 126.63, 50.61,
35.54; 8¢ (376 MHz, DMSO-dy): -170.66 (s); m/z (ESI negative) caled for C14H14FN4O5S [M-
HJ 369.1, found 369.0.

2-(5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(2-hydroxy-5-

sulfamoylphenyl)acetamide A12
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Compound Al12 was obtained according the general procedure earlier reported using 1-
carboxymethyl 5-fluorouracil A2 (0.2 g, 1.0 eq), HOBt (0.5 eq), DMAP (0.03 eq) and 3-amino-4-
hydroxybenzenesulfonamide A7 (1.1 eq) in dry DMF (2 ml). 46% vyield; m.p. >300°C; silica gel
TLC R;0.20 MeOH/CH:Cl; 10 % v/v); 81 (400 MHz, DMSO-de): 11.92 (s, 1H, exchange with
D,O, CONHCO), 10.85 (s, 1H, Ar-H), 9.82 (s, 1H, exchange with D,O, OH), 8.49 (s, 1H,
exchange with D,O, CONH), 8.13 (d, J = 6.6 Hz, 1H, Ar-H), 7.45 (d, ] = 8.1 Hz, 1H, Ar-H),
7.16 (s, 2H, exchange with D,O, SO,NH,), 7.03 (d, J = 8.4 Hz, 1H, Ar-H), 4.71 (d, ] = 52.0 Hz,
2H, CH,); 8¢ (100 MHz, DMSO-d): 166.85, 158.45 (d, J, cr = 25.7 Hz), 151.30, 150.74, 140.17
(d, J2 cr = 227.7 Hz), 135.53, 132.07 (d, J2 cr = 33.5 Hz), 126.63, 123.56, 120.60, 115.59, 51.24;
8 (376 MHz, DMSO-de): -170.64 (d, J = 14.1 Hz); m/z (ESI negative) caled for
C12H10FN406S [M-HJ 357.0, found 356.9.

General synthetic procedure of benzenesulfonamides A19-A24.

EDCI (2.0 eq) was added to a solution of l-carboxymethyl 5-fluorouracil A2 (0.2 g, 1.0 eq),
HOBt (0.5 eq) and DMAP (0.03 eq) in dry DMF (2 ml) under a nitrogen atmosphere and the
reaction mixture was stirred at r.t. until the consumption of the starting material (TLC
monitoring). Thereafter the proper aminobenzenesulfonamide A13-A18 (1.5 eq) was added to
the reaction mixture, that was stirred at r.t. until the disappearance of the activated ester was
observed (TLC monitoring) and then quenched with ice and HCly 2M. The collected, water

washed precipitate was triturated in MeOH to afford the pure titled compounds as powders.

N-Benzyl-2-(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-
sulfamoylphenethyl)acetamide A19

Compound A19 was obtained according the general procedure earlier reported using 1-
carboxymethyl 5-fluorouracil A2 (0.2 g, 1.0 eq), HOBt (0.5 eq), DMAP (0.03 eq) and 4-2-
(benzylamino)ethyl)benzenesulfonamide A13 (1.1 eq) in dry DMF (2 ml). 23% yield; m.p. 234-
236°C; silica gel TLC R;0.75 (MeOH/CH,CL 15 % v/v); 81 (400 MHz, DMSO-de): 11.87 G,
1H, exchange with D,0, CONHCO), 8.09 (d, J = 6.8 Hz, 0.5H, Ar-H), 8.04 (d, J = 6.7 Hz,
0.5H, Ar-H), 7.80 (d, ] = 8.1 Hz, 1H, Ar-H), 7.77 (d, ] = 8.1 Hz, 1H, Ar-H), 7.51 (d, J = 8.2 Hz,
2H, Ar-H), 7.43 (m, TH, partially exchange with D,O, Ar-H + SONH,), 4.72 (s, 1H, CH,), 4.67
(s, 1H, CHy), 4.60 (s, IH, CH,), 4.57(s, 1H, CH,), 3.48 (m, 2H, CH,), 3.02 (m, 1H, CH,), 2.84
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(m, 1H, CHy); 6c (100 MHz, DMSO-de): 167.47, 161.16, 158.57 (d, J2 cr = 26.3 Hz), 150.82,
143.36, 140.39 (d, J. cr = 544.7 Hz), 138.41, 130.27, 129.82 (d, J, ¢r = 32.7 Hz), 129.3§,
128.62, 128.10, 126.78, 50.94, 49.44 (d, J, cr = 28.2 Hz), 48.38 (d, J, cr = 15.2 Hz), 34.22 (d, ],
cr = 95.9 Hz); 8¢ (376 MHz, DMSO-de): -170.62; m/z (ESI negative) caled for C21H20FN4O5S
[M-H] 459.1, found 459.1.

N-(4-Chlorobenzyl)-2-(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-

sulfamoylphenethyl)acetamide A20

Compound A20 was obtained according the general procedure earlier reported usingl-
carboxymethyl 5Aluorouracil A2 (0.2 g, 1.0 eq), HOBt (0.5 eq), DMAP (0.03 eq) and 4-(2{(4-
chlorobenzyl)amino)ethyl)benzenesulfonamide A14 (1.1 eq) in dry DMF (2 ml). 65% yield; m.p.
260-262°C; silica gel TLC R;0.80 (MeOH/CH,CL; 20 % v/v); 81 (400 MHz, DMSO-ds: 11.86
(s, 1H, exchange with D,O, CONHCO), 8.09 (d, J = 6.7 Hz, 0.5H, Ar-H), 8.04 (d, ] = 6.7 Hz,
0.5H, Ar-H), 7.81 (d, ] = 8.2 Hz, 1H, Ar-H), 7.77 (d, ] = 8.2 Hz, 1H, Ar-H), 7.53 (d, ] = 8.2 Hz,
1H, Ar-H), 7.50 (d, J = 8.4 Hz, 1H, Ar-H), 7.42 (m, 3H, Ar-H), 7.33 (m, 3H, partially exchange
with D,O, Ar-H + SONH,), 4.72 (s, 1H, CH,), 4.64 (s, 1H, CH,), 4.62 (s, IH, CH,), 4.56 (s,
1H, CH>), 3.53 (m, 1H, CH,), 3.46 (m, 1H, CH,), 3.03 (m, 1H, CHa), 2.86 (m, 1H, CHa); 6¢
(100 MHz, DMSO-de): 167.62, 158.48 (d, J» c¢ = 23.7 Hz), 150.72, 143.32, 140.25 (d, ], cr =
243.4 Hz), 137.52, 132.86 (d, J; cr = 39.0 Hz), 130.52, 130.28, 129.97, 129.59, 129.32, 126.78,
50.03 (d, J> cr = 41.8 Hz), 49.20 (d, J; cr = 65.6 Hz), 48.45, 34.20 (d, J, cr = 108.8 Hz); 8¢ (376
MHz, DMSO-de): -170.59; m/z (ESI negative) caled for C2Z1H19CIFN4O5S [M-H] 493.1, found
493.0.

2-(5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-fluorobenzyl)-N-(4-

sulfamoylphenethyl)acetamide A21

Compound A21 was obtained according the general procedure earlier reported usingl-
carboxymethyl 5-fluorouracil A2 (0.2 g, 1.0 eq), HOBt (0.5 eq), DMAP (0.03 eq) and 4-(2+(4-
fluorobenzyl)amino)ethyl)benzenesulfonamide A15 (1.1 eq) in dry DMF (2 ml). 65% yield; m.p.
257-259°C; silica gel TLC R;0.83 (MeOH/CH:Cl; 20 % v/v); 81 (400 MHz, DMSO-dg): 11.91
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(s, 1H, exchange with D;O, CONHCO), 8.08 (d, J = 6.8 Hz, 0.5H, Ar-H), 8.02 (d, J = 6.7 Hz,
0.5H, Ar-H), 7.80 (d, J = 8.2 Hz, 1H, Ar-H), 7.77 (d, ] = 8.2 Hz, 1H, Ar-H), 7.52 (d, ] = 8.2 Hz,
1H, Ar-H), 7.32 (m, 7H, partially exchange with D,O, Ar-H + SONH,), 4.70 (s, 1H, CH.), 4.66
(s, 1H, CH)), 4.59 (s, 1H, CHa), 4.55 (s, 1H, CH,), 3.48 (m, 2H, CH), 3.01 (m, 1H, CH.), 2.84
(m, 1H, CH,); 8¢ (100 MHz, DMSO-dg): 167.55, 158.65 (d, J» cr = 14.0 Hz), 150.73, 143.99,
143.26 (d, J cr = 22.8 Hz), 140.23 (d, J» cr = 212.0 Hz), 132.00 (d, J> ¥ = 40.0 Hz), 130.72 (d, I,
cr = 7.9 Hz), 130.27, 129.98, 126.79, 116.53, 116.01, 50.04 (d, J» cr = 34.5 Hz), 49.12 (d, J» ¥ =
77.7 Hz), 48.28, 34.18 (d, J> cr = 112.8 Hz); 8¢(376 MHz, DMSO-dy): -115.29, -170.13; m/z (ESI
negative) caled for C21H19F2N4O5S [M-H] 477.1, found 477.2.

2-(5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-methoxybenzyl)-N-(4-

sulfamoylphenethyl)acetamide A22

Compound A22 was obtained according the general procedure eatlier reported usingl-
carboxymethyl 5-fluorouracil A2 (0.2 g, 1.0 eq), HOBt (0.5 eq), DMAP (0.03 eq) and 4-(2((4-
methoxybenzyllamino)ethyl)benzenesulfonamide A16 (1.1 eq) in dry DMF (2 ml). 69% yield;
m.p. 210-212°C; silica gel TLC R;0.63 (MeOH/CH,Cl, 20 % v/v); 81 (400 MHz, DMSO-d):
11.88 (s, 1H, exchange with D,0O, CONHCO), 8.07 (d, J = 6.8 Hz, 0.5H, Ar-H), 8.00 (d, J = 6.7
Hz, 0.5H, Ar-H), 7.77 (d, ] = 8.2 Hz, 1H, Ar-H), 7.74 (d, J = 8.2 Hz, 1H, Ar-H), 7.48 (d, ] = 8.2
Hz, 1H, Ar-H), 7.35 (d, ] = 8.2 Hz, 1H, Ar-H), 7.29 (s, 2H, exchange with D;O, SO,NH,), 7.28
(d,J = 8.2 Hz, 1H, Ar-H), 7.21 (d, J = 8.5 Hz, 1H, Ar-H), 6.96 (d, J = 8.6 Hz, 1H Ar-H), 6.90 (d, J
= 8.6 Hz, 1H, Ar-H), 4.65 (s, 2H, CH,), 4.48 (s, 1H, CH.), 4.46 (s, 1H, CH), 3.76 (s, 1.5H,
CH,), 3.74 (s, 1.5H, CH,), 3.44 (m, 2H, CH,), 2.96 (m, 1H, CH,), 2.79 (m, 1H, CH,); 8¢ (100
MHz, DMSO-dy): 167.45, 159.75 (d, J, cr = 8.6 Hz), 150.86, 144.20, 143.53 (d, J, ¢ = 9.2 Ha),
143.26, 135.71 (d, J» cr = 243.0 Hz), 130.39, 130.11, 129.73, 126.92, 115.18, 114.94, 56.13,
49.79 (d, J, cr = 31.0 Hz), 48.73, 48.17 (d, J cr = 21.2 Hz), 34.31 (d, ], o = 104.7 Hz); 8: (376
MHz, DMSO-do): -170.66; m/z (ESI negative) caled for C22H22FN406S [M-HJ 489.1, found
489.0.

N-(4-Cyanobenzyl)-2-(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-

sulfamoylphenethyl)acetamide A23
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Compound A23 was obtained according the general procedure earlier reported usingl-
carboxymethyl 5Aluorouracil A2 (0.2 g, 1.0 eq), HOBt (0.5 eq), DMAP (0.03 eq) and 4-(2{(4-
cyanobenzyl)amino)ethyl)benzenesulfonamide A17 (1.1 eq) in dry DMF (2 ml). 43% yield; m.p.
230-232°C; silica gel TLC R;0.60 (MeOH/CH,Cl; 20 % v/v); 81 (400 MHz, DMSO-de): 11.92
(s, 1H, exchange with D,O, CONHCO), 8.02 (d, ] = 6.7 Hz, 0.5H, Ar-H), 7.99 (d, ] = 6.7 Hz,
0.5H, Ar-H), 7.86 (d, ] = 8.2 Hz, 1H, Ar-H), 7.74 (m, 3H, Ar-H), 7.49 (m, 3H, Ar-H), 7.43 (d, ] =
8.1 Hz, 1H, Ar-H), 7.36 (d, J = 8.2 Hz, 1H, Ar-H), 7.27 (s, 2H, exchange with D,O, SO,NH,),
4.70 (s, 2H, CH,), 4.62 (s, 1H, CH>), 4.56 (s, 1H, CH,), 3.53(m, 1H, CH,), 3.44 (m, 1H, CH,),
2.98 (m, 1H, CH,), 2.82 (m, 1H, CH,); 8¢ (100 MHz, DMSO-de): 167.99, 158.68 (d, J; cr = 35.5
Hz), 150.86, 144.59, 143.92 (d, J» cr = 14.9 Hz), 140.33 (d, J» cr = 258.6 Hz), 133.70, 133.42,
130.46, 129.37, 126.91, 119.91, 111.00, 50.40 (d, J» cr = 96.5 Hz), 49.65, 49.01 (d, J> cr = 8.1
Hz), 34.35 (d, J; cr = 111.3 Hz); 67 (376 MHz, DMSO-ds): -170.34; m/z (ESI negative) caled for
C22H19EN505S [M-H] 484.1, found 484.2.

N-(4-(Dimethylamino)benzyl)-2-(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-

sulfamoylphenethyl)acetamide A24

Compound A24 was obtained according the general procedure earlier reported usingl-
carboxymethyl 5-fluorouracil A2 (0.2 g, 1.0 eq), HOBt (0.5 eq), DMAP (0.03 eq) and 4-(2((4-
(dimethylamino)benzyDamino)ethyl)benzenesulfonamide A18 (1.1 eq) in dry DMF (2 ml). 28%
yield; m.p. 188-190°C; silica gel TLC R;0.78 (MeOH/CH,Cl, 20 % v/v); 81 (400 MHz, DMSO-
dg): 11.93 (s, 1H, exchange with D,0O, CONHCO), 9.24 (s, 1H, Ar-H), 7.82 (d, ] = 7.7 Hz, 2H,
ArH), 7.47 (d, J = 8.1 Hz, 2H, Ar-H), 7.36 (m, 4H, partially exchange with D,O, ArH +
SONH,), 6.77 (d, ] = 7.5 Hz, 2H, Ar-H), 4.68 (s, 1H, CH,), 4.43 (s, 1H, CH,), 4.06 (s, 2H,
CH,), 3.11 (s, 2H, CH), 2.95 (s, 6H, 2 x CHs), 2.90 (m, 1H, CH), 2.79 (m, 1H, CH,); 8¢ (100
MHz, DMSO-d): 167.27, 151.79, 150.80 (d, J» ¢ = 13.9 Hz), 143.79, 143.37 (d, J» o = 20.3
Hz), 142.47, 138.05 (d, J, or = 215.0 Hz), 132.16, 130.21, 127.05, 126.88, 119.52, 113.05,
50.82, 49.86 (d, J, cr = 36.8 Hz), 48.47 (d, J» cr = 58.6 Hz), 47.56, 33.01 (d, J» cr = 160.3 Hz); 8¢
(376 MHz, DMSO-dg): -170.70; m/z (ESI negative) caled for C23H25FN505S [M-HJ 502.2,
found 502.1.

General synthetic procedure of azides.
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The proper amine A3, A4, A28, A29 and A38 (0.5 g, 1.0 eq) was dissolved in a 2M HCI
aqueous solution (5 ml). NaNO; (1.2 eq) was slowly added at 0°C and the reaction mixture was
stirred at the same temperature for 0.5h. Thereafter NaN; (1.5 eq) was added portion-wise and
the mixture was stirred at r.t. for 0.5h. The obtained precipitate was filtered-off and washed

with water to afford the corresponding azides A30-A33 and A42.
4-Azido-benzenesulfonamide A30

Compound A30 was obtained according the general procedure earlier reported 4-
aminobenzenesulfonamide A3 (0.5 g, 1.0 eq), NaNO; (1.2 eq) and NaN; (1.5 eq) in a HCl 2M
aqueous solution. 63% yield; m.p. 120-121°C; silica gel TLC Rf 0.47 (EtOAc/n-hexane 50 %
vw/v); 8u (400 MHz, DMSO-de): 7.33 (d, J = 8.8, 2H, Ar), 7.41 (s, 2H, exchange with D;O,
SO,NH,), 7.87 (d, ] = 8.8, 2H, Ar); 8c (100 MHz, DMSO-dq): 120.5, 128.6, 141.5, 143.9; m/z
(ESI negative) caled for C6H5N402S [M-HJ 197.0, found 197.1.

3-Azido-benzenesulfonamide A31

Compound A31 was obtained according the general procedure earlier reported 3-
aminobenzenesulfonamide A4 (0.5 g, 1.0 eq), NaNO, (1.2 eq) and NaNs (1.5 eq) in a HCI 2M
aqueous solution. 60% yield; m.p. 110°C; silica gel TLC Rf 0.35 (EtOAc/n-hexane 50 % v/0);
81 (400 MHz, DMSO-dq): 7.37 (m, 2H, Ar-H), 7.48 (s, 2H, exchange with DO, SO.NH,), 7.52
(s, 1H, Ar-H), 7.63 (m, IH, Ar-H); 8c (100 MHz, DMSO-dy): 117.2, 123.1, 123.5, 131.8, 141.4,
146.9; m/z (ESI negative) caled for C6H5N402S [M-H] 197.0, found 197.1.

4-Azido-3-chlorobenzenesulfonamide A32

Compound A32 was obtained according the general procedure eatlier reported 4-amino-3-
chlorobenzenesulfonamide A28 (0.5 g, 1.0 eq), NaNO; (1.2 eq) and NaNs (1.5 eq) in a HCl 2M
aqueous solution. 65% yield; m.p. 140-142°C; silica gel TLC Rf 0.38 (MeOH/CH,CL, 10 %
v/v); 81 (400 MHz, DMSO-dy): 8.23 (s, 1H, Ar-H), 7.63 (d, J = 8.8, 1H, Ar-H), 7.43 (d, ] = 8.6,
1H, Ar-H), 7.23 (s, 2H, exchange with D,0, SO;NH,); 8c (100 MHz, DMSO-dy): 141.1, 134.6,
130.5, 126.6, 125.4, 105.9; m/z (ESI negative) caled for C6H4CIN4O2S [M-HJ 231.0, found
230.9.

120



Chapter 5. Experimental Section

4-Azido-3-bromobenzenesulfonamide A33

Compound A33 was obtained according the general procedure eatlier reported 4-amino-3-
bromobenzenesulfonamide A29 (0.5 g, 1.0 eq), NaNO (1.2 eq) and NaNj (1.5 eq) in a HCl 2M
aqueous solution. 70% yield; m.p. 154-156°C; silica gel TLC Rf 0.29 (MeOH/CH,CL 10 %
v/v); 81 (400 MHz, DMSO-dy): 8.18 (s, 1H, Ar-H), 7.73 (d, ] = 8.8, 1H, Ar-H), 7.38 (d, J = 8.6,
1H, Ar-H), 7.23 (s, 2H, exchange with D0, SO;NH.); 8¢ (100 MHz, DMSO-de): 141.9, 134.8,
131.3, 129.5, 126.3, 117.7; m/z (ESI negative) caled for C6H4BrN4O2S [M-HJ 274.9, found
274.8.

7-Azido-4-methyl-chromen-2-one A42

Compound A42 was obtained according the general procedure earlier reported 7-amino-4-
methyl-chromen-2-one A38 (0.5 g, 1.0 eq), NaNO; (1.2 eq) and NaN; (1.5 eq) in a HCl 2M
aqueous solution. 88% yield; m.p. 122-124°C; silica gel TLC R0.57 (EtOAc/n-hexane 20 %
v/v); 8 (400 MHz, DMSO-dq): 7.83 (d, J = 8.4, 1H, Ar-H), 7.18 (m, 2H, Ar-H), 6.38 (d, ] = 1.2,
1H, Ar-H), 2.46 (d, ] = 1.2, 3H, CHs); 8c(100 MHz, DMSO-de): 160.4, 155.0, 153.8, 144.2,
127.9, 117.7, 116.5, 114.1, 107.7, 19.0; m/z (ESI positive) caled for CLOH8N302 [M-HJ 202.1,
found 202.0.

Synthesis of 5-fluoro-1-(prop-2-yn-1-yl)pyrimidine-2,4(1H,3H)-dione A27

Propargyl bromide (1.0 eq) was added dropwise to a solution of 5fluorouracil A1 (0.5 g, 1.0 eq)
and DBU (1.0 eq) in dry CH3CN (7 ml) at 0°C under a nitrogen atmosphere. The reaction
mixture was refluxed for 1.5h, then quenched with HCl,y IM (15 ml) and extracted with
EtOAc (25 ml). The organic layer was dried over Na;SOy, filtered-off and concentrated under
vacuo to give a residue that was purified by silica gel coloumn chromatography eluting with 40
% EtOAc in n-hexane to afford the title compound 7 as white solid. 63% vyield; m.p. 140-
142°C; silica gel TLC Ry 0.20 (EtOAc/n-hexane 40 % v/v); 6u (400 MHz, DMSO-ds): 11.92 (s,
1H, exchange with D,O, CONHCO), 8.17 (d, ] = 6.6 Hz, 1H, Ar-H), 4.49 (d, ] = 2.3 Hz, 2H,
CHa,), 3.48 (t, ] = 2.3 Hz, 1H, CH); 8¢ (100 MHz, DMSO-d): 158.40 (d, J; cr = 25.9 Hz), 150.12,
140.87 (d, J2 c¢ = 230.5 Hz), 129.96 (d, J» cr = 33.9 Hz), 79.18, 77.18, 38.05; &8¢ (376 MHz,
DMSO-de): -168.41; m/z (ESI negative) caled for CTH4FN20O2 [M-HJ 167.0, found 167.1.
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General synthetic procedure of triazoles A34-A37 and A43.

The proper azide A30-A33 and A42 (1.1 eq) was added to a solution of propargyl derivate A27
(0.1 g, 1.0 eq) in H,O/tBuOH 1/1 (8 ml) at r.t., followed by a suspension of CuSO4 (0.1 eq)
and Na ascorbate (0.5 eq) in water (0.5 ml). The reaction mixture was stirred at 40°C overnight,
then quenched with H,O (20 ml) and the formed precipitate was collected by filtration in vacuo.
A solution of the residue in DMF (4 ml) was filtered-off through Celite521% and then poured
on slush (20 ml). The precipitate was filtered in vacuo and washed with Et,O to afford the titled

compounds A34-A37 and A43 as powders.

