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ABSTRACT

Abstract

Cancer is characterized by the uncontrolled growth of abnormal cells with malignant
potential, that begins when a cell breaks free from the normal restraints on cell division
and begins to follow its own schedule for proliferation. As the second leading cause of
death in most of the countries after cardiovascular diseases, cancer is a major public
health problem in all populations, unrelated with wealth and social status. This disease is
a financial and psychologic burden on both economy and families of patients. Failures in
the treatment of metastatic disease and development of drug resistance are the main
reasons for the high mortality rate. Hence, is of global interest to reduce this burden
through early detection of cancer and appropriate treatment and care of patients.

Tumor-associated carbonic anhydrase (CA) IX and XII have been consistently validated
as markers of disease progression in many solid tumors. Their overexpression in cancer
and contribution to tumor physiology shows their great potential as biomarkers and
therapeutic targets, leading the research community to undoubtedly focus on these
isoforms in the last two decades. The two main strategies to target the tumor associated
CAs for cancer therapy include the development of monoclonal antibodies and the design
and synthesis of small molecules that selectively inhibit CA 1X and Xll. Many carbonic
anhydrase inhibitors (CAIls) which selectively inhibit these two isoforms, belong to

sulfonamide, coumarin and sulfocoumarin classes.

Coumarins and chromones are two groups of naturally occurring heterocycle compounds
widely distributed in nature. Their chemical and biological aspects have been studied in
detail. Molecules containing the coumarin and chromone skeleton have a wide variety of
biological activities. The potential of coumarin and chromone scaffolds together with the
research results, regarding their pharmaceutical use and potential, are the background for
the work of this thesis. In addition, the previous work of the group regarding coumarins
and furocoumarins showed the potential of these scaffolds as selective inhibitors of the

tumor associated CAs.

Hence, the work herein present follows the study of coumarins and chromones as
promising scaffolds for the development of CA IX and XII selective inhibitors. Accordingly,
the first aim involved the development of possible potent, selective, and reversible CA 1X
and XllI inhibitors by the synthesis of compounds based in the coumarin (furanocoumarins

included) and chromone scaffolds.

Coumarin and chromone based libraries were successfully synthesized and characterized.
The predicted properties of the compounds were calculated, and the theoretical
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ABSTRACT

parameters were encouraging. Compound EMAC10163b proved to be the most potent
and isozyme selective compound, within the EMAC10163 series. EMAC10163b
selectively inhibit hCA 1X and XII (Ki = 0.53 pM and 0.47 uM, respectively) over the
isozymes hCA | and Il. Compound EMAC10164d proved to be the most potent and
isozyme selective compound, within the EMAC10164 series. EMAC10164d acted as
selective inhibitor toward hCA IX and Xl (Ki = 0.46 uM and 0.80 uM, respectively).
Compound EMAC10169m proved to be the most potent and isozyme selective compound,
within the EMAC10169 series. EMAC10169m acted as selective inhibitor toward hCA 1X
and XII (Ki =0.31 uM and 0.24 uM, respectively).

The docking experiments that consider the IX isoform, highlighted that the rigidity of the
EMAC10164 and EMAC10169 series helps to orientate the compounds in the binding
pocket with the chromene portion toward the Zn?*. This lead also to a general better activity
of these series. The influence of the substituents in the phenyl ring is not clear among the

different series.

In the hydrolyzed compounds (EMAC10163-open and EMAC10164-open) what seems
important is the Zn?* chelation and the interactions between the newly formed carboxylate
moiety in the catalytic site.

The docking solutions, considering the Xll isoform, are often characterized by the
interaction with common residues such as Lys69, His117, Thr198 or Thr199. Also, the
open compounds are stabilized by an array of hydrogen bonds involving the residues in
the catalytic cavity.

Overall, the coumarin and chromone scaffolds were validated as a suitable framework for
the development of selective carbonic anhydrase 1X and XlI inhibitors. The investigation
performed in the course of this project provided understanding of the bioactivity of the
developed compounds and paved the way for further studies of this scaffolds and

derivatives towards other targets associated with cancer.

Keywords: Cancer-associated carbonic anhydrases; Carbonic anhydrases inhibitors;

Coumarins; Furocoumarins; Chromones; Docking studies.




THESIS OUTLINE

Thesis outline

This Thesis is organized in six main chapters:
Chapter 1. Introduction

Chapter 1 includes a brief literature review on pathophysiological and pharmacological
aspects of cancer and carbonic anhydrases and their inhibitors to contextualize the
research aims, which are included in the final part of the chapter.

Chapter 2. Experimental section
Chapter 2 is composed by the description of the experimental procedures.
Chapter 3. Results and discussion

Chapter 3 encompasses the obtained results and their discussion within the scope of this
Thesis.

Chapter 4. Conclusions

Chapter 4 comprises the main conclusions of the Thesis, highlighting the most relevant

findings and open questions for future endeavors.