4-(4-((5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)-1H-1,2,3-triazol-1-

yl)benzenesulfonamide A34

Compound A34 was obtained according the general procedure eatlier reported using 5-fluoro-
I(prop-2-yn-1-yl)pyrimidine-2,4(1H,3H)-dione A27 (0.1 g, 1.0 eq), 4-azidobenzenesulfonamide
A30 (1.1 eq), CuSOs (0.1 eq) and Na ascorbate (0.5 eq) in H;O/tBuOH 1/1 (8 ml). 73% vyield;
m.p. >300°C; silica gel TLC Ry 0.20 (MeOH/CH,Cl, 10 % v/¥); 8n (400 MHz, DMSO-dy):
11.94 (s, 1H, exchange with DO, CONHCO), 8.95 (s, 1H, Ar-H), 8.28 (d, ] = 6.7 Hz, 1H, Ar-
H), 8.16 (d, ] = 8.7 Hz, 2H, Ar-H), 8.05 (d, J = 8.6 Hz, 2H, Ar-H), 7.57 (s, 2H, exchange with
D,0O, SO;NH,), 5.06 (s, 2H, CH,); 6¢ (100 MHz, DMSO-de): 158.61 (d, J> cr = 25.9 Hz), 150.53,
145.09, 144.98, 140.94 (d, J» ¢ = 225.6 Hz), 139.56, 130.95 (d, J, cr = 33.7 Hz), 128.57,
123.00, 121.34, 43.86; & (376 MHz, DMSO-ds): -168.94; m/z (ESI negative) caled for
C13H10FN60O4S [M-H] 365.1, found 365.0.

3-(4-((5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)-1H-1,2,3-triazol-1-

yl)benzenesulfonamide A35

Compound A35 was obtained according the general procedure earlier reported using 5-fluoro-
1-(prop-2-yn-1-yl)pyrimidine-2,4(1H,3H)-dione A27 (0.1 g, 1.0 eq), 3-azidobenzenesulfonamide
A31 (1.1 eq), CuSO; (0.1 eq) and Na ascorbate (0.5 eq) in H;O/tBuOH 1/1 (8 ml). 67% yield;
m.p. 255-257°C; silica gel TLC R; 0.24 MeOH/CH,Cl, 10 % v/v); 61 (400 MHz, DMSO-de):
11.93 (s, 1H, exchange with D,O, CONHCO), 8.94 (s, 1H, Ar-H), 8.39 (s, 1H, Ar-H), 8.27 (d, J
= 6.6 Hz, 1H, Ar-H), 8.16 (d, ] = 7.5 Hz, 1H, Ar-H), 7.96 (d, ] = 7.3 Hz, 1H, Ar-H), 7.84 (t, ] =
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7.9 Hz, 1H, Ar-H), 7.62 (s, 2H, exchange with D,O, SO,NH), 5.06 (s, 2H, CH,); 8¢ (100 MHz,
DMSO-de): 158.55 (d, J» cr = 38.3 Hz), 150.55, 146.85, 145.02, 140.86 (d, J; cr = 224.8 Hz),
137.70, 131.98, 130.95 (d, J: cr = 45.9 Hz), 126.65, 124.15, 123.11, 118.23, 43.85; &: (376
MHz, DMSO-d¢): -168.95; m/z (ESI negative) caled for CI3H10FN60O4S [M-HJ 365.1, found
365.0.

3-Chloro-4-(4-((5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)-1H-1,2,3-triazol-1-

yl)benzenesulfonamide A36

Compound A36 was obtained according the general procedure earlier reported using 5-fluoro-
I(prop-2-yn-1-yl)pyrimidine-2,4(1H,3H)-dione ~ A27 (0.1 g 1.0 eq), 4-azido-3-
chlorobenzenesulfonamide A32 (1.1 eq), CuSO; (0.1 eq) and Na ascorbate (0.5 eq) in
H,O/tBuOH 1/1 (8 ml). 48% yield; m.p. 276-278°C; silica gel TLC R;0.30 (MeOH/CH,Cl, 10
% v/v); 6u (400 MHz, DMSO-de): 11.91 (s, 1H, exchange with D,O, CONHCO), 8.70 (s, 1H,
Ar-H), 8.29 (s, 1H, Ar-H), 8.17 (d, J = 1.7 Hz, 1H, Ar-H), 8.01 (dd, J = 8.3, 1.8 Hz, 1H, Ar-H),
7.96 (d,J = 8.3 Hz, 1H, Ar-H), 7.76 (s, 2H, exchange with D,O, SO,NH,), 5.08 (s, 2H, CH,); 8¢
(100 MHz, DMSO-d¢): 158.52 (d, J; cr = 37.0 Hz), 150.51, 147.61, 143.75, 140.96 (d, J; ¢ =
233.5 Hz), 137.73, 130.99 (d, J; cr = 33.9 Hz), 130.22, 129.97, 128.76, 126.86, 126.66, 43.66;
8r (376 MHz, DMSO-dy): -169.03; m/z (ESI negative) caled for C13HICIFN60O4S [M-HJ 399.0,
found 399.1 .

3-Bromo-4-(4-((5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)-1H-1,2,3-triazol-1-

yl)benzenesulfonamide A37

Compound A37 was obtained according the general procedure earlier reported using 5-fluoro-
I{prop-2-yn-1-yDpyrimidine-2,4(1H,3H)-dione ~ A27 (0.1 g 1.0 eq), 4azido3-
bromobenzenesulfonamide A33 (1.1 eq), CuSO4 (0.1 eq) and Na ascorbate (0.5 eq) in
H,O/tBuOH 1/1 (8 ml). 45% yield; m.p. 275-277°C; silica gel TLC R;0.28 (MeOH/CH,Cl; 10
% v/v); 81 (400 MHz, DMSO-ds): 11.91 (s, 1H, exchange with D,O, CONHCO), 8.67 (s, 1H,
Ar-H), 8.30 (s, 2H, Ar-H), 8.03 (d, ] = 7.9 Hz, 1H, Ar-H), 7.90 (d, ] = 8.2 Hz, 1H, Ar-H), 7.75 (s,
2H, exchange with D,O, SO:NH.), 5.08 (s, 2H, CH,); 8¢ (100 MHz, DMSO-de): 158.58 (d, J cr
= 31.9 Hz), 150.49, 147.79, 143.65, 140.83 (d, ], cr = 230.1 Hz), 139.47, 131.73, 130.95 (d, J;
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cr = 37.0 Hz), 130.48, 127.10, 126.83, 120.16, 43.63; &¢ (376 MHz, DMSO-de): -169.02; m/z
(ESI negative) calcd for C13H9BrFN60O4S [M-H] 443.0, found 442.9.

5-Fluoro-1-((1-(4-methyl-2-oxo-2H-chromen-7-yl)-1H-1,2,3-triazol-4-yl)methyl)pyrimidine-
2,4(1H,3H)-dione A43

Compound A43 was obtained according the general procedure earlier reported using 5fluoro-
I-(prop-2-yn-1-yl)pyrimidine-2,4(1H,3H)-dione A27 (0.1 g, 1.0 eq), 7-azido-4-methyl-chromen-2-
one A42 (1.1 eq), CuSOs (0.1 eq) and Na ascorbate (0.5 eq) in H;O/tBuOH 1/1 (8 ml). 47%
yield; m.p. 282-284°C; silica gel TLC R; 0.30 (MeOH,/CH:Cl; 10 % v/v); 1 (400 MHz, DMSO-
de): 11.93 (s, 1H, exchange with D,O, CONHCO), 9.00 (s, 1H, Ar-H), 8.28 (d, J = 6.5 Hz, 1H,
Ar-H), 8.00 (d, ] = 9.3 Hz, 3H, Ar-H), 6.51 (s, 1H, Ar-H), 5.03 (s, 2H, CH,), 2.51 (s, 3H, CH);
8¢ (100 MHz, DMSO-ds): 160.43, 158.71 (d, J» cr = 22.7 Hz), 154.68, 153.74, 150.53, 143.65
(d, J; c¢ = 311.3 Hz), 139.80, 139.44, 130.99 (d, J; cr = 42.8 Hz), 128.27, 122.96, 120.56,
116.45, 115.7, 108.45, 43.87, 19.15; 8¢ (376 MHz, DMSO-dy): -168.91; m/z (ESI negative) calcd
for C17TH11FN504 [M-HJ 368.1 found 368.0.

Synthesis of 2-(5fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-methyl-2-oxo-2H-

chromen-7-yl)acetamide A40

EDCI (2.0 eq) was added to a solution of l-carboxymethyl 5-fluorouracil A2 (0.2 g, 1.0 eq) and
HOBt (0.5 eq) in dry DMF (2 ml) under a nitrogen atmosphere and the reaction mixture was
stirred at r.t. until the consumption of the starting material (TLC monitoring). Thereafter 7-
amino-4-methylcoumarin A38 (1.5 eq) was added to the reaction mixture, that was stirred at r.t.
until the disappearance of the activated ester was observed (TLC monitoring) and then
quenched with ice and HCl,qy 2M. The collected, water washed precipitate was triturated in
MeOH to afford the pure titled compound A40 as a powder. 24% yield; m.p. 274-276°C; silica
gel TLC Ry 0.33 (MeOH/CH.Cl; 10 % v/v); 61 (400 MHz, DMSO-de): 11.97 (s, 1H, exchange
with DO, CONHCO), 10.76 (s, 1H, exchange with DO, CONH), 8.17 (s, 1H, Ar-H), 7.78 (s,
1H, Ar-H), 7.72 (d, ] = 1.9 Hz, 1H, Ar-H), 7.53 (dd, J = 8.7, 2.0 Hz, 1H, Ar-H), 6.32 (d, ] = 1.0
Hz, 1H, Ar-H), 4.59 (s, 2H, CH,), 2.44 (s, 3H, CH3).; 6¢ (100 MHz, DMSO-d¢): 167.21, 160.99,
158.58 (d, J, cr = 25.8 Hz), 154.73, 154.11, 150.87, 142.78, 140.38 (d, J, cr = 228.7 Hz),
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132.07 (d, J» cr = 33.8 Hz), 127.23, 116.43, 116.19, 113.59, 106.76, 51.43, 19.03; 8:(376 MHz,
DMSO-de): -170.35; m/z (ESI negative) caled for CI6H11FN30O5 [M-HJ 344.1, found 344.0.

Synthesis of  2-oxo-2H-chromen-7-yl  2-(5fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)acetate A41

EDCI (2.0 eq) was added to a solution of 1-carboxymethyl 5-fluorouracil A2 (0.2 g, 1.0 eq) and
DMAP (0.03 eq) in dry DMF (2 ml) under a nitrogen atmosphere and the reaction mixture was
stirred at r.t. until the consumption of the starting material (TLC monitoring). Thereafter 7-
hydroxycoumarin A39 (1.5 eq) was added to the reaction mixture, that was stirred at r.t. until
the disappearance of the l-carboxymethyl 5-fluorouracil was observed (TLC monitoring) and
then quenched with ice and sodium bicarbonate. The collected, water-washed precipitate
triturated with ethylacetate to afford the pure titled compound A41 as a powder. 15% yield;
m.p. 270-272°C; silica gel TLC R; 0.45 (MeOH/CH,Cl, 20 % v/v); &u (400 MHz, DMSO-d):
12.08 (s, 1H, exchange with DO, CONHCO), 8.17 (d, J = 6.7 Hz, 1H, Ar-H), 8.09 (d, ] = 9.6
Hz, 1H, Ar-H), 7.80 (dd, ] = 17.8, 8.5 Hz, 1H, Ar-H), 7.30 (s, 1H, Ar-H), 7.21 (dd, ] = 8.5, 2.2
Hz, 1H, Ar-H), 6.51 (d, ] = 9.6 Hz, 1H, Ar-H), 4.78 (d, ] = 32.0 Hz, 2H, CH,); 6¢ (100 MHz,
DMSO-de): 167.62, 160.66, 158.47 (d, J; cr = 25.8 Hz), 155.16, 153.26, 150.77, 144.80, 140.57
(d, J, cr = 230.2 Hz), 131.21 (d, J; c¢ = 34.7 Hz), 130.69, 119.25, 118.16, 116.95, 110.76, 49.85;
S (376 MHz, DMSO-de): -169.21; m/z (ESI negative) calcd for C15H8FN206 [M-H] 331.0,
found 331.0.

Design, synthesis and biological evaluation of CA inhibitors in complex with stabilizer of G-

Quadruplex structures as antitumor drugs. (Series B)
Synthesis of azides and alkynes on various sulfonamides
Synthesis of 4-ethynylbenzenesulfonamide B2

PACIy(PPhs); (0.1 eq) and Cul (0.1 eq) were added to a solution of 4-bromobenzenesulfonamide
B1 (0.5 g, 1.0 eq), (trimethylsilyl)acetylene (1.2 eq) and Et;N (10 eq.) in dry dioxane (5.0 mL) at
r.t. under a nitrogen atmosphere. The reaction mixture was stirred at 100°C o.n., then
quenched with slush and extracted with EtOAc (2x20ml). The collected organic layers were

dried over anhydrous Na;SOy, filtered-off and concentrated in vacuo to give a residue that was
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treated with a 1.0M solution of TBAF in THF (2.0 eq). The reaction mixture stirred at r.t. for
2h and thereafter concentrated under vacuo. The obtained residue was purified by silica gel
chromatography eluting with 5% MeOH in DCM to afford B2 as a white solid. 65% vyield;
silica gel TLC R;0.14 (EtOAc/n-Hex 30 % v/v); 81 (400 MHz, DMSO-ds): 4.47 (s, 1H, CH),
7.49 (s, 2H, exchange with D,O, SO,NH,), 7.71 (d, J = 7.8, 2H, Ar), 7.85 (d, ] = 7.8, 2H, Ar);
8¢ (100 MHz, DMSO-dg): 145.1, 133.1, 126.8, 125.9, 84.3, 83.2.

Synthesis of 4-prop-2-ynyloxy-benzenesulfonamide B4

Propargyl bromide (1.2 eq) was added to a suspension of the 4-hydroxybenzenesulfonamide B3
(0.5 g, 1.0 eq) and K,CO;s (2.0 eq) in dry DMF (4 ml) under a nitrogen atmosphere and that
was stirred at 60° for 5h. The obtained suspension was quenched with H,O (20 ml) and stirred
at r.t. o.n. The formed precipitate was filtered-off and purified by silica gel column
chromatography eluting with 50 % EtOAc in n-hexane to afford 12 as a white solid. 71% yield,;
m.p. 131-132°C; silica gel TLC R;0.47 (EtOAc/n-hexane 50 % v/v); 8u (400 MHz, DMSO-ds):
3.66 (t,] = 2.4, 1H), 494 (d,] = 2.4, 2H), 7.17 (d, J= 8.8, 2H), 7.26 (s, 2H, exchange with DO,
SO,;NH,), 7.80 (d, J = 8.8, 2H); 6 (100 MHz, DMSO-ds): 160.4, 137.8, 128.6, 115.9, 79.7, 79.6,
56.7.

Synthesis of azides and alkynes on various coumarins
General procedure of azidocoumarins B8-B10

Dibromoalkane (5.0 eq) was added to a suspension of 7-hydroxy-2H-chromen-2-one A39 (0.2g,
1.0 eq) and K;COs (2.0 eq) in dry DMF (5 ml) and the reaction mixture was stirred at 60°C
until the consumption of the starting material (TLC monitoring). NaNs; (5 mmol) was added
and the reaction mixture was stirred at the same temperature for further 3h, quenched with
H,O and extracted with EtOAc (2x20ml). The combine organic layers were washed with brine
(3x15ml), dried over Na,SOy, filtered-off, and concentrated in vacuo to give B8-B10 as a white

powder.

Synthesis of 7-(3-azidopropoxy)-2H-chromen-2-one B8
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Compound B8 was obtained according the general procedure earlier reported using 1-
3dibromopropane (5.0 eq), A39 (0.2¢, 1.0 eq) and NaNs (5 mmol) in DMF. 54% yield; m.p.
101°-102° C; 6u (400 MHz, CDCLy): 7.57 (d, J = 9.5 Hz, 1H), 7.31 (d, J = 8.3 Hz, 1H), 6.86 -
6.67 (m, 2H), 6.19 (d, ] = 9.5 Hz, 1H), 4.11 (t, ] = 5.8 Hz, 2H), 3.54 (t, ] = 6.4 Hz, 2H), 2.29 (p,
J = 6.1 Hz, 2H). 6c (100 MHz, CDCls): 160.84, 160.11, 154.85, 142.32, 127.80, 112.29,
111.73, 100.55, 64.86, 30.95, 28.50.

Synthesis of 7-(4-azidobutoxy)-2H-chromen-2-one B9

Compound B9 was obtained according the general procedure earlier reported using L-
4dibromobutane (5.0 eq), A39 (0.2¢, 1.0 eq) and NaN; (5 mmol) in DMF. 90% yield; silica gel
TLC Rf 0.5 (EtOAc¢/Hex 30% v/v); 8H (400MHz, DMSO-d6): 7.96 (d, J = 9.5 Hz, 1H, Ar-H),
7.59 (d, J =8.5 Hz, 1H, Ar-H), 6.94 (d, J = 2.1 Hz, 1H, Ar-H), 6.91 (dd, J = 8.5, 2.3 Hz, 1H, Ar-
H), 6.27 (d, J = 9.5 Hz, 1H, Ar-H), 4.08 (¢, ] = 6.2 Hz, 2H, CH2), 3.41 (t, J = 6.8 Hz, 2H, CH2),
1.86 - 1.74 (m, 2H, CH2), 1.69 (dq, J = 9.7, 6.4 Hz, 2H, CH2) 8C (100 MHz, DMSO-d6):
162.76, 161.33, 156.44, 145.28, 130.45, 113.68, 113.44, 113.34, 102.12, 68.78, 51.40, 26.75,
26.07.

Synthesis of 7-((5-azidopentyl)oxy)-2H-chromen-2-one B10

Compound B10 was obtained according the general procedure earlier reported using 1-
5dibromopentane (5.0 eq), A39 (0.2¢, 1.0 eq) and NaNjs (5 mmol) in DMFE. 90% yield; silica gel
TLC Rf 0.5 (EtOAc¢/Hex 30% v/v); 8H (400MHz, DMSO-d6): 7.98 (d, J = 9.5 Hz, 1H, Ar-H),
7.61 (d, J = 8.5 Hz, 1H, Ar-H), 6.96 (s, 1H, Ar-H), 6.95 - 6.89 (m, 1H, Ar-H), 6.28 (d, J = 9.5
Hz, 1H, Ar-H), 4.08 (dd, J= 11.6, 5.3 Hz, 2H, CH2), 3.36 (t, J = 3.3 Hz, 2H, CH2), 1.81 - 1.72
(m, 2H, CH2), 1.65 - 1.56 (m, 2H, CH2), 1.53 - 1.43 (m, 2H, CH2). C (100 MHz, DMSO-
d6): 162.89, 161.35, 156.48, 145.34, 130.49, 113.73, 113.43, 113.31, 102.14, 69.16, 51.63,
31.70, 29.02 (d, J= 1.8 Hz), 23.80.

General procedure of alkynocoumarins B11-B13

Alkynyl bromide (1.2 eq) was added to a solution of 7-hydroxy-2H-chromen-2-one A39 (1.0 eq,
0,7 g) and K2CO3 (1.2 eq) in dry DMF (3 mL). The reaction mixture was stirred and heated up
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to 80°C o.n. The mixture was quenched with slush and the precipitate obtained was filtered

and washed with petrolium ether.
Synthesis of 7-(prop-2-yn-1-yloxy)-2H-chromen-2-one B11

Compound B11 was obtained according the general procedure earlier reported using propargyl
bromide (1.2 eq), A39 (1.0 eq, 0,7 g) and K2CO3 (1.2 eq) in dry DMF (3 mL). 100% yield;
m.p. 118°C; silica gel TLC Rf 0.5 (EtOAc/Hex 30% v/v); SH (400MHz, DMSO-d6): 8.01 (t, J =
9.4 Hz, 1H, Ar-H), 7.68 (d, ] = 8.6 Hz, 1H, Ar-H), 7.07 (d, ] = 2.1 Hz, 1H, Ar-H), 7.02 (dd, ] =
8.6, 2.3 Hz, 1H, Ar-H), 6.35 (d,J = 9.5 Hz, 1H, Ar-H), 4.97 (d, ] = 2.2 Hz, 2H, CH2), 3.69 (, J =
2.1 Hz, 1H, CH). 6C (100 MHz, DMSO-d6): 161.01, 161.25, 156.18, 145.26, 130.56, 114.02,
113.95, 113.92, 102.82, 79.96, 79.56, 57.17.

Synthesis of 7-(but-3-yn-1-yloxy)-2H-chromen-2-one B12

Compound B12 was obtained according the general procedure earlier reported using 4-
bromobutLyne (1.2 eq), A39 (1.0 eq, 0,7 g) and K2CO3 (1.2 eq) in dry DMF (3 mL). 33%
yield; m.p. 93°C; silica gel TLC Rf 0.5 (EtOAc/Hex 40% v/v); SH (400MHz, DMSO-d6): 8.03
(d,]=9.5 Hz, 1H, Ar-H), 7.66 (d, J = 8.6 Hz, 1H, Ar-H), 7.03 (t, ] = 3.9 Hz, 1H, Ar-H), 7.00 (dd,
] =8.6,2.3 Hz, 1H, Ar-H), 6.33 (d, ] = 9.5 Hz, 1H, Ar-H), 4.21 (¢, ] = 6.4 Hz, 2H, CH2), 2.71
(td, J= 6.3, 2.6 Hz, 2H, CH2). 8C (100 MHz, DMSO-d6): 162.38, 161.32, 161.01, 156.42,
145.35, 130.60, 113.76, 113.69, 113.60, 102.36, 82.21, 73.61, 67.51, 19.79.

Synthesis of 7-(pent-4-yn-1-yloxy)-2H-chromen-2-one B13

Compound B13 was obtained according the general procedure earlier reported using 5-
bromopent-lyne (1.2 eq), A39 (1.0 eg, 0,7 g) and K2CO3 (1.2 eq) in dry DMF (3 mL). 86%
yield; m.p. 103°C; silica gel TLC Rf 0.5 (EtOAc/Hex 30% v/v); SH (400MHz, DMSO-d6): 7.99
(t,] = 11.2 Hz, 1H, Ar H), 7.64 (d, J = 8.5 Hz, 1H, Ar-H), 7.00 (d, ] = 1.9 Hz, 1H, Ar-H), 6.97
(dd, J = 8.6, 2.2 Hz, 1H, Ar-H), 6.31 (d, J = 9.5 Hz, 1H; CH), 4.17 (t, ] = 6.1 Hz, 2H; CH2), 2.38
(td, J = 7.0, 2.4 Hz, 2H, CH2), 2.01 - 1.90 (m, 2H, CH2). §C (100 MHz, DMSO-d6): 162.70,
161.34, 161.01, 156.44, 145.34, 130.55, 113.68, 113.55, 113.44, 102.22, 84.55, 72.79, 67.81,
28.54, 15.50.
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Synthesis of azides and alkynes on berberine scaffold.
Synthesis of berberrubine 14

Berberine hydrochloride (5.0g) was heated at 190°C under vacuum (20-30mm Hg) for 2h to
obtain berberrubine 14 as a dark red solid; 90% yield; m.p. >300° C; silica gel TLC R;0.25
(MeOH/DCM 10% v/2); 8y (400 MHz, DMSO-de): 9.11 (s, IH, Ar-H), 8.02 (s, 1H, Ar-H), 7.65
(s, 1H, Ar-H), 7.24 (d, J = 7.9 Hz, 1H, Ar-H), 7.00 (s, 1H, Ar-H), 6.38 (d, J = 7.8 Hz, 1H, Ar-H),
6.13 (s, 2H, CHy), 4.51 (t, J = 5.9 Hz, 2H, CH,), 3.76 (s, 3H, CHs), 3.07 (¢, J = 5.9 Hz, 2H,
CH.). 8¢ (100 MHz, DMSO-de): 162.7, 149.6, 149.4, 148.0, 145.8, 134.0, 132.2, 129.2, 122.5,
121.4, 120.1, 118.2, 107.7, 106.9, 104.3, 101.8, 55.2, 54.1, 27.5.

General procedure for berberine azides B19-B22

The proper dibromoalkane (20.0 eq) was added to a solution of berberrubine (1.0 g, 1.0 eq) in
dry DMF (10ml) and the reaction mixture was heated for at 60° o.n. The resulting suspension
was treated with Et;O (35ml) and the obtained precipitate was filtered-off and washed with
further Et;O. The crude (bromoalkyl)berberine (0.5 g, 1.0 eq) was dissolved in dry DMF (5ml)
and NaNj; (10.0 eq) was added. The mixture was stirred at 60° o.n., quenched with water and
extracted with DCM (2x30ml). The combined organic layers were dried over anhydrous
Na;SQOy, filtered-off, concentrated in vacuo and triturated with Et;O (30ml). The resulting solid

was filtered and washed with additional Et;O to afford the title compounds a red powder.

9-(2-Azidoethoxy)-10-methoxy-5,6-dihydro- 1,3]dioxolo[4,5-glisoquinolino[3,2-a]isoquinolin-7-

ium bromide B19

Compound B19 was obtained according to general procedure previously reported using
berberrubine (1.0 g, 1.0 eq), 1,2-dibromoethane (20.0 eq) and NaNjs (10.0 eq). 72% yield; m.p.
215°217° G; silica gel TLC R;0.50 (MeOH/DCM 10% v/v); 81 (400 MHz, DMSO-dy): 9.85 (s,
1H, Ar-H), 8.98 (s, 1H, Ar-H), 8.25 (d, J = 9.2 Hz, 1H, Ar-H), 8.05 (d, J = 9.1 Hz, 1H, Ar-H),
7.84 (s, IH, Ar-H), 7.13 (s, 1H, Ar-H), 6.21 (s, 2H, CH,), 4.97 (t, ] = 6.1 Hz, 2H, CH,), 4.48 (m,
2H, CH,), 4.11 (s, 3H, CHj), 3.88 (m, 2H, CH,), 3.25 (m, 2H, CH,). 8¢ (100 MHz, DMSO-de):
151.25, 150.79, 148.62, 146.15, 143.03, 138.46, 133.95, 131.58, 127.53, 124.77, 122.42,
121.32, 121.17, 109.34, 106.36, 103.02, 73.48, 58.02, 56.32, 51.50, 27.28.
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9-(3-Azidopropoxy)-10-methoxy-5,6-dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-
7-ium bromide B20

Compound B20 was obtained according to general procedure previously reported using
berberrubine (1.0 g, 1.0 eq), 1,3-dibromopropane (20.0 eq) and NaNjs (10.0 eq). 79% yield; m.p.
239.242° C; silica gel TLC R;0.50 (MeOH/DCM 10% v/v); 81 (400 MHz, DMSO-dy): 9.84 (s,
1H, Ar-H), 8.99 (s, 1H, Ar-H), 8.25 (d, J = 9.1 Hz, 1H, Ar-H), 8.05 (d, J = 9.1 Hz, 1H, Ar-H),
7.84 (s, 1H, Ar-H), 7.14 (s, 1H, Ar-H), 6.22 (s, 2H, CH.), 4.99 (t, ] = 5.9 Hz, 2H, CH,), 4.41 (t, J
= 6.2 Hz, 2H, CH,), 4.11 (s, 3H, CH,), 3.71 (t, ] = 6.7 Hz, 2H, CH,), 3.26 (t, ] = 6.0 Hz, 2H,
CH,), 2.19 (m, 2H, CH,). 8c (100 MHz, DMSO-de): 151.25, 150.78, 148.63, 146.20, 143.49,
138.44, 133.98, 131.63, 127.62, 124.47, 122.46, 121.37, 121.16, 109.35, 106.38, 103.03,
72.42, 58.04, 56.24, 48.72, 29.97, 27.21.

9-(4-Azidobutoxy)-10-methoxy-5,6-dihydro-1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-

ium bromide B21

Compound B21 was obtained according to general procedure previously reported using
berberrubine (1.0 g, 1.0 eq), 1,4-dibromobutane (20.0 eq) and NaNj; (10.0 eq). 72% yield; m.p.
216.218° C; silica gel TLC R;0.50 (MeOH/DCM 10% v/v); 81 (400 MHz, DMSO-ds): 9.80 (s,
1H, Ar-H), 897 (s, 1H, Ar-H), 8.23 (d, J = 9.2 Hz, 1H, Ar-H), 8.03 (d, J = 9.1 Hz, 1H, Ar-H),
7.83 (s, 1H, Ar-H), 7.12 (s, 1H, Ar-H), 6.21 (s, 2H, CH.), 4.98 (t, J = 6.1 Hz, 2H, CH.), 4.34 (t, J
= 6.4 Hz, 2H, CH), 4.09 (s, 3H, CH), 3.50 (t, J = 6.8 Hz, 2H, CH.), 3.24 (m, 2H, CH,), 1.96
(dd, J = 14.7, 6.5 Hz, 2H, CH,), 1.84 (m, 2H, CH,). 8 (100 MHz, DMSO-dy): 151.32, 150.77,
148.62, 146.21, 143.70, 138.39, 133.98, 131.60, 127.62, 124.34, 122.55, 121.37, 121.16,
109.34, 106.36, 103.02, 74.68, 58.00, 56.25, 51.45, 27.75, 27.29, 25.87.

9-((5-Azidopentyl)oxy)-10-methoxy-5,6-dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-

alisoquinolin-7-ium bromide B22

Compound B22 was obtained according to general procedure previously reported using
berberrubine (1.0 g, 1.0 eq), 1,5-dibromopentane (20.0 eq) and NaNs (10.0 eq). 72% yield; m.p.
219-222° C; silica gel TLC R;0.35 (MeOH/DCM 10% v/v); 81 (400 MHz, DMSO-ds): 9.80 (s,
1H, Ar-H), 8.98 (s, 1H, Ar-H), 8.24 (d, ] = 9.2 Hz, 1H, Ar-H), 8.03 (d, ] = 9.1 Hz, 1H, Ar-H),
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7.84 (s, 1H, Ar-H), 7.13 (s, 1H, Ar-H), 6.21 (s, 2H, CH3), 4.99 (t,] = 6.1 Hz, 2H, CH,), 4.33 (¢, J
= 6.6 Hz, 2H, CH)), 4.09 (s, 3H, CH)), 3.43 (t, ] = 6.7 Hz, 2H, CH,), 3.30 - 3.16 (m, 2H, CH)),
1.95 (m, 2H, CHy), 1.69 (dd, J = 13.8, 6.9 Hz, H), 1.60 (m, 2H, CH,). 6¢ (100 MHz, DMSO-de):
151.33, 150.74, 148.60, 146.18, 143.78, 138.34, 133.97, 131.57, 127.58, 124.28, 122.57,
121.35, 121.14, 109.32, 106.35, 103.01, 74.98, 57.98, 56.25, 51.58, 29.93, 28.97, 27.29,
23.54.

Synthesis  of 10-methoxy-9-(prop-2-yn-1-yloxy)-5,6-dihydro-[1,3]dioxolo[4, 5-

glisoquinolino([3,2-alisoquinolin-7-ium bromide B23

Propargyl bromide (0.111g, 2.0 eq) was added to a solution of berberrubine 14 (0.250g, 1.0 eq)
in dry DMF (2ml) and the reaction mixture was stirred at 60°C o.n. and thereafter treated with
Et,O. The formed precipitate was filtered and purified by silica gel column chromatography
eluting with MeOH/DCM 10% to afford B23 as a yellow powder. 49% vyield; m.p. >300° C;
silica gel TLC R;0.52 MeOH/DCM 10% v/v); &1 (400 MHz, DMSO-dg): 9.91 (s, 1H, Ar-H),
9.00 (s, 1H, Ar-H), 8.27 (d, ] = 9.2 Hz, 1H, Ar-H), 8.09 (d, ] = 9.1 Hz, 1H, Ar-H), 7.84 (s, 1H,
Ar-H), 7.14 (s, 1H, Ar-H), 6.22 (s, 2H, CH>), 5.13 (d, ] = 2.1 Hz, 2H, CH,), 5.00 (t, ] = 6.0 Hz,
2H, CHy), 4.12 (s, 3H, CH3), 3.65 (s, 1H, CH), 3.25 (m, 2H, CH,). 8¢ (100 MHz, DMSO-ds):
151.20, 150.38, 148.19, 145.82, 141.19, 138.92, 133.42, 131.22, 127.03, 124.76, 122.58,
120.90, 120.79, 108.92, 105.96, 102.60, 80.30, 79.26, 61.44, 57.65, 55.79, 26.82.

10-Methoxy-9-(pent-4-yn-1-yloxy)-5,6-dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-
alisoquinolin-7-ium bromide B24

5-bromo-1-pentyne (2.0 eq) was added to a solution of berberrubine (1.0 eq, 0.5 g) and KI (1.2
eq) in dry DMF (3 mL). The reaction mixture was stirred and heated up to 60° o.n. The
suspension was treated with Et20 and the obtained precipitate was filtered-off. 90% yield; m.p.
250°C; silica gel TLC Rf 0.36 (MeOH/DCM 5% v/v); 8H (400MHz, DMSO-d6): 9.83 (s, 1H,
Ar-H), 9.01 (s, 1H, Ar-H), 8.24 (d, ] = 9.1 Hz, 1H, Ar-H), 8.04 (d, ] = 9.1 Hz, 1H, Ar-H), 7.84 (s,
1H, Ar-H), 7.13 (s, 1H, Ar-H), 6.21 (d, ] = 5.9 Hz, 2H, CH2), 4.99 (m, 2H, CH2), 4.41 (¢, ] =
6.3 Hz, 2H, CH2), 4.10 (s, 3H, CH3), 3.25 (m, 2H, CH2), 2.91 (m, 1H, CH), 2.53 (d, ] = 6.5
Hz, 2H, CH2), 2.09 (m, 2H, CH2). §C (100 MHz, DMSO-d6): 151.00, 151.13, 148.75, 146.72,

131



Chapter 5. Experimental Section

143.98, 138.91, 134.37 - 133.84, 131.75, 127.78, 124.47, 122.90, 121.72, 121.34, 109.49,
106.50, 103.19, 84.99, 73.96, 72.79, 58.17, 56.40, 29.58, 27.38, 15.65.

Synthesis of benzensulfonamide-triazoles B25-B34
General procedure: Cu(l) catalysed azide-alkyne Huisgen cycloaddition reactions B25-B34

The appropriate alkyne (1.0-1.2 eq) was added to a suspension of azide (1.0-2.0 eq) in H,O/t
BuOH 1/1 at r.t., followed by a suspension of CuSO;*5H,0 (0.2 eq) and sodium ascorbate
(0.7 eq) in H,O. The suspension was stirred at 40°C for 24h, then quenched with KPF¢ 1M
acqueous solution (6.0 eq) and extracted with DCM. The organic layers were concentrated in

vacuo and triturated with EtOAc to afford the title triazole derivative as a yellow-brown powder.

10-Methoxy-9-(2-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-yl)ethoxy)-5,6-dihydro-

[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B25

Azide B19 (1.0 eq, 0,2g) was added to a suspension of alkyne B2 (1.0-2-0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4:5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H2O and it works as describe in general procedure to obtain the compounds B25.
59% yield; m.p. 212-215° C; silica gel TLC Ry 0.55 MeOH/DCM 10% v/v); dn (400 MHz,
DMSO-de): 9.62 (s, 1H, Ar-H), 8.94 (s, 2H, Ar-H), 8.20 (s, 1H, Ar-H), 8.06 (s, 3H, Ar-H), 7.94 (s,
2H, Ar-H), 7.80 (s, 1H, Ar-H), 7.45 (s, 2H, exchange with D,O, SO,NH,), 7.11 (s, 1H, Ar-H),
6.21 (s, 2H, CH,), 5.04 (s, 2H, CH,), 4.85 (s, 4H, 2 x CH,), 4.04 (s, 3H, CHs), 3.19 (s, 2H,
CH,). 8¢ (100 MHz, DMSO-dg): 151.03, 150.82, 148.65, 146.22, 145.88, 144.10, 142.67,
138.40, 134.64, 133.80, 131.43, 127.44, 127.38, 126.30, 124.83, 124.20, 122.25, 121.20,
121.05, 109.34, 106.31, 103.01, 72.89, 57.93, 56.35, 51.19, 27.17.

10-Methoxy-9-(2-(4-((4-sulfamoylphenoxy)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)-5,6-dihydro-

[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B26

Azide B19 (1.0 eq, 0,2g) was added to a suspension of alkyne B4 (1.0-2-0 eq) in H2O/t-BuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4:5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H2O and it works as describe in general procedure to obtain the compounds B26.

63% vyield; m.p. 183-185° C; silica gel TLC R; 0.56 MeOH/DCM 10% v/v); du (400 MHz,
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DMSO-d) : 9.52 (s, 1H, Ar-H), 8.94 (s, 1H, Ar-H), 8.46 (s, 1H, Ar-H), 8.20 (d, J = 8.8 Hz, 1H,
Ar-H), 8.02 (d, ] = 8.5 Hz, 1H, Ar-H), 7.82 (s, 1H, Ar-H), 7.76 (d, ] = 8.5 Hz, 2H, Ar-H), 7.27 (s,
2H, exchange with D,O, SO:.NH,), 7.17 (d, ] = 8.4 Hz, 2H, Ar-H), 7.13 (s, 1H, Ar-H), 6.22 (s,
2H, CHy), 5.27 (s, 2H, CH,), 4.98 (s, 2H, CH)), 4.90 (s, 2H, CH,), 4.79 (s, 2H, CH,), 4.04 (s,
3H, CHs), 3.25 (s, 2H, CH,). 6¢ (100 MHz, DMSO-dg): 161.24, 151.00, 150.86, 148.68, 145.85,
143.42, 142.78, 138.41, 137.47, 133.79, 131.53, 128.59, 127.47, 126.36, 124.82, 122.19,
121.28, 121.12, 115.64, 109.39, 106.38, 103.06, 73.11, 62.29, 57.95, 56.40, 51.05, 27.26.

10-Methoxy-9-(3-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-yl) propoxy)-5,6-dihydro-

[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B27

Azide B20 (1.0 eq, 0,2¢) was added to a suspension of alkyne B2 (1.0-2:0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4:5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H2O and it works as describe in general procedure to obtain the compounds B27.
63% vyield; m.p. 205-208° C; silica gel TLC Ry 0.50 (MeOH/DCM 10% v/v); 61 (400 MHz,
DMSO-de): 9.88 (s, 1H, Ar-H), 8.96 (s, 1H, Ar-H), 8.85 (s, 1H, Ar-H), 8.22 (s, 1H, Ar-H), 8.06 (s,
3H, Ar-H), 7.93 (d, ] = 7.1 Hz, 2H, Ar-H), 7.83 (s, 1H, Ar-H), 7.45 (s, 2H, exchange with D,O,
SO;NH,), 7.14 (s, 1H, Ar-H), 6.22 (s, 2H, CH,), 5.01 (s, 2H, CH,), 4.82 (s, 2H, CH,), 4.38 (s,
2H, CH,), 4.06 (s, 3H, CHs), 3.34 (s, 2H, CH,), 3.27 (s, 2H, CH,). 8¢ (100 MHz, DMSO-dy):
151.26, 150.78, 148.62, 146.17, 146.12, 144.10, 143.32, 138.40, 134.85, 133.95, 131.61,
127.57, 127.38, 126.30, 124.53, 123.76, 122.42, 121.32, 121.09, 109.34, 106.33, 103.00,
71.92,57.92,56.14,47.72, 31.05, 27.27.

10-Methoxy-9-(3-(4-((4-sulfamoylphenoxy)methyl)-1H-1,2,3-triazol-1-yl) propoxy)-5,6-dihydro-

[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B28

Azide B20 (1.0 eq, 0,2¢) was added to a suspension of alkyne B4 (1.0-2-0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H2O and it works as describe in general procedure to obtain the compounds B28.
42% vyield; m.p. 120-122° C; silica gel TLC R; 0.45 (MeOH/DCM 10% v/v); 8 (400 MHz,
DMSO-de): 9.88 (s, 1H, Ar-H), 8.98 (s, 1H, Ar-H), 8.42 (s, 1H, Ar-H), 8.22 (s, 1H, Ar-H), 8.05 (s,
1H, Ar-H), 7.84 (s, 1H, Ar-H), 7.78 (d, J = 8.3 Hz, 2H, Ar-H), 7.27 (s, 2H, exchange with D,0,
SO,NH), 7.22 (d, J = 8.3 Hz, 2H, Ar-H), 7.14 (s, 1H, Ar-H), 6.22 (s, 2H, CH,), 5.29 (s, 2H,
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CH>), 5.00 (s, 2H, CH»), 4.77 (s, 2H, CHa), 4.34 (s, 2H, CH,), 4.06 (s, 3H, CH3), 3.26 (s, 2H,
CH,), 2.51 (s, 2H, CH)). 8¢ (100 MHz, DMSO-de): 161.26, 151.26, 150.80, 148.65, 146.20,
143.31, 143.21, 138.45, 137.45, 133.98, 131.61, 128.58, 127.60, 125.89, 124.56, 122.43,
121.35, 121.17, 115.67, 109.36, 106.37, 103.02, 71.92, 62.36, 57.94, 56.21, 47.53, 31.17,
27.21.

10-Methoxy-9-(4-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-yl) butoxy)-5,6-dihydro-

[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B29

Azide B21 (1.0 eq, 0,2g) was added to a suspension of alkyne B2 (1.0-2-0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4:5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20O and it works as describe in general procedure to obtain the compounds B29.
74% vyield; m.p. 183-185° C; silica gel TLC R; 0.33 (MeOH/DCM 10% v/v); 81 (400 MHz,
DMSO-de): 9.81 (s, 1H, Ar-H), 8.96 (s, 1H, Ar-H), 8.84 (s, 1H, Ar-H), 8.23 (d, ] = 7.7 Hz, 1H,
Ar-H), 8.06 (d, ] = 8.0 Hz, 3H, Ar-H), 7.94 (d, ] = 8.1 Hz, 2H, Ar-H), 7.84 (s, 1H, Ar-H), 7.45 (s,
2H, exchange with D,O, SO,NH,), 7.13 (s, 1H, Ar-H), 6.22 (s, 2H, CH,), 4.99 (s, 2H, CH,),
4.62 (s, 2H, CH»), 4.37 (s, 2H, CH)), 4.09 (s, 3H, CH3), 3.25 (s, 2H, CH»), 2.22 (s, 2H, CH,),
1.94 (s, 2H, CH,). 8¢ (100 MHz, DMSO-ds): 151.26, 150.76, 148.61, 146.13, 146.04, 144.04,
143.59, 138.35, 134.89, 133.94, 131.56, 127.50, 127.34, 126.25, 124.33, 123.60, 122.50,
121.33,121.11, 109.32, 106.34, 103.01, 74.42, 57.95, 56.23, 50.38, 40.10, 27.45, 27.20.

10-Methoxy-9-(4-(4-((4-sulfamoylphenoxy)methyl)-1H-1,2,3-triazol-1-yl)butoxy)-5,6-dihydro-

[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B30

Azide B21 (1.0 eq, 0,2g) was added to a suspension of alkyne B4 (1.0-2-0 eq) in H2O/t-BuOH
1/1 (12 mlL) at r.t., followed by a suspension of CuSO4:5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20O and it works as describe in general procedure to obtain the compounds B30.
51% yield; m.p. 165-168° C; silica gel TLC Ry 0.31 MeOH/DCM 10% v/v); én (400 MHz,
DMSO-dg): 9.80 (s, 1H, Ar-H), 8.97 (s, 1H, Ar-H), 8.36 (s, 1H, Ar-H), 8.22 (s, 1H, Ar-H), 8.04 (s,
IH, Ar-H), 7.83 (s, 1H, Ar-H), 7.79 (d, ] = 8.6 Hz, 2H, Ar-H), 7.27 (s, 2H, exchange with DO,
SO;NH,), 7.22 (d, ] = 8.5 Hz, 2H, Ar-H), 7.13 (s, 1H, Ar-H), 6.21 (s, 2H, CH,), 5.27 (s, 2H,
CH)), 4.99 (s, 2H, CH,), 4.55 (s, 2H, CH,), 4.34 (s, 2H, CH»), 4.08 (s, 3H, CH3), 3.25 (s, 2H,
CH,), 2.14 (d, J = 10.6 Hz, 2H, CH,), 1.89 (s, 2H, CH,). 8¢ (100 MHz, DMSO-de): 161.28,
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151.29, 150.76, 148.62, 146.15, 143.61, 143.09, 138.37, 137.45, 133.94, 131.59, 128.59,
127.53, 125.72, 124.36, 122.51, 121.35, 121.13, 115.70, 109.33, 106.36, 103.01, 74.44, 62.38,
57.95, 56.24, 50.13, 40.16, 27.43, 27.30.

10-Methoxy-9-((5-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-yl)pentyl) oxy)-5,6-dihydro-
[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B31

Azide B22 (1.0 eq, 0,2g) was added to a suspension of alkyne B2 (1.0-2:0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20 and it works as describe in general procedure to obtain the compounds B31.
55% yield; m.p. 200-202° C; silica gel TLC R; 0.44 (MeOH/DCM 10% v/v); 8 (400 MHz,
DMSO-d): 9.76 (s, 1H, Ar-H), 8.95 (s, 1H, Ar-H), 8.80 (s, 1H, Ar-H), 8.22 (d, J = 8.3 Hz, 1H,
Ar-H), 8.04 (d, ] = 8.1 Hz, 3H, Ar-H), 7.92 (d, ] = 8.1 Hz, 2H, Ar-H), 7.83 (s, IH, Ar-H), 7.44 (s,
2H, exchange with D,O, SO,NH,), 7.13 (s, 1H, Ar-H), 6.22 (s, 2H, CH,), 4.98 (s, 2H, CH),
4.53 (s, 2H, CHy), 4.34 (s, 2H, CHy), 4.08 (s, 3H, CHs), 3.24 (s, 2H, CH,), 2.01 (d, J = 31.6 Hz,
4H,2 x CH,), 1.56 (s, 2H, CH,). 8c (100 MHz, DMSO-dy): 151.27, 150.77, 148.63, 146.11,
145.98, 144.03, 143.73, 138.38, 134.88, 133.97, 131.59, 127.61, 127.32, 126.20, 124.21,
123.46, 122.53, 121.36, 121.13, 109.33, 106.36, 103.01, 74.88, 57.95, 56.24, 50.56, 32.23,
30.23, 29.80, 23.35.

10-Methoxy-9-((5-(4-((4-sulfamoylphenoxy)methyl)-1H-1,2,3-triazol-1-yl) pentyl)oxy)-5,6-dihydro-
[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B32

Azide B22 (1.0 eq, 0,2¢g) was added to a suspension of alkyne B4 (1.0-2-0 eq) in H20/t-BuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H2O and it works as describe in general procedure to obtain the compounds B32.
20% vyield; m.p. 168-171° C; silica gel TLC R; 0.38 (MeOH/DCM 10% v/v); 6u (400 MHz,
DMSO-de): 9.77 (s, 1H, Ar-H), 8.97 (s, 1H, Ar-H), 8.33 (s, 1H, Ar-H), 8.22 (s, 1H, Ar-H), 8.02 (s,
IH, Ar-H), 7.84 (s, 1H, Ar-H), 7.78 (d, ] = 8.3 Hz, 2H, Ar-H), 7.26 (s, 2H, exchange with DO,
SO,NH,), 7.21 (d, J = 8.2 Hz, 2H, Ar-H), 7.13 (s, 1H, Ar-H), 6.21 (s, 2H, CH,), 5.25 (s, 2H,
CHa), 4.99 (s, 2H, CHa), 4.48 (s, 2H, CHy), 4.31 (s, 2H, CH,), 4.08 (s, 3H, CH3), 3.25 (s, 2H,
CH,), 1.97 (s, 4H,2 x CH,), 1.52 (s, 2H, CH,). 8¢ (100 MHz, DMSO-de): 161.26, 151.32,
150.78, 148.64, 146.15, 143.74, 143.04, 138.40, 137.46, 133.98, 131.61, 128.57, 127.62,

135



Chapter 5. Experimental Section

125.58, 124.26, 122.57, 121.38, 121.16, 115.68, 109.35, 106.36, 103.01, 74.88, 62.38, 57.95,
56.24, 50.33, 30.35, 29.76, 27.28, 23.31.

10-Methoxy-9-((1-(3-sulfamoylphenyl)-1H-1,2,3-triazol-4-yl) methoxy)-5,6-dihydro-

[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B33

Azide A30 (1.0 eq, 0,2¢) was added to a suspension of alkyne B23 (1.0-2:0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20 and it works as describe in general procedure to obtain the compounds
B33.34% yield; m.p. 195-198% silica gel TLC R;0.45 (MeOH/DCM 10% v/4); 8y (400 MHz,
DMSO-dg): 9.81 (s, 1H, Ar-H), 9.22 (s, 1H, Ar-H), 8.99 (s, 1H, Ar-H), 8.42 (s, 1H, Ar-H), 8.28 (s,
IH, Ar-H), 8.17 (s, 1H, Ar-H), 8.08 (s, 1H, Ar-H), 7.99 (d, J = 7.2 Hz, 1H, Ar-H), 7.97 (d, J =
17.7 Hz, 1H, Ar-H), 7.86 (d, ] = 17.7 Hz, 1H, Ar-H), 7.63 (s, 2H, exchange with D,O, SO,NH),
7.12 (s, 1H), 6.21 (s, 2H, CHy), 5.61 (s, 2H, CH,), 4.97 (s, 2H, CH,), 4.16 (s, 3H, CHs), 3.23 (s,
2H, CH,). 8c (100 MHz, DMSO-de): 151.69, 150.85, 148.67, 146.76, 146.15, 145.02, 142.63,
138.54, 137.60, 134.00, 131.97, 131.64, 127.58, 126.64, 125.01, 124.69, 124.18, 122.71,
121.35, 121.25, 118.31, 109.39, 106.39, 103.05, 67.39, 58.10, 56.41, 27.31.

10-Methoxy-9-((1-(4-sulfamoylphenyl)-1H-1,2,3-triazol-4-yl)methoxy)-5,6-dihydro-

[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B34

Azide A31 (1.0 eq, 0,2g) was added to a suspension of alkyne B23 (1.0-2-0 eq) in H2O/+BuOH
1/1 (12 ml) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20O and it works as describe in general procedure to obtain the compounds B34.
19% yield; m.p. 250°253° silica gel TLC R ;0.26 (MeOH/DCM 10% v/v); du (400 MHz,
DMSO-de): 9.80 (s, 1H, Ar-H), 9.20 (s, 1H, Ar-H), 8.99 (s, 1H, Ar-H), 8.29 (d, ] = 8.9 Hz, 1H,
Ar-H), 8.18 (d, ] = 7.6 Hz, 2H, Ar-H), 8.08 (d, ] = 7.6 Hz, 3H, Ar-H), 7.83 (s, 1H, Ar-H), 7.59 (s,
2H, exchange with D,O, SO,NH,), 7.12 (s, 1H, Ar-H), 6.21 (s, 2H, CH,), 5.61 (s, 2H, CH,),
497 (s, 2H, CH,), 4.15 (s, 3H, CHs), 3.22 (s, 2H, CH,). 8¢ (100 MHz, DMSO-ds): 151.79,
150.96, 148.78, 146.23, 145.11, 142.74, 139.58, 138.69, 134.10, 131.75, 128.61, 127.72,
127.69, 125.12, 124.69, 122.80, 121.56, 121.47, 121.35, 109.50, 106.50, 103.17, 67.50, 58.22,
56.56, 27.43.
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Synthesis of coumarin-triazoles B35-B46
General procedure: Cu(l) catalysed azide-alkyne Huisgen cycloaddition reactions B35-B46
The general procedure is the same of the correspondent benzensulfonamide-triazole hybrids.

10-Methoxy-9-(3-(4-(((7-oxo-7,8-dihydronaphthalen-2-yl)oxy)methyl)-1H-1,2,3-triazol-1-
yl)propoxy) 5,6-dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-a]isoquinolin-7-ium
hexafluorophosphate(V) B35

Azide B20 (1.0 eq, 0,2¢g) was added to a suspension of alkyne B11 (1.0-2-0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4:5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20O and it works as describe in general procedure to obtain the compounds B35.
85% yield; m.p. 140°C; silica gel TLC Rf 0.18 (MeOH/DCM 10%); §H (400MHz, DMSO-d6):
9.77 (s, 1H, Ar-H), 8.95 (s, 1H, Ar-H), 8.44 (s, 1H, Ar-H), 8.21 (d, J = 9.2 Hz, 1H, Ar-H), 8.02
(d,J = 4.5 Hz, 1H, Ar-H, 7.99 (d, ] = 4.9 Hz, 1H, Ar-H), 7.83 (s, 1H, Ar-H), 7.62 (d, ] = 8.6 Hz,
IH, Ar-H), 7.15 (d, ] = 2.0 Hz, 1H, Ar-H), 7.13 (s, 1H, Ar-H), 7.01 (dd, J = 8.6, 2.2 Hz, 1H, Ar-
H), 6.32 (d, J = 9.5 Hz, 1H, Ar-H), 6.22 (s, 2H, CH2), 5.32 (s, 2H, CH2), 4.98 (d, ] = 5.7 Hz,
2H, CH2), 4.77 (t, ] = 6.7 Hz, 2H, CH2), 4.32 (t, ] = 5.8 Hz, 2H, CH2), 4.06 (s, 3H, CH3), 3.25
(d, J = 5.5 Hz, 2H, CH22), 2.52 - 2.47 (m, 2H, CH2). 6C (100 MHz, DMSO d6): 161.92,
161.11, 156.13, 151.20, 150.80, 148.64, 146.17, 145.14, 143.23, 143.01, 138.42, 133.98,
131.59, 130.37, 127.56, 126.06, 124.65, 122.34, 121.32, 121.14, 113.80, 113.59, 113.45,
109.36, 106.34, 103.03, 102.4, 72.0, 62.57, 57.92, 47.66, 31.61, 31.13.

10-Methoxy-9-(3-(4-(2-((7-ox0-7,8-dihydronaphthalen-2-yl)oxy)ethyl)-1H-1,2,3-triazol-1-
yl)propoxy)-5,6 dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium
hexafluorophosphate(V) B36

Azide B20 (1.0 eq, 0,2¢) was added to a suspension of alkyne B12 (1.0-2:0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H2O and it works as describe in general procedure to obtain the compounds B36.
42% yield; m.p. 130°C; silica gel TLC Rf 0.2 (MeOH/DCM 5%); 8H (400MHz, DMSO-d6): §
9.80 (s, 1H, Ar-H), 8.92 (s, 1H, Ar-H), 8.20 (d, J= 9.2 Hz, 1H, Ar-H), 8.14 (s, 1H, Ar-H), 8.00 (d,
J=4.5Hz, IH, AcH), 7.98 (d, ] = 4.9 Hz, 1H, Ar-H), 7.79 (s, 1H, Ar-H), 7.57 (¢, ] = 8.1 Hz, 1H,
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Ar-H), 7.11 (s, 1H, Ar-H), 6.97 (d, ] = 2.1 Hz, 1H, Ar-H), 6.89 (dd, ] = 8.6, 2.3 Hz, 1H, Ar-H),
6.31(d,J =9.5 Hz, 1H, Ar-H), 6.21 (s, 2H, CH2), 5.04 - 4.96 (m, 2H, CH2), 4.73 (t, ] = 6.7 Hz,
2H, CH2), 4.37 (t,] = 6.3 Hz, 2H, CH2), 4.29 (¢, J= 5.7 Hz, 2H, CH2), 4.06 (s, 3H, CH3), 3.28
- 3.21 (m, 2H, CH2), 3.17 (t, ] = 6.2 Hz, 2H, CH2), 2.51 - 2.43 (m, 2H, CH2). §C (100 MHz,
DMSO-d6): 162.52, 161.29, 156.33, 151.40, 150.94, 148.77, 146.21, 145.31, 144.59, 143.37,
138.53, 134.02, 131.69, 130.51, 127.66, 124.68, 124.17, 122.5, 121.43, 121.28, 113.60,
113.56, 113.45, 109.49, 106.45, 103.18, 102.28, 72.13, 68.39, 58.04, 47.52, 31.31, 27.39,
26.41.

10-Methoxy-9-(3-(4-(3-((7-ox0-7,8-dihydronaphthalen-2-yl)oxy)propyl)-1H-1,2,3-triazol-1-
yl)propoxy)-5,6-dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium
hexafluorophosphate(V) B37

Azide B20 (1.0 eq, 0,2¢) was added to a suspension of alkyne B13 (1.0-2:0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20 and it works as describe in general procedure to obtain the compounds B37.
30% yield; m.p. 145°C; silica gel TLC Rf 0.5 (MeOH/DCM 10%); 8H (400MHz, DMSO-d6):
9.84 (s, 1H, Ar-H), 8.94 (s, 1H, Ar-H), 8.19 (t, ] = 11.5 Hz, 1H, Ar-H), 8.06 (s, 1H, Ar-H), 8.01
(s, 1H, Ar-H), 7.99 (s, 1H, Ar H), 7.82 (s, IH, Ar-H), 7.62 (d, J= 9.2 Hz, 1H, Ar-H), 7.12 (s, 1H,
ArH, 6.94 (s, 1H, Ar-H), 6.93 (s, IH, Ar-H), 6.31 (d, ] = 9.5 Hz, 1H, Ar-H), 6.22 (s, 2H, CH2),
499 (d,J = 5.7 Hz, 2H, CH2), 4.70 (t, ] = 6.7 Hz, 2H, CH2), 4.29 (¢, ] = 5.8 Hz, 2H, CH2),
4.13 (t, ] = 6.3 Hz, 2H, CH2), 4.06 (s, 3H, CH3), 3.26 (d, J = 5.6 Hz, 2H, CH2), 2.84 (¢, J= 7.3
Hz, 2H, CH2), 2.49 - 2.43 (m, 2H, CH2), 2.14 - 2.08 (m, 2H, CH2). 8C (100 MHz, DMSO-
d6): 162.15, 160.70, 155.80, 150.82, 150.34, 148.18, 145.70, 144.75, 142.79, 138.04, 133.45,
131.13, 129.92, 127.18, 124.15 - 123.95, 122.84, 122.00, 120.86, 120.74, 113.13, 112.90,
112.78, 108.96, 105.87, 102.58, 101.50, 71.52, 67.89, 57.47, 56.28, 46.82, 30.71, 28.68,
26.80, 21.95.

10-Methoxy-9-(4-(4-(((2-oxo-2H-chromen-7-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)butoxy)-5,6-

dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B38

Azide B21 (1.0 eq, 0,2¢g) was added to a suspension of alkyne B11 (1.0-2-0 eq) in H20/t-BuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4:5H20 (0.2 eq) and sodium ascorbate
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(0.7 eq) in H2O and it works as describe in general procedure to obtain the compounds B38.
45% yield; m.p. 108-110°C; silica gel TLC Rf 0.32 MeOH/DCM 10% v/v); 8H (400MHz,
DMSO-d6): 9.78 (s, 1H, Ar-H), 8.95 (s, 1H, Ar-H), 8.38 (s, 1H, Ar-H), 8.22 (d, J = 8.6 Hz, 1H,
Ar-H), 8.03 (d, J = 9.2 Hz, 1H, Ar-H), 7.83 (s, 1H, Ar-H), 7.67 (d, ] = 8.5 Hz, 1H, Ar-H), 7.19 (s,
IH, Ar-H), 7.12 (s, 1H, Ar-H), 7.04 (d, ] = 8.1 Hz, 1H, Ar-H), 6.34 (d, ] = 9.4 Hz, 1H, Ar-H),
6.21 (s, 2H, CH2), 5.30 (s, 2H, CH2), 4.98 (s, 2H, CH2), 4.56 (s, 2H, CH2), 4.33 (s, 2H, CH2),
4.08 (s, 3H, CH3), 3.25 (s, 2H, CH2), 2.15 (s, 2H, CH2), 1.89 (s, 2H, CH2). 6C (100 MHz,
DMSO-d6): 161.93, 161.13, 156.17, 151.22, 150.72, 148.53, 145.76, 145.15, 143.61, 142.89,
138.33, 133.93, 131.61, 130.41, 127.48, 125.81, 124.39, 124.32, 122.56, 121.36, 121.03,
113.78, 113.56, 109.29, 106.34, 102.99, 102.47, 74.39, 62.67, 57.97, 56.18, 50.14, 41.09,
27.41, 27.28.

10-Methoxy-9-(4-(4-(2-((7-oxo-7,8-dihydronaphthalen-2-yl)oxy)ethyl)-1H-1,2,3-triazol-1-
yl)butoxy)-5,6 dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium
hexafluorophosphate(V) B39

Azide B21 (1.0 eq, 0,2¢) was added to a suspension of alkyne B12 (1.0-2:0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20 and it works as describe in general procedure to obtain the compounds B39.
82% yield; m.p. 185°C; silica gel TLC Rf 0.2 (MeOH/DCM 5%); §H (400MHz, DMSO-d6):
9.76 (s, 1H, Ar-H), 8.91 (s, 1H, Ar-H), 8.19 (d, J = 9.1 Hz, 1H, Ar-H), 8.07 (s, 1H, Ar-H), 8.00 (s,
1H, Ar-H), 7.98 (s, 1H, Ar-H), 7.78 (s, 1H, Ar-H), 7.62 (d, J = 8.5 Hz, 1H, Ar-H), 7.10 (s, 1H,
Ar-H), 7.00 (s, 1H, Ar-H), 6.96 (d, ] = 8.5 Hz, 1H, Ar-H), 6.28 (¢, J = 10.2 Hz, 1H Ar-H), 6.20 G,
2H, CH2), 4.99 (s, 2H, CH2), 4.51 (t, J = 6.3 Hz, 2H, CH2), 4.36 (d, J = 6.1 Hz, 2H, CH2),
432 (d,] = 8.5 Hz, 2H, CH2), 4.07 (s, 3H, CH3), 3.24 (s, 2H, CH2), 3.15 (t, ] = 6.1 Hz, 2H,
CH2), 2.11 (dd, J = 20.3, 14.0 Hz, 2H, CH2), 1.88 (d, J = 5.6 Hz, 2H, CH2). 8C (100 MHz,
DMSO-d6): 162.56, 161.32, 156.37, 151.38, 150.90, 148.75, 146.23, 145.32, 144.32, 143.67,
138.51, 134.02, 131.71, 130.54, 127.63, 124.44, 123.95, 122.60, 121.46, 121.26, 113.61 (d,
J=5.2 Hz), 113.58, 113.48, 109.46), 106.44, 103.17, 102.35, 74.52, 68.37, 58.04, 56.37, 50.07,
27.58,27.43, 26.41.
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10-Methoxy-9-((5-(4-(((7-oxo-7,8-dihydronaphthalen-2-yl)oxy)methyl)-1H-1,2,3-triazol-1-
yl)pentyl)oxy)-5,6-dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium
hexafluorophosphate(V) B40

Azide B22 (1.0 eq, 0,2¢) was added to a suspension of alkyne B11 (1.0-2-0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20 and it works as describe in general procedure to obtain the compounds B40.
55% yield; m.p. 206°C; silica gel TLC Rf 0.2 (MeOH/DCM 5%); 6H (400MHz, DMSO-d6):
9.74 (s, 1H, Ar-H), 8.93 (s, 1H, Ar-H), 8.35 (s, 1H, Ar-H), 8.21 (d, J = 9.2 Hz, 1H, Ar-H), 8.01 (s,
1H, Ar-H), 7.99 (s, 1H, Ar-H), 7.80 (s, 1H, Ar-H), 7.64 (d, J = 8.6 Hz, 1H, Ar-H), 7.15 (d, J = 2.1
Hz, 1H, Ar-H), 7.11 (d, J = 5.1 Hz, 1H, Ar-H), 7.02 (dd, J = 8.6, 2.3 Hz, 1H, Ar-H), 6.31 (d, J =
9.5 Hz, 1H, Ar-H), 6.21 (s, 2H, CH2), 5.28 (s, 2H, CH2), 5.03 - 4.95 (m, 2H, CH2), 4.49 (;, ] =
6.8 Hz, 2H, CH2), 4.31 (dd, J = 12.2, 5.9 Hz, 2H, CH2), 4.07 (s, 3H, CH3), 3.29 - 3.20 (m,
2H, CH2), 2.00 (dd, J = 14.6, 7.3 Hz, 2H, CH2), 1.96 - 1.90 (m, 2H, CH2), 1.55 - 1.46 (m,
2H, CH2). 8C (100 MHz, DMSO-d6): 162.13, 161.3, 156.32, 151.43, 150.90, 148.76, 145.30,
143.80, 142.98, 138.52, 134.06, 131.73, 130.55, 127.70, 125.86, 124.37, 122.66, 121.49,
121.28, 113.94, 113.73, 113.63, 109.47, 106.45, 103.17, 102.58, 74.97, 62.78, 58.05, 56.39,
50.46, 30.48, 29.90, 27.40, 23.45.

10-Methoxy-9-((1-(4-methyl-2-oxo-2H-chromen-7-yl)-1H-1,2,3-triazol-4-yl) methoxy)-5,6-dihydro-

[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophosphate(V) B41

Azide B8 (1.0 eq, 0,2¢) was added to a suspension of alkyne B23 (1.0-2-0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20 and it works as describe in general procedure to obtain the compounds B41.
46% yield; m.p. 280-283°; silica gel TLC R; 0.55 (MeOH/DCM 10% v/v); 8y (400 MHz,
DMSO-de): 9.79 (s, 1H, Ar-H), 9.24 (s, 1H, Ar-H), 8.98 (s, 1H, Ar-H), 8.28 (s, IH, Ar-H), 8.05 (s,
4H, Ar-H), 7.83 (s, 1H, Ar-H), 7.12 (s, IH, Ar-H), 6.55 (s, 1H, Ar-H), 6.21 (s, 2H, CH,), 5.61 (s,
2H, CH,), 4.96 (s, 2H, CH,), 4.16 (s, 3H, CHs), 3.23 (s, 2H, CH,). 8¢ (100 MHz, DMSO-dy):
159.84, 154.10, 153.17, 151.17, 150.32, 148.19, 142.66, 142.16, 138.87, 138.14, 133.52,
131.15, 127.78, 127.13, 125.73, 124.51, 122.19, 120.86, 120.76, 120.09, 116.10, 115.28,
108.90, 108.08, 105.89, 102.60, 87.41, 83.42, 79.05, 58.72, 57.62, 18.57, 13.84.
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10-Methoxy-9-((1-(3-((7-oxo-7,8-dihydronaphthalen-2-yl) oxy)propyl)-1H-1,2,3-triazol-4-
yl)methoxy) 5,6-dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium
hexaflorophosphate(V) B42

Azide B9 (1.0 eq, 0,2¢) was added to a suspension of alkyne B23 (1.0-2:0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20 and it works as describe in general procedure to obtain the compounds B42.
78% yield; m.p. 117°C; silica gel TLC Rf 0,16 (MeOH/DCM 2,5%); §H (400MHz, DMSO-d6):
9.69 (s, 1H, Ar-H), 8.88 (s, 1H, Ar-H), 8.25 (s, 1H, Ar-H), 8.02 (d, J= 8.7 Hz, 1H, Ar-H), 7.74 s,
1H, Ar-H), 7.66 (d, J= 8.7 Hz, 1H, Ar-H), 7.08 (s, 1H, Ar-H), 7.03 (s, 1H, Ar-H), 6.99 (d,J= 6.5
Hz, 2H, Ar-H), 6.89 (5, 1H, Ar-H), 6.32 (d, J= 8.5 Hz, 1H, Ar-H), 6.20 (s, 2H, CH2), 5.51 (s, 2H,
CH2), 4.92 (s, 2H, CH2), 4.58 (s, 2H, CH2), 4.13 (s, 3H, CH3), 4.00 (s, 2H, CH2), 3.21 (s, 2H,
CH2), 2.30 (s, 2H, CH2). §C (100 MHz, DMSO-d6): 162.37, 161.30, 156.32, 151.86, 150.92,
148.74, 146.17, 145.29, 143.55, 142.65, 138.47, 133.94, 131.59, 130.53, 127.59, 126.35,
124.93, 122.94, 121.3, 121.30, 113.64, 113.55, 109.42, 106.39, 103.18, 102.28, 67.57, 66.35,
58.09), 56.81, 47.59, 30.28, 27.40.

10-Methoxy-9-((1-(4-((7-oxo-7,8-dihydronaphthalen-2-yl)oxy)butyl)-1H-1,2,3-triazol-4-
yl)methoxy)-5,6 dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium
hexafluorophohphate(V) B43

Azide B10 (1.0 eq, 0,2g) was added to a suspension of alkyne B23 (1.0-2-0 eq) in H20/+BuOH
1/1 (12 mlL) at r.t., followed by a suspension of CuSO4:5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20O and it works as describe in general procedure to obtain the compounds B43.
51% yield; m.p. 124°C; silica gel TLC Rf 0.3 (MeOH/DCM 5%); 8H (400MHz, DMSO-d6):
9.70 (s, 1H. Ar-H), 8.88 (s, 1H, Ar-H), 8.31 (d, J = 20.7 Hz, 1H, Ar-H), 8.24 (d, J = 9.1 Hz, 1H,
Ar-H), 8.02 (s, 1H, Ar-H), 7.98 (d, ] = 10.2 Hz, 1H, Ar-H), 7.69 (d, ] = 9.0 Hz, 1H, Ar-H), 7.62
(d, ] = 8.4 Hz, 1H. Ar-H), 7.02 (s, 1H, Ar-H), 6.90 (s, 1H, Ar-H), 6.88 (s, 1H, Ar-H), 6.31 (d, ] =
9.5 Hz, 1H, Ar-H), 6.17 (s, 2H, CH2), 5.52 (s, 2H, CH2), 4.93 (s, 2H, CH2), 4.45 (t, ] = 6.6 Hz,
2H, CH2), 4.14 (s, 3H, CH3), 3.98 (¢, ] = 6.1 Hz, 2H, CH2), 3.19 (s, 2H, CH2), 1.98 - 1.88 (m,
2H, CH2), 1.55 - 1.44 (m, 2H, CH2). 6C (100 MHz, DMSO-d6): 162.48, 161.23, 156.26,
151.85, 150.75, 148.57, 146.04, 145.22, 143.16, 142.28, 138.30, 133.78, 131.41, 130.35,
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127.45, 126.16, 124.85, 122.91, 121.17, 113.48, 113.37, 113.27, 109.27, 106.23, 103.0,
101.99, 68.43, 67.22, 60.70, 57.96, 49.95, 27.33, 26.16, 15.01.

10-Methoxy-9-((1-(3-((2-oxo-2H-chromen-7-yl)oxy) propyl)-1H-1,2, 3-triazol-4-yl)methoxy)-5,6-
dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-alisoquinolin-7-ium hexafluorophohphate(V) B45

Azide A42 (1.0 eq, 0,2¢) was added to a suspension of alkyne B23 (1.0-2-0 eq) in H20/tBuOH
1/1 (12 mL) at r.t., followed by a suspension of CuSO4-5H20 (0.2 eq) and sodium ascorbate
(0.7 eq) in H20 and it works as describe in general procedure to obtain the compounds B45.
39% vyield; m.p. 171-173% silica gel TLC R ;0.34 (MeOH/DCM 10% v/4); 8y (400 MHz,
DMSO-ds): 9.69 (s, 1H, Ar-H), 8.88 (s, 1H, Ar-H), 8.25 (s, 1H, Ar-H), 8.02 (d, J = 8.7 Hz, 1H,
ArH), 7.74 (s, 1H, Ar-H), 7.66 (d, J = 8.7 Hz, 1H, Ar-H), 7.08 (s, 1H, Ar-H), 7.03 (s, 1H, Ar-H),
6.99 (d, ] = 6.5 Hz, 2H, Ar-H), 6.89 (s, 1H, Ar-H), 6.32 (d, J = 8.5 Hz, 1H, Ar-H), 6.20 (s, 2H,
CH,), 551 (s, 2H, CH), 4.92 (s, 2H, CH,), 4.58 (s, 2H, CH,), 4.13 (s, 3H, CH), 4.00 (s, 2H,
CHy), 3.21 (s, 2H, CH)), 2.30 (s, 2H, CH,). 8¢ (100 MHz, DMSO-y): 162.26, 161.15, 156.20,
151.77, 150.79, 148.61, 146.10, 145.21, 145.16, 143.39, 142.57, 138.38, 133.86, 131.48,
130.40, 127.61, 12632, 124.80, 122.82, 121.24, 113.51, 113.43, 109.29, 106.29, 104.53,
103.00, 102.19, 67.46, 66.26, 57.96, 56.10, 47.44, 30.04, 27.33.

Synthesis of aliphatic berberine-sulfonamide

10-Methoxy-9-(3-sulfamoylpropoxy)-5,6-dihydro-[1,3]dioxolo[4,5-glisoquinolino[3,2-

alisoquinolin-7-ium chloride B48

1,3-Propanesultone (2.0 eq) was added to a solution of berberrubine B14 (1.0 eq, 0,5 g) in
DMEF dry at 60°C. The resulting suspension was quenched with Et20 and filtered. The powder
was treated with SO2CI2 (10 mL) and a drop of catalytic DMF and stirred o.n. at room
temperature. The day after the reaction mixture was concentrated in vacuo and it was
resolubilized in THF. NH4OH 30% (4.0 eq) was added to the solution at 0°C and the reaction
was raised then to r.t. The reaction was quenched with water and filtered-off,and purified by
silica gel chromatography (eluent: gradient of TFA/MeOH/DCM) to afford the compound
B48. 4% yield; silica gel TLC Rf 0.3 (MeOH/DCM 5%); 8H (400MHz, DMSO-d6): 9.84 (s,
1H, Ar-H), 8.98 (s, 1H, Ar-H), 8.25 (d, ] = 8.1 Hz, 1H, Ar-H), 8.04 (d, ] = 8.4 Hz, 1H, Ar-H),
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7.84 (s, 1H, Ar-H), 7.14 (s, 1H, Ar-H), 6.95 (s, 2H, CH2), 6.21 (s, 2H, CH2), 4.98 (s, 2H,
exchange with D20, SO2NH?2), 4.42 (s, 2H, CH2), 4.10 (s, 3H, CH2), 3.25 (s, 2H, CH2), 2.33
(s, 2H, CH2).

Experimental part of crystallization tests.

The chemical products used for the experiments have been purchased from Sigma-Aldrich with
the exception of synthetic DNA oligonucleotides (table 19), bought from Metabion (Planegg,
Germany) at HPLC purity, and ligand molecules. Synthetic and semi-synthetic compounds
(table 7) have been synthesised by me as described before, while the alkaloid berberine
hydrochloride was purchased from Fluorochem (Hadfield, UK).

Table 19. DNA sequences used for the experiments.

ID Sequences
Tel 23 TAG GGA TTG GGA TTG GGA TTG GG
Ckit AGG GAG GGC GCT GGG AGG AGG G

DNA oligonucleotides have been annealed prior to the experiments. Briefly, the lyophilized
samples were dissolved in buffer and heated in a water bath under magnetic stirring up to 90-
95°C for at least 15 minutes and then let cool overnight to room temperature. Human
telomeric sequences were usually dissolved in 0.02 M potassium cacodylate buffer (pH 6.5),
0.05 M KCI to a concentration of either 0.001 M (Tel23 and c-kit). Stock solutions of the
ligand molecules were prepared in DMSO at a concentration of 0.02M. MilliQ water from
Millipore Water System (Millipore, USA) was used for the preparation of all solutions,
including those of the crystallization screenings, which were also filtered through Sartorius
Stedim Biotech filters of 0.2um. Crystallization screenings for the adducts formed by DNA and
ligand molecules were performed using the sitting drop vapour diffusion method. The
screenings used for human telomeric DNA are reported in table 20 while the conditions used
for the Ckit sequences are shown in table 21. The first one was found in literature(22 dal

capitolo dei G4) and reproduced by myself, the second one was purchased from Molecular

Dimension (Maumee,USA).
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Table 20. Screening condition for Tel23 and, later for C-kit.

Tube Salt Bulfer Precipilant
| 0.1 M KCI 0.05M K Caco pll 6.5 G viv MPD
2 03 M KCI 0.05M K Caco pll 6.5 10%% w/'v MPD
3 0.0 M K, 0L025 MgS0, 0.05M K Caco pll 6.5 25% viv MPD
4 02MEKI 0.05M K Caco pll 6.5 25% viv MPD
5 0.0 M K, 0002 M (NIL),S0, 0,05 M Na Caco pll 6.5 15% viv MPD
[ 0.3 M NaCl 0,05 M Na Caco pll 6.5 3G viv MPD
7 0.1 M Mal 0,05 M Na Caco pll 6.5 315% viv MPD
8 03 M KEF, 002 M MgSOy 0.05M K Caco pll 6.5 15% viv MPD
9 005 M MNalf, 015 M KF 0,05 M Na Caco pll 6.5 4% viv MPD
10 00 M KCL 0.0 M (NS0, 0.05M K Caco pll 6.5 G viv MPD
11 0.0 M Nal, 0.1 M NalF, 0.1 M NaCl 0.05 M Na Caco pll 6.5 3% viv MPD
12 02M KCL005M KI 0.05M K Caco pll 6.5 25% viv PEG400
13 00 M KCL 0.05M MgCly 0.05M K Caco pll 6.5 1% wiv PEGA00
14 0.1 M Li S0y 0.05M K Caco pll 6.5 2% viv PEGA00
15 03MEKI 0.05M K Caco pll 6.5 15% vfv PEG400
16 0.3 M Mal 0,05 M Na Caco pll 6.5 15% viv PEG400
17 00 M ECL0.03M Calla 0.05M K Caco pll 6.5 1.3 M ammonium sulphale
18 02M KCL 0.05M LizS0s 0.05M K Caco pll 6.5 1.8 M ammonium sulphale
19 0.05 M LioS0,, 0.05 M MgS0, 0.05M K Caco pll 6.5 2% viv iso-propanol
0 0.2 M NaCl 0,05 M Na Caco pll 6.5 20%% JEFT 2000
21 0.2 M NaCl 0.1 M Nal? 0.05 M Na Caco pll 6.5 1% TEFT 2000
2 0.05M KL 0.05 M MgCly 0.05M K Caco pll 6.5 15% JEFFT 2000
23 00 M MNaCl, 0.05M MgCl,y 0.05 M Na Caco pll 6.5 I M ammonium sulphale
24 0,05 M Li,S0y, 0.05 M Na Caco pll 6.5 I M ammonium sulphate

Table 21. Screening condition Helix for C-kit.
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Crystallization trials were performed using Greiner®96-well plates designed for sitting drop
experiments. The formation of adducts was achieved by mixing solutions of annealed DNA and
ligands usually in 1:1 stoichiometric ratio. The solutions were then incubated for at least 20
minutes at 25°C. Every drop was formed by 1pL of the adduct solution and 1pL of each
crystallization condition. The 100 pL reservoirs were composed either of the same condition
used in the drop. At the end of drops deposition, the plates were hermetically sealed thanks to

transparent adhesive tape and stored in an incubator at 23°C.

The plates were periodically checked by using an optical microscope. Crystals have been
observed for most of the adducts studied and X-ray diffraction analyses were performed on
them. Only few crystals showed good diffraction and, until now, the X-ray structures of the
relative adducts were successfully solved only for B28-Tel23. The crystallization conditions from
which the crystals were obtained are reported in table 22 along with the cryoprotecting
solutions used. The crystals were analysed at an X-ray diffractometer with the experimental
parameters reported in tables 23 and 24. All the experiments were carried out at the cryo
temperature of 100 K. The analysis of diffraction images (indexing, integration, scaling) was

performed by using the XDS software (*' dal capitolo G4)

Table 22. Crystallization conditions and cryoprotecting solutions used for the DNA-ligand adducts. Only the

increased concentration of precipitant or viscous chemicals is reported for the cryo solutions.

Adduct Conditions Reservoir Cryo

B26-Tel23 | 0.1M KCI, 0.05M K Caco pH | Same as condition 30% v/v MPD
6.5, 20% v/v MPD

B26Tel23 | 0.IM  KF, 0.025M MgSQOs, | Same as condition 30% v/v MPD
0.05M K Caco pH 6.5, 25% v/v
MPD

B31-Tel23 | 0.3M KCI, 0.05M K Caco pH | Same as condition 30% v/v MPD
6.5, 10% v/v MPD

B31-Tel23 | 0.IM KCI, 0.IM (NH4):SO4, | Same as condition Not needed
0.05M K Caco pH 6.5, 20% v/v
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MPD

B28-Tel23

0.3M KCI, 0.05M K Caco pH
6.5, 10% v/v MPD

Same as condition

30% v/v MPD

Table 23. Data collection statistics for X-ray diffraction experiments carried out on DNA-ligand crystals, part one.

Adduct X-ray Space | Lattice Cell parameters | Resolution | Experimental
wavelength | group @A) range (A) apparatus
A)
B26- 1.000 P2 Monoclinic | 37 53 37 / 90 | 50-2.8 XRD2
Tel23 120 90 beamline
Elettra
B26- 1.000 C2 Monoclinic | 37.6 65.7 26.8/ | 50-2.8 XRD2
Tel23 90 90.1 90 beamline
Elettra
B31- 1.000 C2 Monoclinic | 37.4 64.9 26.1/ | 50-2.8 XRD2
Tel23 90 90.1 90 beamline
Elettra
B31- 1.000 P2 Monoclinic | 37.4 24.2 37.4/ | 50-3.0 XRD2
Tel23 90 119.9 90 beamline
Elettra
B28- 1.000 C2 Monoclinic | 36.84 72.72 | 36.36-1-83 | XRD2
Tel23 27.03/ 90 90.1 beamline
90 Elettra

Table 24. Data collection statistics for X-ray diffraction experiments carried out on DNA-ligand crystals, part two,

only for adduct B28-Tel23.
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Adduct Unique Completeness | Multeplicity | <I/o(I)> Rfree Rfactor

reflections | %

B28Tel23 | 5913 99,24 2,93 13.7 32.86 21.25

The structures of the adducts were solved in each case by themolecular replacement method
using the program Phaser and Molrep.'®'** Suitable coordinates of the previously reported
structure without all heteroatoms were taken from the 6H5R model. The model was refined

with the program Refmac5 from the CCP4 program suite.'®*"

Multi-potent drugs formed by CA activators and Cholinesterase Inhibitors for the

synthomatic treatment of Alzheimer’s disease. (Series C)
Synthesis of 9-chlorotacrine C2

POCI; (50.97 g, 6 eq) was added dropwise to a mixture of anthranilic acid C1 (7.5 g, 1 eq) and
cyclohexanone (5.09 g, 0.95 eq) at 0°C. Then it was heated at reflux (115°C) for 3h; The
reaction was monitored by TLC (EtOAc/hexane 20% v/v). An aqueous solution of NaOH 9M
(30 ml) and ice were added to the mixture, and then it was neutralized with K;COs, The
mixture was then extracted with EtOAc, dried with Na;SOs, filtrated and evaporated under
pressure. The oily residue was then purified with a flash column chromatography
(EtOAc/hexane 40%). Yield 61%j; silica gel R;=0.35 (EtOAc/Hexane 10% v/v); 1H NMR (400
MHz, DMSO) §8: 8.16 (d, ] = 7.9 Hz, 1H, Ar-H), 7.98 (d, ] = 8.3 Hz, 1H, Ar-H), 7.79 (¢, 1H, Ar-
H), 7.68 (t, ] = 7.2 Hz, 1H, Ar-H), 3.07 (m, 2H, CH>), 3.00 (m, 2H, CHy), 1.92 (m, 4H, 2 x
CH,). "C NMR (CDCl;, 100 MHz) &: 159.4, 146.5, 141.5, 129.2, 128.8, 128.5, 126.5, 125.3,
123.6, 34.1, 27.4, 22.61, 22.57.

General synthesis of N-(1,2,3,4- tetrahydroacridin-9-yl)alkane-1,w-diamines C3-C5

The reaction mixture of phenol (2.6 g, 6.0 eq), 9- chlorotacrine C2 (1.0 g, 1.0 eq), and KI
(0,076 g, 0.1 eq) was heated at 90°C, for 10 minutes to form a liquid. The appropriate diamine
(3 eq) was added and the mixture was refluxed at 180°C for 3h. The reaction was monitored by
TLC. The mixture was cooled to rt and a 20% aqueous solution of KOH was added. The

solution was extracted with EtOAc, and the combined organic layer were washed with brine,
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dried over anhydrous sodium sulfate, filtrated and evaporated under pressure. The crude
compound was purified by silica gel column chromatography using MeOH,/CH,CL,/NH4;OH
(20:76:4) as mobile phase to give derivates C3, C4 and C5.

MN(1,2,3,4-tetrahydroacridin-9-yl) propane-1,3-diamine C3

Brown oil, Yield 93%; silica gel Ry 0.05 (MeOH/DCM 10% v/v); '"H NMR (CDCl;, 300 MHz)
8: 8.04 (m, 1H, Ar-H), 7.98 (d, ] = 8.4Hz, 1H, Ar-H), 7.56 (m,1H, Ar-H), 7.33 (m, 1H, Ar-H),
3.68 (t, ] = 6.5 Hz, 2H,CH,), 3.07 (m, 2H, CH,), 2.93 (¢, ] = 6.3 Hz 2H, CH,), 2.70 (m, 2H,
CH.), 2.34 (s, 2H, CHy), 1.90 (m, 4H, 2x CH,), 1.82 (m, 2H, CH,); "C NMR (CDClI;, 100
MHz) 6: 158.4, 151.0, 147.4, 128.6, 128.3, 123.5, 122.9, 120.2, 115.9, 48.1, 40.5, 34.4, 34.0,
25.1,23.1, 22.8.

MN(1,2,3,4-tetrahydroacridin-9-yl)butane-1,4-diamine C4

Brown oil, Yield 76%; silica gel Ry 0.05 (MeOH/DCM 10% v/v); H NMR (CDCL) 6: 7.91 (m,
2H, Ar-H), 7.54 (m, 1H, Ar-H), 7.34 (m, 1H, Ar-H), 3.50 (¢, ] = 7.5Hz, 2H, CH)), 3.07 (m, 2H,
CH,), 2.74 (m, 4H, 2x CH,), 1.92 (m, 4H, 2x CH.), 1.65 (m, 4H, 2x CH,); "C NMR (CDCl)
0: 158.4, 150.7, 147.4, 128.7, 128.3, 123.6, 122.8, 120.2, 116.0, 53.4, 49.4, 41.8, 34.0, 29.1,
24.8,23.0, 22.8.

N(1,2,3,4-tetrahydroacridin-9-yl) pentane-1,5-diamine C5

Brown oil, Yield 47%; silica gel Ry 0.05 (MeOH/DCM 10% v/v); H NMR(CDCL) 8: 7.92 (m,
2H, Ar-H), 7.54 (m, 1H, Ar-H), 7.33 (m, 1H, Ar-H), 3.48 (¢, ] = 7.5Hz, 2H, CH,), 3.05 (m, 2H,
CH,), 2.67 (m, 4H, 2x CH>), 1.89 (m, 4H, 2x CHs), 1.57 (m, 6H, 3x CH,); "C NMR (CDCl;)
0: 158.4, 150.8, 147.3, 128.6, 128.3, 123.6, 122.8, 120.2, 115.9, 49.4, 48.6, 41.9, 33.9, 33.3,
31.6,24.8,24.2,22.7.

Synthesis of N,,Nbis(tert-butoxycarbonyl)-D-histidine C6

The reaction mixture of L-Histidine (1.0 eq, 2.0 g), triethyl- amine (2.0 eq, 3.6 ml) and di-tert-
butyl dicarbonate (Boc:O, 2.3 eq, 6.5 g) was stirred in methanol (10 mL) under a nitrogen
atmosphere at rt for 24h. The solvent was removed in vacuo to give compound C6. Yield: 92%;

silica gel Ry =0.18 (MeOH/DCM 10% v/v); mp 73-75 °C; 'H NMR (600 MHz, DMSO-d6): §H
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8.06 (s, 1H, Ar-H), 7.29 (s, 2H, exchange with D,O, NH + Ar-H), 4.25 (dd, ] = 4, 8 Hz, 1H,
CH), 3.08 (dd, ] =4, 15 Hz, 1H, CH), 2.87 (dd, ] 8, 15 Hz, 1H, CH), 1.61 (s, 9H, 3x CHj3), 1.40
(s, 9H, 3x CHs); "C NMR (600 MHz, CDsOD) &: 178.1, 157.5, 148.3, 141.1, 137.6, 116.1,
86.9, 80.1, 56.6, 31.1, 28.8, 28.1.

Synthesis of N-[(tert-butoxy) carbonyl]-L-tryptophan C8

The reaction mixture of Ltryptophan (1.0 eq, 1,5g), triethyl- amine (1.5 eq, 1,53ml) and di-tert-
butyl dicarbonate (Boc;O, 6.36 mmol) was stirred in methanol (10 mL) under a nitrogen
atmosphere at rt for 24h. The solvent was removed in vacuo to give compound C8. Yield: 80%;
silica gel Ry =0.15 (MeOH/DCM 10% v/v); '"H NMR (CDCL) 8: 9.17 (s, 1H, exchange with
D,O, NH), 8.13 (s, 1H, Ar-H), 7.60 (m, 1H, exchange with D,O, NH), 7.34 (m, 1H, Ar-H), 7.14
(m, 2H, Ar-H), 7.01 (s, 1H, Ar-H), 4.66 (s, 1H, CH), 3.36 (m, 2H, CH,), 1.35 (m, 9H, 3x CH;).

Synthesis of Na-Boc-Ne-Cbz-L-lysine C9

Ne-Carbobenzyloxy-L-ysine (2.0 g, 1 eq) and K;CO5(1.08 g, 1.1 eq) were dissolved in a mixture
of water (22 mL) and 1,4-dioxane (9 mL). Then, a solution of Boc;O (1.64g, 1.05eq) in 1,4
dioxane (9mL) was added dropwise and the mixture was stirred 24h at rt. After monitoring the
reaction by TLC solvents were evaporated under vacuum, water (4mL) was added and then the
mixture was acidified to pH 2-3 with an aqueous solution of HCl IM. The mixture was
extracted with EtOAc (30 mL x 3) and the collected organic layer was dried over Na,SO4 and
evaporated under vacuum to give C9. Yellow oil, Yield 85%; silica gel Ry =0.28 (MeOH/DCM
10% v/v); 'H NMR (CH2) &: (ppm) 8.90 (s,1H, exchange with D,O, NH), 7.30 (m, 5H, Ar-H),
6.18 (s, 1H, exchange with D,O, NH), 5.01 (m, 3H, CH, + CH), 4.83 (s, 1H, CH), 4.12 (m, 1H,
CH,), 3.12 (m, 2H, CH,), 1.60 (m, 13H, 3x CH; + 2x CH,). "CNMR (150 MHz CH2) §:
(ppm) 176.4, 156.8, 156.0, 136.6, 128.7, 128.3, 128.1, 80.4, 66.9, 53.3, 40.7, 32.0, 29.3, 29.5,
22.1.

General procedure for coupling reactions to obtain hybrids C10-C22

To a solution of compound C6-C9 (1.0 eq) in dry DMF (3 mL), PyBOP (1-2 eq) and DIPEA
(3eq) were added and the reaction mixture was stirred for 15min; then compound C3-C5 (0.3 g,

1 eq) dissolved in dry DMF (3 mL) was added to the reaction mixture and stirred for 24h. After
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monitoring by TLC (MeOH/DCM 5-15 % v/v), water (15 mL) was added, and the mixture was
extracted with CH,Cl, (3x30 mL). The combined organic layers were dried over Na,SO4 and
the solvent was eliminated under reduced pressure. The crude was then purified by means of

flash chromatography.

Tertbutyl 4-(2-((tertbutoxycarbonyl)amino)-3-oxo-3-((3-((1,2,3,4-tetrahydroacridin-9-

yl)amino)propyl)amino)propyl)-1 H-imidazole-1-carboxylate C10

Starting from compound C6 (0.41 g, 1.0 eq) PyBOP (0.61 g, 1.0 eq), DIPEA (0.61 mL, 3.0 eq)
and compound C3 (0.3 g, 1.0 eq), the title compound was obtained following the general
procedure described above. The reaction was monitored by TLC (MeOH/CH,Cl, 10% v/v).
The crude was purified by column chromatography (MeOH/CH,Cl, 20% v/v) to afford the
title compound. Yield 20%; silica gel Ry 0.39 (MeOH/DCM 10% v/v); 'H NMR (400 MHz,
DMSO) 68: 8.36 (s, 1H, Ar-H), 8.11 (d, ] = 10.6 Hz, 2H, Ar-H), 7.83 (s, 2H, Ar-H), 7.58 (s, 1H,
Ar-H), 7.24 (s, 1H, exchange with D,O, CONH), 6.96 (d, ] = 8.4 Hz, 1H, exchange with D,0,
CONH), 3,45 (m, 1H, exchange with D,O, CH), 3.01 (m, 2H, CH,), 2.71 (m, 2H, CH,), 1.82
(d,J=42.0 Hz, 12H, 6 x CH,), 1.56 (s, 9H, 3 x CH5), 1.32 (s, 9H, 3x CHj5).

Tertbutyl (3-(1 Himidazol-4-yl)-1-oxo-1-((4-((1,2,3,4-tetrahydroacridin-9-

yl)amino)butyl)amino)propan-2-yl)carbamate C11

Starting from compound C6 (0.395 g, 1.0 eq) PyBOP (0.58 g, 1.0 eq), DIPEA (0.58 mL, 3.0 eq)
and compound C4 (0.3 g, 1.0 eq), the title compound was obtained following the general
procedure described above. The reaction was monitored by TLC (McOH/CH,Cl, 10% v/4).
The crude was purified by column chromatography (MeOH,/CH:Cl; 20%v/v) to afford the title
compound. Yield 19%; silica gel R;0.27 (MeOH/DCM 10% v/v); 'H NMR (400 MHz, DMSO)
8: 11.90 (m, 1H, exchange with D,O, NH), 8.18 (m, 1H, Ar-H), 7.77 (m, 2H, Ar-H), 7.59 (m,
2H, Ar-H), 7.41 (t, ] = 7.6 Hz, 2H, Ar-H), 6.88 (d, ] = 7.7 Hz, 1H, exchange with D,O, CONH),
6.78 (s, 1H, exchange with D,O, CONH), 5.61 (s, 1H, exchange with D,O, NH), 4.15 (m, 1H,
CH), 3.07 (d, J = 3.6 Hz, 2H, CH,), 3.00 (m, 1H, CH), 2.95 (m, 2H, CH>), 2.84 (s, 1H, CH),
2.74 (m, 2H, CH,), 1.87 (s, 4H, 2x CH2), 1.79 (¢, ] = 6.4 Hz, 2H, CH,), 1.56 (s, 2H, CH,), 1.40
(m, 9H, 3x CH5).
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Tertbutyl 4-(2-((tertbutoxycarbonyl)amino)-3-oxo-3-((6-((1,2,3,4-tetrahydroacridin-9-

yl)amino)pentyl)amino)propyl)-1 H-imidazole-1-carboxylate C12

Starting from compound C6 (0.38g, 1.0 eq) PyBOP (0.55 g, 1.0 eq), DIPEA (0.55 mL, 3.0 eq)
and compound C5 (0.3 g, 1.0 eq), the title compound was obtained following the general
procedure described above. The reaction was monitored by TLC (MeOH/CH,Cl, 5% v/4). The
crude was purified by column chromatography (MeOH/CH,Cl, 20%v/%) to afford the title
compound.  Yield 18 %; silica gel R, 0.18 (MeOH/DCM 5% v/4); 1H NMR (400 MHz,
DMSO) 8: 8.36 (d, ] = 8.6 Hz, 1H, Ar-H), 8.13 (d, 1H, Ar-H), 7.84 (m, ] = 9.1 Hz, 3H, Ar.H),
757 (t, ] = 7.3 Hz, exchange with D,O, CONH), 7.22 (d, 1H, Ar-H), 6.87 (d, ] = 8.3 Hz, 1H,
exchange with D,;O, CONH), 3,45 (m, 1H, exchange with D,O, CH), 3.00 (m, 2H, CH»), 2.70
(m, 2H, CHy), 1.87 (m, 4H, 2 x CHy), 1.72 (m, 2H, CH), 1.57 (5, 9H, 3 x CH3), 1.35 (m, 19H,
3x CHs, 5 x CHy).

Tert-butyl (S)-(3-(1H-imidazol-4-yl)-1-oxo-1-((5-((1,2,3,4-tetrahydroacridin-9-

yl)amino)pentyl)amino)propan-2-yl)carbamate C13

Starting from compound C6 (devoid of BOC on NH of imidazole) (0.395 g, 1.0 eq) PyBOP
(0.58 g, 1.0 eq), DIPEA (0.58 mL, 3.0 eq) and compound C5 (0.3 g, 1.0 eq), the title compound
was obtained following the general procedure described above. The reaction was monitored by
TLC (MeOH/CH,Cl; 10% o/v). The crude was purified by column chromatography
(MeOH/CH,Cl, 20%v/v) to afford the title compound. Yield 37%; silica gel Ry 0.13
(MeOH/DCM 5% v/v); 'H NMR (400 MHz, DMSO) 6: 13.10 (m, 1H exchange with DO,
NH), 8.42 (d, J = 8.2 Hz, 1H, Ar-H), 8.17 (s, IH, Ar-H), 7.89 (d, ] = 6.5 Hz, 1H, Ar-H), 7.82 (s,
2H, Ar-H), 7.73 (s, 1H, exchange with DO, CONH), 7.63 (d, J = 7.6 Hz, 1H, Ar-H), 6.99 (m,
2H, exchange with D,O, CONH + Ar-H), 4.14 (s, 4H, 2x CH,), 3.87 (s, 2H, CH,), 3.52 (m, 1H,
CH), 3.07 (s, 2H, CH,), 3.01 (s, 2H, CH,), 2.91 (m, 1H, CH), 2.78 (m, 1H, CH,), 2.69 (s, 2H,
CH,), 1.87 (s, 4H, 2x CH,), 1.76 (s, 2H, CH,), 1.36 (m, 9H, 3x CH5).

Tertbutyl-(1-oxo-3-phenyl-1-((3-((1,2,3,4-tetrahydroacridin-9-yl)amino)propyl)amino) propan-2-
yl)carbamate C14

151



Chapter 5. Experimental Section

Starting from compound C7 (0.31 g, 1.0 eq) PyBOP (0.61 g, 1.0 eq), DIPEA (0.61 mL, 3.0 eq)
and compound C3 (0.3 g, 1.0 eq), the title compound was obtained following the general
procedure described above. The reaction was monitored by TLC (MeOH/CH,Cl; 5% v/v). The
crude was purified by column chromatography (MeOH/CH,Cl,) to afford the title compound.
Yield 31%; silica gel Ry 0.19 (MeOH/DCM 5% v/v); 1H NMR (400 MHz, DMSO) 6: 8.29 (d, ]
= 8.6 Hz, 1H, Ar-H), 8.09 (t, ] = 5.5 Hz, 1H, exchange with D,O, CONH), 7.82 (d, ] = 8.3 Hz,
1H, Ar-H), 7.71 (t, ] = 7.6 Hz, 1H, Ar-H), 7.50 (¢, ] = 7.5 Hz, 1H, Ar-H), 7.24 (d, ] = 27.9 Hz,
5H, Ar-H), 6.99 (d, ] = 8.3 Hz, 1H, exchange with D;O, CONH), 3,45 (m, 1H, exchange with
D,0O, CH), 2.99 (m, 1H, CH,), 2.76 (m, 1H, CH,), 1.88 (m, 6H, 3 x CHy), 1.76 (m, 2H, CH)),
1.26 (m, 13H, 3 x CH3, 2 x CH,). "C NMR (100 MHz, DMSO) &: 177.69, 172.60, 155.72,
155.06, 152.50, 140.09, 138.61, 132.17, 129.63, 128.46, 126.63, 125.25, 125.07, 112.62,
78.44, 56.47, 44.96, 40.27, 38.02, 36.09, 30.59, 29.49, 28.57, 24.65, 22.20, 21.18.

Tertbutyl-(1-oxo-3-phenyl-1-((4-((1,2,3,4-tetrahydroacridin-9-yl)amino)butyl)amino)propan-2-
yl)carbamate C15

Starting from compound C7 (0.3 g, 1.0 eq) PyBOP (0.58 g, 1.0 eq), DIPEA (0.58 mL, 3.0 eq)
and compound C4 (0.3 g, 1.0 eq), the title compound was obtained following the general
procedure described above. The reaction was monitored by TLC (MeOH/CH,Cl; 5% v/v). The
crude was purified by column chromatography (MeOH/CH,Cl,) to afford the title compound.
Yield 17%; silica gel Ry 0.1 (MeOH/DCM 5% v/v); IH NMR (400 MHz, DMSO) 6: 8.33 (d,
1H, Ar-H), 7.93 (m, 1H, Ar-H), 7.80 (m, 2H, exchange with D,O, CONH), 7.55 (m, 1H, Ar-H),
7.25 (m, ] = 16.3 Hz, 5H, Ar-H), 6.91 (d, ] = 9.1 Hz, 1H, exchange with DO, CONH), 3,45 (m,
1H, exchange with D,O, CH), 3.08 (m, 2H, CH,), 2.99 (m, 2H, CH,), 2.73 (m, 2H, CH,), 1.88
(m, 4H, 2 x CH)), 1.67 (m, 2H, CHy), 1.47 (m, 2H, CH,), 1.31 (m, 13H, 3 x CH;, 2 x CH,). °C
NMR (100 MHz, DMSO) 6: 177.7, 177.69, 172.60, 155.72, 155.06, 152.50, 140.09, 138.61,
132.17, 129.63, 128.46, 126.63, 125.25, 125.07, 112.62, 78.44, 56.18, 47.54, 46.45, 38.62,
38.18, 28.58, 27.78, 26.49, 24.61, 22.29, 21.08.

Tertbutyl-(1-oxo-3-phenyl-1-((5-((1,2,3,4-tetrahydroacridin-9-yl)amino)pentyl)amino) propan-2-
yl)carbamate C16
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Starting from compound C7 (0.28 g, 1.0 eq) PyBOP (0.55 g, 1.0 eq), DIPEA (0.55 mL, 3.0 eq)
and compound C5 (0.3 g, 1.0 eq), the title compound was obtained following the general
procedure described above. The reaction was monitored by TLC (MeOH/CH,Cl; 5% v/v). The
crude was purified by column chromatography (MeOH/CH,Cl;, 10% v/v) to afford the title
compound. Yield 18%; silica gel Ry 0.05 (MeOH/DCM 10% wv/v); 1H NMR (400 MHz,
DMSO) 8: 8.25 (d, ] = 8.6 Hz, 1H, Ar-H), 7.86 (t, 1H, exchange with D,O, CONH), 7.78 (d, ] =
8.2 Hz, 1H, Ar-H), 7.68 (¢, 1H, Ar-H), 7.46 (t, 1H, Ar-H), 7.24 (m, 5H, Ar-H), 6.88 (d, ] = 8.5
Hz, 1H, exchange with D,O, CONH), 3,45 (m, 1H, exchange with D,O, CH), 3.06 (m, 2H,
CH,), 2.93 (m, 2H, CH,), 2.72 (m, 2H, CH,), 1.85 (m, 4H, 2 x CH;), 1.65 (m, 2H, CH,), 1.30
(m, 17H, 3 x CHs, 4 x CHa).

Tertbutyl (3-(1 H#indol-3-yl)-1-0x0-1-((3-((1,2,3,4-tetrahydroacridin-9

yl)amino)propyl)amino)propan-2-yl)carbamate C17

Starting from compound C8 (0.18 g, 1.0 eq) PyBOP (0.31 g, 1.0 eq), DIPEA (0.31 mL, 3.0 eq)
and compound C3 (0.15 g, 1.0 eq), the title compound was obtained following the general
procedure described above. The reaction was monitored by TLC (MeOH/CH,Cl; 5% v/v). The
crude was purified by column chromatography (MeOH/CH,Cl,) to afford the title compound.
Yield: 28%, silica gel Ry =0,15 (MeOH/DCM 10% v/v); mp 88.3-92.7°C. 1 H NMR (500 MHz,
Methanol-d4) d: 8.05 (d, J= 8.5 Hz, 1H, Ar-H), 7.74 (m, 1H, Ar-H), 7.54 (m, 2H, Ar-H), 7.36
(m, 1H, Ar-H), 7.26 (d, ] = 8.1 Hz, 1H, Ar-H), 7.06 (s, 1H, Ar-H), 6.98 (m, 2H, Ar-H), 4.28 (m,
1H, CH), 3.16 (m, 2H, CH,), 2.95 (t, ] = 6.0 Hz, 2H, ), 2.69 (t, ] = 5.9 Hz, 2H, CH,), 1.92 (m,
4H, 2x CH>), 1.88 (m, 2H, CH,), 1.60 (m, 2H, CH,), 1.34 (s, 9H, 3x CHs), 1.18 (m, 2H, CH,).
PC NMR (100 MHz, Methanol-d4) d: 175.18, 172.95, 158.45, 157.52, 153.39, 147.02, 137.97,
130.11, 128.77, 127.18, 125.02, 124.55, 122.38, 120.96, 119.74, 119.41, 116.74, 112.22,
110.96, 80.62, 61.51, 57.28, 46.10, 37.52, 33.71, 31.62, 26.12, 23.97, 22.06, 20.85.

Tertbutyl (341 Hindol-3-yl)-1-ox0-1-((4-((1,2,3,4-tetrahydroacridin-9-

yl)amino)butyl)amino)propan-2-yl)carbamate C18

Starting from compound C8 (0.18 g, 1.0 eq) PyBOP (0.31 g, 1.0 eq), DIPEA (0.31 mL, 3.0 eq)
and compound C4 (0.15 g, 1.0 eq), the title compound was obtained following the general

procedure described above. The reaction was monitored by TLC (MeOH/CH,Cl, 5% v/v). The
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crude was purified by column chromatography (MeOH,/CH,Cl,) to afford the title compound.
Yield: 21%; silica gel Ry =0.14(MeOH/DCM 10% v/v); 'H NMR (500 MHz, Methanol-d4) d:
8.02 (d, ] = 8.5 Hz, 1H, Ar-H), 7.74 (dd, ] = 8.5, 1.2 Hz, 1H, Ar-H), 7.52 (m, 2H, Ar-H), 7.33
(m, 1H, Ar-H), 7.26 (d, ] = 8.0 Hz, 1H, Ar-H), 7.05 (s, 1H, Ar-H), 6.98 (m, 2H, Ar-H), 4.26 (m,
1H, CH), 3.38 (m, 2H, CH,), 3.14 (m, 2H, CH,), 2.94 (t, ] = 6.1 Hz, 2H, CH,), 2.67 (¢, ] = 5.8
Hz, 2H, CH,), 1.86 (m, 4H, 2 x CH,), 1.33 (m, 13H, 3x CH; + 2x CH,), 1.18 (s, 2H, CH2). °C
NMR (100 MHz, Methanol-d4) d: 174.65, 172.94, 159.10, 157.46, 153.03, 147.90, 137.98,
129.70, 128.82, 127.94, 124.73, 124.37, 122.37, 121.27, 119.74, 119.46, 116.80, 112.20,
110.98, 80.58, 61.51, 57.18, 39.95, 34.17, 29.39, 28.63, 27.54, 26.10, 24.07, 23.66, 20.85.

Tertbutyl (341 Hindol-3-yl)-1-ox0-1-((5-((1,2,3,4-tetrahydroacridin-9-

yl)amino)pentyl)amino)propan-2-yl)carbamate C19

Starting from compound C8 (0.322 g, 1.0 eq) PyBOP (0.55 g, 1.0 eq), DIPEA (0.55 mL, 3.0 eq)
and compound C5 (0.3 g, 1.0 eq), the title compound was obtained following the general
procedure described above. The reaction was monitored by TLC (MeOH/CH,Cl; 5% v/v). The
crude was purified by column chromatography (MeOH/CH,Cl,) to afford the title compound.
Yield: 20%; silica gel Ry 0.05 (MeOH/DCM 5% v/v); mp 73.3-76.8°C. 1 H NMR (300 MHz,
Methanol-d4) d: 8.04 (m, 1H, Ar-H), 7.75 (m, 1H, Ar-H), 7.52 (m, 2H, Ar-H), 7.33 (m, 1H, Ar-
H), 7.24 (d, ] = 7.9 Hz, 1H, Ar-H), 6.97 (m, 3H, Ar-H), 4.25 (m, 1H, CH), 3.39 (m, 2H, CH2),
3.11 (m, 2H, CH,), 2.94 (m, 4H, 2x CH>), 2.69 (m, 2H, CH,), 1.95 (m, 2H, CH>), 1.87 (m, 6H,
3x CHy), 1.50 (m, 2H, CH,), 1.34 (s, 9H, 3x CH;). "C NMR (100 MHz,Methanol-d4) d:
174.58, 172.92, 159.07, 157.44, 153.17, 14791, 137.96, 129.71, 128.79, 127.93, 124.70,
124.42, 122.35, 121.30, 119.71, 119.42, 116.78, 112.18, 110.96, 80.55, 61.50, 57.14, 40.14,
34.16,31.91, 29.83, 29.42, 26.09, 25.01, 24.07, 23.68, 20.85.

Benzyl tertbutyl (6-0x0-6-((3-((1,2,3,4-tetrahydroacridin-9-yl)amino)propyl)amino)hexane-1,5-
diyl)dicarbamate C20

Starting from compound C9 (0.45 g, 1.0 eq) PyBOP (0.61 g, 1.0 eq), DIPEA (0.61 mL, 3.0 eq)
and compound C3 (0.3 g, 1.0 eq), the title compound was obtained following the general
procedure described above. The reaction was monitored by TLC (MeOH/CH,Cl; 5% v/v). The
crude was purified by column chromatography (MeOH/CH,Cl,, 50% v/v) to afford the title
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compound. Yield 29%; silica gel R; 0.043 (MeOH/DCM 5% v/2); 1H NMR (400 MHz,
DMSO) 8: 8.30 (d, ] = 8.3 Hz, 1H, Ar-H), 7.98 (t, 1H, exchange with D,0O, CONH), 7.82 (d, ] =
8.3 Hz, 1H,Ar-H), 7.75 (t, ] = 7.1 Hz, 1H, Ar-H), 7.52 (t, ] = 7.5 Hz, 1H, Ar-H), 7.36 (m, 5H, Ar-
H), 7.26 (t, 1H, exchange with D,O, CONH), 6.86 (d, ] = 7.8 Hz, 1H, exchange with D,O,
CONH), 6.46 (t, 1H, exchange with DO, NH), 5.03 (s, 2H, CH,), 3.83 (m, 1H, CH), 3.68 (m,
2H, CH,), 3.19 (m, 2H, CH,), 2.98 (m, 4H, 2 x CH,), 2.73 (m, 2H, CH), 1.81 (m, 6H, 3 x
CHy), 1.51 (m, 2H, CHy), 1.42 - 1.19 (m, 13H, 3x CH; + 2x CH,). ®C NMR (100 MHz,
DMSO) &: 172.53, 156.77, 155.75, 154.60, 137.81, 131.85, 128.80, 128.18, 128.14, 126.27,
125.10, 125.02, 124.95, 122.17, 117.40, 112.92, 79.01, 66.16, 55.71, 47.91, 45.73, 40.32,
36.53, 32.62, 31.39, 30.07, 29.10, 25.50, 23.97, 23.23, 22.27.

Benzyl tertbutyl (6-0x0-6-((4-((1,2,3,4-tetrahydroacridin-9-yl)amino)butyl)amino)hexane-1,5-
diyl)dicarbamate C21

Starting from compound C9 (0.41 g, 1.0 eq) PyBOP (1.12 g, 2.0 eq), DIPEA (0.56 mL, 3.0 eq)
and compound C4 (0.3 g, 1.0 eq), the title compound was obtained following the general
procedure described above. The reaction was monitored by TLC (MeOH/CH,Cl; 5% v/v). The
crude was purified by column chromatography (MeOH,/CH,Cl,, 50% v/v) to afford the title
compound. Yield 32%; silica gel R;0.045 (MeOH/DCM 5% v/v); 'H NMR (400 MHz, DMSO)
8:8.36 (d, ] = 8.5 Hz, 1H, Ar-H), 7.91 (d, ] = 8.4 Hz, 1H, Ar-H), 7.82 (m, 2H, Ar-H + exchange
with D,O, CONH), 7.54 (¢, ] = 7.6 Hz, 1H, Ar-H), 7.36 (m, 5H, Ar-H), 7.26 (t, 1H, exchange
with D,O, CONH), 7.15 (s, 1H, exchange with D,O, CONH), 6.77 (d, ] = 7.8 Hz, 1H,
exchange with D,O, NH), 5.03 (s, 2H, CH,), 3.83 (m, 1H, CH), 3.76 (m, 2H, CH,), 3.09 (m,
2H, CH,), 2.99 (m, 4H, 2 x CH,), 2.71 (m, 2H, CH,), 1.86 (m, 4H, 2 x CH;), 1.70 (m, 2H,
CH,), 1.50 (m, 4H, 2 x CH,), 1.38 (s, 9H, 3x CH3), 1.26 (m, 4H, 2 x CH,). "C NMR (100
MHz, DMSO) &: 172.53, 156.77, 155.75, 154.60, 137.81, 131.85, 128.80, 128.18, 128.14,
126.27, 125.10, 125.02, 124.95, 122.17, 117.40, 112.92, 78.38, 65.57, 54.88, 47.59, 40.57,
40.16, 38.49, 32.21, 29.57, 28.63, 27.95, 26.82, 24.74, 23.26, 22.30, 21.36.

Benzyl tertbutyl (6-0x0-6-((5-((2-propylquinolin-4-yl)amino)pentyl)amino)hexane-1,5-
diyl)dicarbamate C22
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Starting from compound C9 (0.40 g, 1.0 eq) PyBOP (0.55 g, 1.0 eq), DIPEA (0.55 mL, 3.0 eq)
and compound C5 (0.3 g, 1.0 eq), the title compound was obtained following the general
procedure described above. The reaction was monitored by TLC (MeOH/CH,Cl; 5% v/v). The
crude was purified by column chromatography (MeOH/CH,Cl,, 50% v/v) to afford the title
compound. Yield: 350mg, 52%; silica gel Ry =0.12 (MeOH/DCM 10% v/v); 'H NMR (400
MHz, DMSO) &: 8.21 (d, J = 8.4 Hz, 1H, Ar-H), 7.78 (m, 3H, 2Ar-H + exchange with D,O,
CONH), 7.64 (m, 1H, Ar-H), 7.40 (m, 5H, Ar-H), 7.26 (s, 1H, exchange with D,O, CONH),
6.76 (d, ] = 7.8 Hz, 1H, exchange with D,O, CONH), 5.03 (m, 3H, exchange with D,O, NH +
CH,), 3.84 (m, 2H, CH>), 3.56 (m, 1H, CH), 3.38 (s, 4H, CH,), 3.06 (m, 2H, 2x CH;), 2.96 (m,
2H, 2x CH»), 2.74 (m, 2H, 2x CH,), 1.83 (m, 9H, 3x CHs), 1.76 (m, 1H, CH), 1.64 (m, 1H,
CH), 1.53 (m, 6H, 3x CH,), 1.28 (m, 6H, 3x CH,).

General procedure for the removal of the Na Boc protection

To a solution of the appropriate intermediate in MeOH (2-8,5 mL), HCI 5M (1-4 mL) was
added and the reaction mixture was stirred overnight at RT. After monitoring by TLC
(MeOH/DCM 10% v/v), NaHCO; was added and the mixture was extracted with CH,Cl,. (30
mL x 3). The collected organic layer was dried over Na,SOy4 and evaporated under vacuum. The
crude compound was treated with HCI 1.25 M in MeOH (1.1 eq) to afford the title compound

as hydrochloride salt.
2-amino-3-phenyl-M(3-((1,2,3,4-tetrahydroacridin-9-yl)Jamino)propyl) propanamide C23

Yield 98%; silica gel R;0.11 (MeOH/DCM 10% v/v); '"H NMR (400 MHz, DMSO) 8&: 8.80 (s,
1H, Ar-H), 8.45 (d, ] = 6.8 Hz, 1H, Ar-H), 8.33 (m, 1H, Ar-H), 7.92 (m, 2H, Ar-H), 7.79 (s, 1H,
Ar-H), 7.61 (s, 1H, exchange with D,O, CONH), 7.25 (M, 5H, Ar-H), 4.14 (s, 2H, CH,), 3.98
(s, IH, CH), 3.82 (s, 2H, CH»), 3.47 (s, 2H, CH,), 3.04 (s, 2H, CH,), 2.71 (s, 2H, CH,), 1.87
(m, 6H, 3x CH)).

2-amino-3-phenyl-M(4-((1,2,3,4-tetrahydroacridin-9-yl)amino)butyl)propanamide C24

Yield 82%; silica gel Ry 0.15 (MeOH/DCM 10% v/v); "H NMR (400 MHz, DMSO) 8&: 8.27 (d,
J=8.6 Hz, 1H, Ar-H), 8.18 (s, 1H, Ar-H), 7.82 (d, ] = 8.3 Hz, 1H, Ar-H), 7.71 (t,J = 7.5 Hz, 1H,
Ar-H), 7.49 (t, ] = 7.4 Hz, 1H, exchange with D,O, CONH), 7.27 (m, 5H, Ar-H), 6.34 (s, 1H,
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exchange with D,O, NH), 3.69 (d, ] = 6.8 Hz, 1H, CH2), 3.60 (d, ] = 6.7 Hz, 2H, CH,), 3.42 (s,
2H, CHy), 3.06 (m, 1H, CH), 2.97 (m, 2H, CH,), 2.85 (m, 1H, CH)), 2.75 (s, 2H, CH,), 1.88
(s, 4H,2xCH,), 1.56 (m, 2H, CHs), 1.42 (m, 2H, CH;).”C NMR (100 MHz, DMSO) &: 170.35,
154.82, 153.50, 142.80, 136.80, 130.76, 129.84, 128.73, 128.50, 127.13, 124.63, 124.55,
118.33, 113.93, 54.98, 47.69, 46.40, 38.69, 31.15, 28.01, 26.58, 25.02, 22.58, 21.82.

2-amino-3-phenyl-M(4-((1,2,3,4-tetrahydroacridin-9-yl)amino)pentyl)propanamide C25

Yield 79%; silica gel Ry 0.14 (MeOH/DCM 10% v/v); '"H NMR (400 MHz, DMSO) &: 8.44 (m,
2H, Ar-H), 7.87 (m, 2H, Ar-H), 7.59 (m, 2H, exchange with D,O, CONH + Ar-H), 7.29 (m,
5H, Ar-H), 3.94 (¢, ] = 7.0 Hz, 1H, CH), 3.81 (m, 2H, CH)), 3.46 (s, 2H, CH>), 3.15 (m, 1H,
CH), 3.02 (s, 2H, CH)), 2.95 (m, 1H, CH), 2.71 (s, 2H, CH,), 1.86 (s, 4H 2x CHy), 1.71 (m,
2H, CH)), 1.32 (m, 4H, 2x CH)).

2-amino-3-(1 A-indol-3-yl)-V(3-((1,2,3,4-tetrahydroacridin-9-yl)amino) propyl)propanamide C26

Yield 66%; silica gel Ry 0.045 (MeOH/DCM 10% v/v); mp 148.8-152.0 °C. 'H NMR (500
MHz, Methanol-d4) d: 8.28 (d, ] ¥ 8.7 Hz, 1H, Ar-H), 7.81 (d, ] ¥4 4.0 Hz, 2H, Ar-H), 7.54 (m,
2H, Ar-H), 7.23 (d, ] ¥4 8.0 Hz, 1H, Ar-H), 7.10 (s, 1H, Ar-H), 6.94 (m, 2H, Ar-H), 4.28 (m, 1H,
CHy), 3.18 (m, 2H, CH>), 3.02 (m, 2H, CH)), 2.68 (m, 2H, CH,), 1.94 (m, 8H, 4x CH,), 1.80
(m, 2H, CHy). "C NMR (100 MHz, Methanol-d4) d: 175.48, 157.91, 151.69, 139.64, 137.92,
133.98, 128.76, 126.44, 126.36, 124.68, 122.30, 120.12, 119.69, 119.40, 117.05, 112.95,
112.26, 110.85, 57.42, 45.69, 37.07, 31.27, 29.36, 28.64, 25.02, 23.01, 21.83.

2-amino-3-(1 Hindol-3-yl)-V(3-((1,2,3,4-tetrahydroacridin-9-yl)amino)butyl) propanamide C27

Yield 98%; silica gel Ry 0.048 (MeOH/DCM 10% v/v); mp 76.3-81.0°C. "H NMR (500 MHz,
DMSO-d6) d: 10.78 (d, ] = 2.4 Hz, 1H, exchange with D,O, NH), 8.10 (d, ] = 8.8 Hz, 1H, Ar-
H), 7.83 (t, ] = 5.7 Hz, 1H, Ar-H), 7.69 (dd, ] = 8.3, 1.2 Hz, 1H, Ar-H), 7.55 (d, ] = 7.9 Hz, 1H,
Ar-H), 7.50 (ddd, ] = 8.2, 6.7, 1.2 Hz, 1H, Ar-H), 7.32 (m, 2H, Ar-H), 7.10 (d, ] = 2.3 Hz, 1H,
exchange with D,O, CONH), 6.99 (m, 2H, Ar-H), 6.67 (d, ] = 8.3 Hz, 1H, Ar-H), 4.12 (m, 1H,
CH), 3.02 (m, 2H, CH>), 2.88 (m, 2H, CH>), 2.70 (m, 2H, CH,), 1.79 (m, 4H, 2x CH,), 1.50
(m, 2H, CH»), 1.38 (m, 2H, CH,), 1.29 (m, 4H 2x CH,). "C NMR (100 MHz,DMSO-d6) d:
171.92, 15791, 155.26, 150.51, 146.89, 136.19, 128.25, 127.52, 123.74, 123.40, 123.23,
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120.93, 120.31, 118.65, 118.25, 115.87, 111.37, 110.42, 78.05, 55.34, 47.83, 38.43, 33.57,
28.30, 26.64, 25.22, 22.90, 22.57.

2-amino-3-(1 Arindol-3-yl)-NV(3-((1,2,3,4-tetrahydroacridin-9-yl)amino)pentyl)propanamide C28

Yield 98%; silica gel R; 0.045 (MeOH/DCM 5% v/v); mp 118.5-121.1°C. "H NMR (300 MHz,
D20) d: (ppm) 7.73 (d, ] = 8.6 Hz, 1H, Ar-H), 7.60 (m, 1H, Ar-H), 7.27 (m, 2H, Ar-H), 7.14 (m,
1H, Ar-H), 7.04 (m, 2H, Ar-H), 6.69 (m, 2H, Ar-H), 4.08 (m, 1H, CH), 3.65 (m, 2H, CH.,), 3.37
(m, 2H, CHy), 3.03 (m, 2H, CH), 2.44 (m, 2H, CH,), 2.22 (m, 4H, 2x CHy), 1.65 (m, 4H, 2x
CH,), 1.41 (m, 2H, CH,), 0.95 (m, 2H, CH,). "C NMR (100 MHz,D20) d: 168.82, 154.52,
148.87, 136.93, 135.46, 132.25, 126.23, 124.58, 124.51, 124.38, 121.14, 118.60, 118.18,
117.53, 114.21, 111.05, 110.34, 105.77, 57.28, 53.42, 46.97, 39.06, 30.10, 29.26, 27.11,
26.77,22.93, 20.92, 19.80.

Benzyl(5-amino-6-ox0-6-((3-((1,2,3,4-tetrahydroacridin-9-

yl)amino)propyl)amino)hexyl)carbamate C29

Yield 84%; silica gel R;0.052 (MeOH/DCM 10% v/v); "H NMR (400 MHz, DMSO) 8: 8.17 (d,
J=17.2Hz, 1H, Ar-H), 7.99 (s, 1H, Ar-H), 7.75 (d, ] = 8.2 Hz, 1H, Ar-H), 7.56 (t, ] = 7.0 Hz, 1H,
Ar-H), 7.38 (s, 5H, Ar-H), 7.24 (5, 1H, exchange with D,O, CONH), 5.76 (s, 1H, exchange with
D,0, CONH), 5.60 (s, 1H, exchange with D,O, NH), 5.03 (s, 2H, CH,), 3.46 (s, 2H, CH,),
3.24 (s, 1H, CH), 3.17 (m, 2H, CH,), 3.09 (s, IH, CH), 3.01 (m, 2H, CH,), 2.94 (s, 2H, CH,),
2.76 (s, 2H, CHy), 1.85 (s, 4H, 2x CHy), 1.71 (d, J = 5.6 Hz, 2H, CH,), 1.57 (s, 1H, CH), 1.36
(m, 8H, 4x CH,).”C NMR (100 MHz, DMSO) &: 175.34, 175.25, 158.37, 156.56, 150.70,
147.23, 128.81, 128.68, 128.42, 128.18, 124.01, 123.07, 120.67, 116.29, 98.40, 76.27, 65.60,
55.03, 45.55, 37.40, 36.22, 33.97, 31.16, 29.98, 25.68, 23.22, 23.02, 22.89.

Benzyl(5-amino-6-oxo0-6-((3-((1,2,3,4-tetrahydroacridin-9-

yl)amino)butyl)amino)hexyl)carbamate C30

Yield 85%; silica gel Ry 0.05 (MeOH/DCM 10% v/v); '"H NMR (400 MHz, DMSO) 8&: 8.52 (s,
1H, Ar-H), 8.33 (d, ] = 8.5 Hz, 1H, Ar-H), 7.86 (d, ] = 8.3 Hz, 1H, Ar-H), 7.75 (m, 1H, Ar-H),
7.50 (m, 1H, Ar-H), 7.35 (m, 5H, Ar-H), 7.26 (m, 1H, exchange with D,O, CONH), 6.85 (s,
1H, exchange with D,O, CONH), 5.02 (s, 2H, CHa), 3.70 (s, 2H, CHa), 3.63 (m, 1H, CH), 3.20

158



Chapter 5. Experimental Section

(m, 1H, CH), 3.10 (m, 1H, CH), 2.99 (s, 4H, 2x CH»), 2.72 (s, 2H, CHa), 1.85 (s, 4H, 2x CH»),
1.70 (m, 4H, 2x CH,), 1.51 (m, 2H, CH,), 1.40 (m, 2H, CH,), 1.27 (s, 2H, CH,).”C NMR (100
MHz, DMSO) &: 175.34, 175.25, 158.37, 156.56, 150.70, 147.23, 128.81, 128.68, 128.42,
128.18, 124.01, 123.07, 120.67, 116.29, 98.40, 65.67, 58.38, 52.99, 47.61, 40.31, 39.46,
38.85, 29.49, 28.05, 26.80, 24.93, 22.51, 22.15, 21.72.

Benzyl(5-amino-6-ox0-6-((3-((1,2,3,4-tetrahydroacridin-9-

yl)amino)pentyl)amino)hexyl)carbamate C31

Yield 79%; silica gel R 0.045 (MeOH/DCM 10% v/v); : 'H NMR (400 MHz, DMSO) &: 8.15
(d,J = 8.4 Hz, 1H, Ar-H), 7.87 (m, 2H, Ar-H + exchange with D,O, CONH), 7.74 (d, ] = 8.2 Hz,
1H, Ar-H), 7.55 (t, ] = 7.4 Hz, 1H, Ar-H), 7.40 (m, 5H, Ar-H), 7,29 (s, 1H, exchange with DO,
CONH), 5.44 (s, 1H, exchange with D,O, NH), 5.03 (s, 2H, CH,), 3.16 (d, ] = 5.8 Hz, 1H,
CH2), 3.04 (m, 4H, 2x CH2), 2.94 (t, ] = 5.9 Hz, 2H, CH2), 2.74 (s, 2H, CH,), 1.85 (m, 4H, 2x
CH,), 1.76 (m, 1H, CH), 1.68 (s, 1H, CH), 1.66 (s, 2H, CH,), 1.59 (m, 2H, CH,), 1.38 (m, 8H,
4x CH,). "C NMR (100 MHz, DMSO) §&: 175.34, 175.25, 158.37, 156.56, 150.70, 147.23,
128.81, 128.68, 128.42, 128.18, 124.01, 123.07, 120.67, 116.29, 98.40, 65.56, 54.82, 48.46,
46.70, 43.64, 38.99, 38.80, 33.91, 30.88, 29.77, 29.24, 26.45, 25.15, 23.31, 22.77.

Synthesis of 9-aminotacrine C33

AlCL (11.29 g, 1.0 eq) was added to the mixture of 2-cyanoaniline C32 (10 g, 1.0 eq) and
cyclohexanone (8.31g, 1.0 eq) in Toluene (250 ml), placed in a round bottom flask under N,
fluss. The mixture was heated at refluss (110°C) for 24h under stirring. The reaction was
monitored by TLC MeOH/CH,Cl; 5% v/v). After cooling at RT, the suspension was filtrated
and the remain solid was treated with NaOH 2M. The suspension was heated for 2h at refluss
(100°C), and then was extracted with EtOAC (3 times). So, the result was dried with Na;SOs,
filtrated and evaporated under pressure to give C33 as an orange powder. Yield 77%. silica gel
Ry =0.05 MeOH/CH,Cl; 5% v/v); '"H NMR (400 MHz, DMSO) &: 8.16 (d, J = 8.3 Hz, 1H, Ar-
H), 7.65 (d, ] = 8.4 Hz, 1H, Ar-H), 7.51 (t, ] = 11.0, 4.1 Hz, 1H, Ar-H), 7.31 (¢, ] = 11.1, 4.0 Hz,
1H, Ar-H), 6.32 (m, 2H, exchange with D,O, NH,), 2.86 (m, 2H, CH,), 2.59 (¢, ] = 5.9 Hz, 2H,
CHo), 1.85 (m, 4H, 2 x CH,).
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Synthesis of M(5-bromopentyl)-1,2,3,4-tetrahydroacridin-9-amine C34

To a solution of 9-aminotacrine C33 (3.0 g, 1.0 eq) in DMF (18 ml), was added NaH (0.36 g,
1.0 eq), and the the result was stirred for 30min at RT. Then was added 1,5-dibromopentane
(20.43 ml, 10 eq) at 0°C, and the mixture then was stirred for 48h at RT, under N; fluss. The
reaction was monitored by TLC (MeOH/CH,Cl,, 10% v/v). The mixture was treated with an
acid aqueous solution (40ml H,O+20ml HCI 5M) and extracted with Et;O (3 times). The
aqueous solution was bringing to pH 10 with K;COj5 and extracted with CH,ClL, (3x30mL). The
organic layer was washed with Brine, dried over Na,SOj, filtrated, evaporated under vacuum
and purified with a flash column chromatography (MeOH/CH,Cl, 12%). Yield 42%; silica gel
R; 0.44 MeOH/DCM 10% v/v); '"H NMR (CDCls) 6: 8.38 (dd, J = 0.90, 8.59 Hz, 1H, Ar-H),
8.21 (d, J = 7.95 Hz, 1H, Ar-H), 7.66 (ddd, J = 1.03, 7.05, 8.34 Hz, 1H, Ar-H), 7.43 (ddd, J =
1.03, 7.12, 8.53 Hz, 1H, Ar-H), 3.92 (m, 2H, CH,), 3.44 (¢, ] = 6.54 Hz, 2H, CHy), 3.24 (m, 2H,
CH)), 2.69 (m, 2H, CH,), 1.90 (m, 8H, 4x CH), 1.63 (m, 2H, CH,), NH signal not detected.

Synthesis of M(6-bromohexyl)-1,2,3,4-tetrahydroacridin-9-amine C36

The reaction mixture of phenol (5,2 g, 6.0 eq), 9-chlorotacrine C2 (2.0 g, 1.0 eq), and KI (0,15
g, 0.1 eq) was heated at 90°C, for 10 minutes to form a liquid. To this mixture was added 6-
aminohexan-1-ol (3.0 eq) and refluxed at 180°C for 3h. The reaction was monitored by TLC
(MeOH/CH;Cl; 10% v/v). Then, the mixture was cooled to the room temperature and 20%
aqueous solution of KOH was added. The solution was extracted with EtOAc and the resultant
organic layer was washed with brine, dried over Na;SOs, filtrated and evaporated under
vacuum. 64(1,2,3,4-tetrahydroacridin-9-yl)amino)hexan-1-ol C35 (7.61 g, 1.0 eq) was dissolved
in CH;Cl, dry (50 mL), and then CBrs(9.30 g, 1,1 eq) and PPh; (7.36 g, 1.1 eq) were added.
The solution was stirred overnight, and after monitoring by TLC (MeOH/DCM 10% v/v) a
15% aqueous NaOH solution was added. The aqueous phase was extracted with CH,Cl, (3x50
mL) and the combined organic layers were dried over Na,SOy, filtrated and evaporated under
vacuum. The crude was then purified by column chromatography (MeOH/CH,Cl,, 20% v/v).
Brow oil, Yield 24%; silica gel Ry 0.28 (MeOH/DCM 10% v/v); 1H NMR (CDCl;) 6: 8.62 (d,
J=8.7 Hz, 1H, Ar-H), 8.18 (d, J = 8.7 Hz, 1H, Ar-H), 7.73 (t, ] = 7.7 Hz, 1H, Ar-H), 7.48 (¢, ] =
7.7 Hz, 1H, Ar-H), 4.10 (¢, ] = 6.5 Hz, 2H, CH)), 3.94 (t, ] = 6.9 Hz, 2H, CH)), 3.45 (¢, ] = 6.5
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Hz, 2H, CH,), 3.37 (¢, ] = 5.6 Hz, 2H, CH,), 2.62 (¢, ] = 5.3 Hz, 2H, CH,),1.90 (m, 6H, 3x
CH,),1.55 (m, 4H, 2x CH.).

General synthesis of amino acid derivatives C37-C40

A suspension of aminoacid (2.0 g, 1.0 eq) in MeOH (15-20 ml) cooled to 0°C, was stirred for 10
min. Then SOCL (2-5 eq) was added dropwise and the mixture was stirred thoroughly for 24h
at RT. After monitoring by TLC (MeOH/CH,Cl,, 5%v/v) the mixture was evaporated under

vacuum. So, the remain solid was washed with Et;O, and filtrated to obtain derivates C37-C40.
Methyl phenylalaninate C38

Starting from E (2.0 g, 1.0 eq), SOCL (2.88 g, 2.0 eq) and MeOH(20 ml) the title compound
was obtained following the general procedure described above. White solid, 1.90g, 88% Yield.
silica gel Ry =0.23 (MeOH/CH,Cl, 5%v/v); H NMR (CDCls) 8: 7.31 (m, 2H, Ar-H), 7.24 (tt, ]
= 7.2, 1.2 Hz, 1H, Ar-H), 7.19 (m, 2H, Ar-H), 3.74 (dd, ] = 8.4, 5.4 Hz, 1H, CH), 3.70 (s, 3H,
CHs), 3.10 (dd, J = 13.2, 4.8 Hz, 1H, CH), 2.86 (dd, ] = 13.2, 7.8 Hz, 1H, CH), 1.49 (s, 2H,
exchange with D,O, NH,). °C NMR (151 MHz, CDCI3) 8: 175.5, 137.3, 129.3, 128.7, 126.9,
55.9, 52.1, 41.2.

Methyl tryptophanate C39

Starting from F (2.0 g, 1.0 eq), SOCL (5.83 g, 5.0 eq) and MeOH(15 ml) the title compound
was obtained following the general procedure described above. White solid, 70% Yield. silica
gel R; =0.21 (MeOH/CH,CL, 5%v/v); H NMR (CDCL) 8: 8.26 (s, 1H, exchange with D,O,
NH), 7.61 (d, J = 8.0 Hz, 1H, Ar-H), 7.35 (d, J = 8.0 Hz, 1H, Ar-H), 7.12 (m, 2H, Ar-H), 7.04 (d,
J=8.0 Hz, 1H, ArH), 3.84 (dd, J = 7.7, 4.8 Hz, 1H, CH), 3.71 (s, 3H, CHs), 3.29 (dd, J = 14.4,
4.8 Hz, 1H, CH), 3.05 (dd, ] = 14.8, 7.7 Hz, 1H, CH), 1.69 (s, 2H, exchange with D;O, NH,).

General procedure for the synthesis of hybrids C41-C48

To a solution of appropriate amino acid derivate C37-C40, (2-3 eq), in dry DMF (59 mL),
K;COs (3-7 eq) was added. The mixture was stirred for 30min at RT, then tacrine derivate C34
or C36 (1.0 eq) and KI (1.0 eq) were added. The reaction was stirred at RT for 72h, under N;

fluss. After monitoring by TLC, the mixture was extracted with CH,Cl; (3x30 mL) and the
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combined organic layers were dried over Na,SOj filtrated and concentrated under vacuum. The

crude was then purified by means of flash chromatography.
Methyl (5-((1,2,3,4-tetrahydroacridin-9-yl)amino)pentyl)histidinate C41

Starting from C37 (0.3 g, 1.0 eq), C34 (0.44 g, 3.0 eq), KxCO;(0.84 g, 7.0 eq) and KI (0.14 g,
1.0 eq), the title compound was obtained following the general procedure described above. The
reaction was monitored by TLC (MeOH/DCM 10% v/v); the crude was purified by column
chromatography (MeOH/CH,CL = MeOH 100%), to afford the title compound as a yellow
oil. Yield 29%; silica gel Ry 0.04 (MeOH/DCM 10% v/v); 'H NMR (400 MHz, DMSO) §:
11.81 (s, 1H, exchange with D;O, NH), 8.15 (d, ] = 8.1 Hz, 1H, Ar-H), 7.75 (d, J = 8.3 Hz, 1H,
ArH), 7.55 (m, 6.6 Hz, 2H, Ar-H), 7.38 (t, ] = 7.3 Hz, 1H, ArH), 6.84 (d, 1H, Ar-H), 5.42 (t,
1H, exchange with D,O, NH2), 3.59 (s, 3H, CHs), 3.44 (m, 3H, CH, + CH), 2.95 (m, 2H,
CH,), 2.76 (m, 4H, 2 x CH,), 2.42 (m, 2H, CH,), 1.86 (m, 4H, 2 x CH,),1.56 (m, 2H, CH,),
1.35 (m, 4H, 2 x CH).

Methyl (6-((1,2,3,4-tetrahydroacridin-9-yl)amino)hexyl)histidinate C42

Starting from C37 (0.37 g, 1.0 eq), C36 (0.52 g, 3.0 eq), KzCO5(0.99 g, 7.0 eq) and KI (0.17 g,
1.0 eq), the title compound was obtained following the general procedure described above. The
reaction was monitored by TLC (MeOH/DCM 10% o/v) after stirring 96h; the crude was
purified by column chromatography (MeOH/CH,Cl, = MeOH 100%), to afford the title
compound as a yellow oil. Yield 26%; silica gel R; 0.05 (MeOH/DCM 10% v/v); "H NMR (400
MHz, DMSO) 6: 11.85 (s, 1H, exchange with D,O, NH), 8.15 (d, ] = 8.3 Hz, 1H, Ar-H), 7.74
(d,]J =8.2 Hz, 1H, Ar-H), 7.55 (m, 2H, Ar-H), 7.38 (¢, ] = 7.5 Hz, 1H, Ar-H), 6.84 (d, 1H, Ar-H),
5.45 (t, 1H, exchange with D,O, NH2), 3.59 (s, 3H, CHs), 3.44 (m, 3H, CH,+ CH), 2.94 (m,
2H, CH,), 2.75 (m, 4H, 2 x CH,), 2.41 (m, 2H, CH,), 1.85 (m, 4H, 2 x CH,), 1.59 (m, 2H,
CH,), 1.28 (m, 6H, 3 x CH,). "C NMR (100 MHz, DMSO) &: 174.72, 154.20, 153.85, 130.93,
129.36, 128.66, 125.77, 124.68, 124.52, 123.45, 123.26, 118.04, 113.50, 60.22, 55.41, 51.72,
49.01, 47.87, 41.51, 30.62, 29.70, 26.74, 26.49, 24.96, 22.50, 21.66.

Methyl (5-((1,2,3,4-tetrahydroacridin-9-yl)amino)pentyl)phenylalaninate C43

162



Chapter 5. Experimental Section

Starting from C38 (0.3 g, 1.0 eq), C34 (0.31 g, 2.0 eq), KxCO;(0.24 g, 2.0 eq) and K1 (0.14 g,
1.0 eq), the title compound was obtained following the general procedure described above. The
reaction was monitored by TLC (EtOH/DCM 15% o/v); the crude was purified by column
chromatography (MeOH/CH,Cl; 40% v/v), to afford the title compound as a yellow oil. Yield
30%; silica gel R;0.33 (EOH/DCM 15% v/v); 1H NMR (400 MHz, DMSO) 6: 8.13 (d, ] = 8.4
Hz, 1H, Ar-H), 7.73 (d, ] = 8.4 Hz, 1H, Ar-H), 7.55 (t, ] = 7.5 Hz, 1H, Ar-H), 7.37 (¢, ] = 7.6 Hz,
1H, Ar-H), 7.21 (m, 5H, Ar-H), 5.44 (m, 1H, exchange with D,O, NH,), 3.54 (s, 3H, CH5), 3,45
(m, 1H, exchange with D,O, CH) 2.93 (m, 2H, CH,), 2.83 (m, 2H, CH), 2.73 (m, 2H, CH,),
2.39 (m, 2H, CH,), 1.84 (m, 4H, 2 x CH,), 1.54 (m, 2H, CH,),1.31 (m, 6H, 3 x CH,). "C
NMR (100 MHz, DMSO) 68: 175.56, 173.46, 157.19, 152.79, 138.88, 138.52, 129.23, 129.12,
127.51, 127.30, 124.64, 124.59, 120.09, 115.64, 63.66, 55.95, 52.17, 48.07, 46.32, 30.68,
30.20, 25.81, 24.96, 24.66, 23.48, 22.97.

Methyl (6-((1,2,3,4-tetrahydroacridin-9-yl)amino)hexyl)phenylalaninate C44

Starting from C38 (0.3 g, 1.0 eq), C36 (0.45 g, 3.0 eq), K2CO; (0.46 g, 4.0 eq) and K1 (0.14 g,
1.0 eq), the title compound was obtained following the general procedure described above. The
reaction was monitored by TLC (EtOH/DCM 7,5% v/v); the crude was purified by column
chromatography (MeOH/CH,Cl; 40% v/v), to afford the title compound as a yellow oil. Yield
42%; silica gel Ry 0.09 (EtOH/DCM 7,5% v/v); 'H NMR (400 MHz, DMSO) &: 8.19 (d,] = 8.5
Hz, 1H, Ar-H), 7.76 (d, ] = 8.4 Hz, 1H, Ar-H), 7.62 (t, ] = 7.4 Hz, 1H, Ar-H), 7.41 (¢, ] = 7.5 Hz,
1H, AR-H), 7.22 (m, 4H, Ar-H), 5.87 (s, 1H, exchange with D,O, NH,), 3.63 (s, 1H, CH), 3.52
(m, 5H, CHs + CHy), 2.94 (m, 2H, CH>), 2.85 (m, 2H, CH)), 2.73 (m, 2H, CH,), 2.39 (m, 2H,
CH,), 1.85 (m, 4H, 2x CH,), 1.59 (m, 2H, CH,), 1.31 (m, 6H, 3x CH;). "C NMR (100 MHz,
DMSO) 6: 175.01, 156.67, 152.10, 138.32, 129.53, 129.45, 128.65, 128.55, 126.93, 126.73,
124.08, 124.01, 119.67, 115.29, 63.01, 55.38, 51.61, 48.25, 47.50, 32.68, 30.88, 29.85, 26.80,
26.51,25.28,22.92, 22.44.

Methyl (5-((1,2,3,4-tetrahydroacridin-9-yl)amino)pentyl)tryptophanate C45

Starting from C39 (0.3 g, 1.0 eq), C34 (0.21 g, 1.1 eq), K;CO5(0.26 g, 2.2 eq) and KI (0.14 g,
1.0 eq), the title compound was obtained following the general procedure described above. The

reaction was monitored by TLC (EtOH/DCM 15% v/v); the crude was purified by column
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chromatography (MeOH,/CH,CL, 40% v/v), to afford the title compound as a yellow oil. Yield:
71%; silica gel Ry =0.12 (MeOH/CH,CL, 10% v/v); '"H NMR (400 MHz, DMSO) &: 10.87 (s,
1H, exchange with D;O, NH), 8.15 (d, ] = 8.4 Hz, 1H,Ar-H), 7.75 (d, ] = 8.2 Hz, 1H, Ar-H),
756 (t, ] = 7.5 Hz, 1H, Ar-H), 7.50 (d, ] = 7.9 Hz, 1H, Ar-H), 7.38 (t, ] = 8.2 Hz, 2H, Ar-H),
7.10 (m, 2H, Ar-H), 7.00 (¢, ] = 7.4 Hz, 1H, Ar-H), 5.42 (¢, ] = 6.0 Hz, 1H, exchange with DO,
NH), 3.54 (s, 3H, CHs), 3.49 (t, ] = 6.7 Hz, 1H, CH), 3.01 (m, 2H, CH,), 2.95 (m, 2H, CH,),
2.75 (m, 2H, CH.), 2.44 (m, 2H, CH.,), 1.86 (m, 4H, 2xCHS), 1.56 (m, 2H, CH,), 1.34 (m, 6H,
3xCH,).

Methyl (6-((1,2,3,4-tetrahydroacridin-9-yl)Jamino)hexyl)tryptophanate C46

Starting from C39 (0.3 g, 1.0 eq), C36 (0.54 g, 3.0 eq), K2CO; (0.46 g, 4.0 eq) and K1 (0.14 g,
1.0 eq), the title compound was obtained following the general procedure described above. The
reaction was monitored by TLC (EtOH/DCM 15% v/v); the crude was purified by column
chromatography (EtOH/CH,Cl; 25% v/v), to afford the title compound as a yellow oil. Yield
21%; silica gel Ry 0.18 (MeOH/DCM 15% v/v); '"H NMR (400 MHz, DMSO) 8&: 10.86 (s, 1H,
exchange with D,O, NH), 8.15 (d, ] = 8.3 Hz, 1H, Ar-H), 7.74 (d, ] = 8.3 Hz, 1H, Ar-H), 7.56 (¢,
1H, Ar-H), 7.49 (d, ] = 7.5 Hz, 1H, Ar-H), 7.37 (m, 2H, Ar-H), 7.08 (m, 2H, Ar-H), 6.98 (¢, ] =
7.2 Hz, 1H, Ar-H), 5.54 (m, 1H, exchange with D,O, NH), 3.53 (s, 3H, CH5), 3.47 (s, 1H, CH),
2.99 (m, 2H, CH>), 2.94 (m, 2H, CHy), 2.73 (m, 2H, CH,), 2.41 (m, 2H, CH,), 1.84 (m, 4H, 2x
CH,), 1.56 (m, 2H, CH,), 1.26 (m, 8H, 4x CH,). "C NMR (100 MHz, DMSO) §&: 175.32,
157.66, 151.36, 146.53, 136.56, 128.77, 127.86, 127.78, 123.92, 123.81, 123.73, 121.31,
120.29, 118.72, 118.63, 115.85, 111.83, 110.43, 62.67, 51.59, 48.36, 47.70, 33.45, 30.99,
29.96, 29.21, 26.87, 26.66, 25.42, 23.11, 22.73.

Methyl  N-((benzyloxy)carbonyl)-NV-(5-((1,2,3,4-tetrahydroacridin-9-yl)amino)pentyl)lysinate
C47

Starting from C40 (0.3 g, 1.0 eq), C34 (0.28 g, 1.1 eq), Kz:COs (0.26 g, 2.2 eq) and KI (0.14 g,
1.0 eq), the title compound was obtained following the general procedure described above. The
reaction was monitored by TLC (MeOH/DCM 10% v/v). The crude was purified by column
chromatography (MeOH/CH,CL), to afford the title compound as a yellow oil. Yield 23%;
silica gel Ry 0.35 (MeOH/DCM 10% «/v); 'H NMR (400 MHz, DMSO) 6: 8.15 (d, ] = 8.3 Hz,
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IH, Ar-H), 7.75 (d, ] = 8.3 Hz, 1H, Ar-H), 7.56 (, ] = 7.5 Hz, 1H, Ar-H), 7.38 (m, 6H, Ar-H,
exchange with D,O, CONH), 7.28 (t, 1H, Ar-H), 5.43 (t, 1H, exchange with D,O, NH), 5.04 (s,
2H, CH,), 3.65 (s, 3H, CH3), 3.43 (d, ] = 6.9 Hz, 3H, CH,, CH), 3.00 (m, 2H, CH,), 2.94 (m,
2H, CHy), 2.75 (m, 2H, CH,), 2.41 (m, 2H, CH,), 1.85 (m, 4H, 2 x CH,), 1.54 (m, 4H, 2 x
CH)), 1.34 (m, 8H, 4 x CH,).

Methyl N-((benzyloxy)carbonyl)-NV-(6-((1,2,3,4-tetrahydroacridin-9-yl)amino)hexyl)lysinate
C48

Starting from C40 (0.3 g, 1.0 eq), C36 (0.73 g, 3.0 eq), KzCOs(0.46 g, 4.0 eq) and KI (0.14 g,
1.0 eq), the title compound was obtained following the general procedure described above. The
reaction was monitored by TLC (MeOH/EtOAc 15% v/v). The crude was purified by column
chromatography (MeOH/CH:Cl,) to afford the title compound as a yellow oil. Yield 20%;
silica gel Ry 0.11 MeOH/EtOAc 10% v/v); '"H NMR (400 MHz, DMSO) &: 8.15 (d, ] = 8.4 Hz,
IH, Ar-H), 7.75 (d, ] = 8.4 Hz, 1H, Ar-H), 7.56 (¢, ] = 7.5 Hz, 1H, Ar-H), 7.40 (m, 6H, Ar-H),
7.29 (m, 1H, exchange with D,O, CONH), 5.43 (t, ] = 6.0 Hz, 1H, exchange with D,O, NH),
3.65 (s, 3H, CH3), 3,45 (m, 1H, exchange with D,O, CH), 3.15 (m, 2H, CH,), 3.00 (m, 2H,
CH,), 2.94 (m, 2H, CH,), 2.76 (m, 2H, CH,), 2.36 (m, 2H, CH;), 1.86 (m, 4H, 2xCH,), 1.55
(m, 4H, 2xCH,), 1.33 (m, 12H, 6xCH,). "C NMR (100 MHz, DMSO) §&: 175.88, 158.34,
156.56, 150.87, 147.37, 137.83, 128.82, 128.78, 128.34, 128.29, 128.17, 123.62, 123.51,
120.74, 116.28, 65.59, 61.35, 55.41, 51.71, 48.46, 47.71, 40.62, 34.01, 32.92, 31.11, 30.04,
29.70, 26.96, 26.74, 25.58, 23.27, 22.96.

Synthesis of (6-((1,2,3,4-tetrahydroacridin-9-yl)amino)hexyl)histidine C49

Lithium hydroxide monohydrate (0.0081 g, 3.0 eq) was dissolved in H,O (1 mL) and added to a
solution of C42 in a 3:1 mixture of THF/MeOH (8 mL). The solution was then stirred
overnight at -20°C. After monitoring by TLC (MeOH/DCM 10% v/v), the mixture was
evaporated under vacuum. The resulting residue was acidified by the addition of HCl/MeOH
1.25M (0.65 ml, 7.2 eq) and then was evaporated under vacuum. The collected organic layer
was dissolved in a mixture MeOH/CH,CL, 15% v/v (100 mL) and it was filtrated on CELITE
to remove lithium salts. The organic layer was concentrated in vacuo to give an oil. Yield 31%;

silica gel Ry = 0.15(MeOH/DCM 10% v/v); 'H NMR (400 MHz, DMSO) 6: 8.17 (d, J = 8.0 Hz,
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1H, Ar-H), 7.73 (d, ] = 8.1 Hz, 1H, Ar-H), 7.55 (m, 1H, Ar-H), 7.37 (m, 1H, Ar-H), 6.94 (s, 1H,
Ar-H), 6.38 (s, 1H, Ar-H), 5.46 (s,1H, exchange with D,O, NH), 3.60 (s, 2H, CH>), 2.93 (m,
2H, CH,), 2.87 (s, 1H, CH), 2.75 (s, 2H, CH,), 2.37 (s, 2H, CH,), 2.05 (m, 2H, CH,), 1.84 (s,
4H, 2X CHy), 1.56 (m, 4H, CH)), 1.42 (s, 2H, CH,), 1.27 (s, 2H, CHa)).

Synthesis of N-(2-(1 Himidazol-4-yl)ethyl)-N-(1,2,3,4-tetrahydroacridin-9-yl) hexane-1,6-
diamine C50

To a solution of H, (0.4 g, 3.0 eq), in dry DMF (6 mL), K;COs(0.70 g, 7.0 eq) was added. The
mixture was stirred for 30min at RT, then tacrine derivate C36 (0.26g, 1 eq) and KI (0.12 g, 1.0
eq) were added. The reaction was stirred at RT for 72h, under N, fluss. After monitoring by
TLC (MeOH/CH,Cl, 10% v/v), the mixture was extracted with CH,Cl, (3x30mL) and the
combined organic layers were dried over Na,SO;, filtrated and concentrated under vacuum. The
crude was then purified by means of flash chromatography. Yield 33%; silica gel Ry 0.045
(MeOH/DCM 10% v/2); "H NMR (400 MHz, DMSO) &: 8.14 (d, ] = 8.4 Hz, 1H, Ar-H), 7.73
(d,J = 8.3 Hz, 1H, Ar-H), 7.54 (m, 2H, Ar-H), 7.36 (m, 1H, Ar-H), 6.72 (m, 1H, Ar-H), 5.41 (s,
1H, exchange with D,O, NH), 4.15 (s, 2H, CH,), 2.94 (m, 2H, CH,), 2.74 (m, 2H, CH,), 2.62
(m, 2H, CH,), 2.51 (m, 2H, CH,), 1.82 (m, 4H, 2x CHy), 1.59 (m, 2H, CH,), 1.32 (m, 8H,
4CH,).”"C NMR (100 MHz, DMSO) &: 158.43, 151.11, 150.80, 147.46, 134.91, 128.82,
128.27, 123.85, 123.62, 123.51, 120.79, 116.34, 49.75, 49.44, 48.42, 34.03, 31.10, 29.73,
21.02,26.75, 26.17, 25.56, 23.29, 23.00.
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CHAPTER 6. CONCLUSIONS

During these three years of my PhD, my research has focused on the enzyme carbonic
anhydrase. In this thesis it was demonstrated how its presence in most organs allows it to be
particularly versatile against a wide range of pathologies. The other objective was to
demonstrate how the multidrug approach is more effective than the administration of several
drugs simultaneously. In addition, within the projects I have expanded my knowledge through
the use of techniques such as crystallography, science that seeks to understand the inter and
intramolecular bonds using solid phase studies; and 1 have used interesting tools such as the
nanodrop and stopped-flow, the first allows you to assess the concentration of a sample of DNA
or a protein using a single microliter of solution, while the second allows you to make

measurements of enzyme kinetics.
Going into detail about the 3 major projects reported here, it can be concluded that:

- The first led to the development of new anticancer agents, with the aim of selectively
targeting the IX and XII isoforms of carbonic anhydrase, which are those most involved
in tumors. To do so, the compounds presented benzenesulfonamides, classical and non-
specific inhibitors of CA, and coumarins, selective inhibitors of isoforms IX and XII.
The other scaffold present on the hybrid is 5-fluorouracil, an antimetabolite used in
many anticancer therapies. All compounds have been shown to be good inhibitors
towards the target isoforms, in particular compounds A12, A20, A22, A34 and A40.
These were selected for in vitro testing to assess their ability to block growth in 8 cancer
cell lines and showed good activity against MDA-MB-231 and T47D. To confirm if they
had any apoptotic capacity, annexin V assay was performed with hybrids A12 and A22,
which proved to be excellent inducers of apoptosis.

- The second, as well as the main one, is also based on the molecular hybrid strategy and
always aims to intervene in the context of cancer therapy. The CA IX and XII target is
maintained also in this case while the counterpart is the berberin nucleus that is able to
stabilize the G4 structures. They have become a very interesting target as if stabilized
they are able to prevent telomerase from immortalizing tumor cells, furthermore G4
present in oncogene promoters, if stabilized, block transcription of proteins

overexpressed in various types of tumors. All our hybrids have been evaluated for CA
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inhibitory activity showing a remarkable selectivity. The research group of professor
Antonio Randazzo of Federico II university of Naples has instead evaluated the binding
capacity of our compounds on various G4 present in telomeres, in C-kit, in C-myc and
towards the double helix DNA present in hairpins. They effectively stabilized the G4 of
Ckit, then Tel and C-myc, while that of hairpins much less than the other sequences.
Numerous crystallography assays were also done on these compounds using the sitting
drop vapor diffusion technique. We were able to resolve the structure of the B28-Tel23
adduct by depositing it in the PDB with code 7PNL.

- The third project, also based on the multitarget approach, seeks to create compounds
that can intervene in patients with dementia. The two portions of the hybrids are: an
activator CA, can be either an amino acid or a biogenic amine, and tacrine. Activators
are much less investigated than inhibitors, however, it has been observed in various
studies that they are capable of having procognitive and memory-stimulating effects,
whereas tacrine is a known drug in Alzheimer's symptomatic therapy. Two series were
designed, one with amide linker and the other with amine linker. The inhibitory activity
against both cholinesterases was evaluated by the research group of Professor Oscar
Lopez of the University of Seville and it was noted that the amine linker promoted a
better inhibition towards both AchE and BuchE. Also going to evaluate the activatory
activity it was found that the compounds of the second series were generally better.
Finally, Dr. G. Provensi conducted in vivo studies to evaluate the procognitive abilities
of the C28, C25, and C42 hybrids and comparing them to the lead D-phenylalanines
and tacrines. It was observed that the administration of the hybrids has a better
procognitive effect and at lower dosages than the co-administration of the 2 leads

demonstrating the validity of the multitarget approach.

Finally, I have also made enzyme kinetics measurements on hundreds of compounds from
collaborators around the world evaluating their inhibitory and activating activities as
appropriate. | have also characterized from scratch the iota-CA class, evaluating the inhibition
of simple and complex anions, classical and commercial sulfonamides, and assessing the

activation of the main activators known in the literature.
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Through crystallography we also worked hard to obtain an adduct with berberine (the lead of
the main project) and Holliday junction, another type of non-canonical DNA folding. After
several optimizations we obtained a crystal of which we were able to solve the structure. It was,
unfortunately, only DNA without berberine; however, that type of sequence had never been
resolved at such a high resolution (0.95A). It is a result not expected but nevertheless of

remarkable workmanship.
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