Chapter 5. Other projects

Chapter 5 cover all the work performed within side projects during this period.
Chapter 6. Bibliography

Chapter 6 lists all the references used in the previous chapters.
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CHAPTER 1

1.1. Cancer: an overview

Cancer is a hypernym that describes more than two hundred different diseases
characterized by the uncontrolled growth of abnormal cells with malignant potential. Even
though cancer can develop in virtually any tissue, and each type of cancer has its unique
characteristics, the basic processes that produce cancer are quite similar in all forms of
the disease [1, 2]. Cancer begins when a cell breaks free from the normal restraints on
cell division and begins to follow its own schedule for proliferation. All the cells produced
by division of this first cell also display inappropriate proliferation. A tumor, or mass of cells,
formed of these abnormal cells may remain within the tissue in which its originated or it
may begin to invade nearby tissues. Tumors threaten an individual's life when their growth
disrupts the tissues and organs needed for survival [3-5].

As the second leading cause of death in most of the countries after cardiovascular
diseases, cancer is a major public health problem in all populations, unrelated with wealth
and social status [6, 7]. Cancer is already responsible for 1 in 6 deaths in the world. In
2018, 18.1 million people around the world had cancer, and 9.6 million died from the
disease. By 2040 cancer rates are projected to rise by at least 60 %, with the greatest
increase in lower-middle-income countries, where two thirds of the world cancers will occur
[8, 9]. The most common types are lung, colorectal, breast, prostate, skin, stomach and
liver cancer. Regarding incidence, the most frequently diagnosed cancer is breast cancer
followed by prostate and lung cancer, and concerning mortality, lung cancer leads,
followed by breast and colorectum cancer (Figure 1). On men, the most diagnosed is lung
cancer followed by prostate cancer, which is the major cancer-related cause of death in
men, followed by liver cancer. Breast cancers have the higher incidence rate in women,
followed by colorectal and lung cancer. Not surprisingly, breast cancer is the leading

cancer-related cause of death in women followed by lung cancer [8, 10-12].

Significant progress has been made in recent years regarding prevention and treatment
options, for certain cancers. However, despite this progress, as life-expectancy and global
population rises, cancer burden will continue incrising [13-17]. Hence, is of global interest
to reduce this burden through early detection of cancer and appropriate treatment and

care of patients who develop cancer.
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Incidence and Mortality Rates Worldwide in 2020
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Figure 1. Estimated age-standardized incidence and mortality ratio of different types of cancer in 2020 worldwide (both

sexes combined, all ages).

1.1.1. Etiology and pathogenesis

It is consensual in the academic community that genetic factors play a small role in cancer
susceptibility (around 5 — 10%) and that the bigger contribution is due to environmental
and lifestyle factors, such as cigarette smoking, diet, alcohol, sun exposure, stress,
pollutants, and infections (90 — 95 %) [18-21]. Except for certain types of familial cancer at
a few sites (such as prostate, colorectal, bladder and breast), familial predisposition for
cancer may be due to the effects of several fewer penetrant genes interacting with
environmental factors and only a small percentage of common cancers will be due to a
strong inherited susceptibility [21-28]. Although all cancers are a result of multiple
mutations, these mutations are a result of a multi-stage interaction of genetic and

environmental factors [29].

Cancer is classified into four types according with nature of cells or tissues involved:
carcinoma (neoplastic cells in the skin and tissues in the linings of internal organs);
sarcoma (connective tissues like bone, cartilage, blood vessels, and muscles); leukemia
(bone marrow, leading to formation of abnormal blood cells); lymphoma (immune cells)
[30]. Evidence indicates that of all cancer-related deaths, almost 25-30 % are due to
tobacco [31-33], 30-25% are linked to diet [19, 33, 34] and about 15-20% are attributable
to infections (such as Helicobacter pylori, human papillomavirus (HPV), hepatitis B virus,
and hepatitis C virus) [18, 35]. The remaining percentage are a consequence for other

factors like radiation, stress, environmental pollutants, etc. [34, 36-38]. The importance of
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lifestyle factors in the development of cancer was also shown in studies of monozygotic
twins [18, 21, 39, 40].

The hallmarks of cancer were originally outlined in 2000 and reviewed in 2011 by Hanahan
and Weinberg [2, 41] to cover key biological capabilities that are acquired and essential
for development, growth, and dissemination of all human cancers. Eight hallmarks of
cancer (sustaining proliferative signaling, evading growth suppressors, resisting cell death,
enabling replicative immortality, inducing angiogenesis, activating invasion and
metastasis, reprogramming energy metabolism, and evading immune destruction) and two
characteristics that facilitate the acquisition of hallmark capabilities (genome instability and
mutation, and tumor promoting inflammation) were described by them and referred in the
years that followed [42-45]. More recently, Welch and Hurst proposed four hallmarks of
metastasis: mobility and invasion, modulate microenvironment, plasticity, and colonization
in an attempt to make available the means for directing efforts on the aspects of

metastasis, that will improve patient outcomes [46].

1.1.2. Pharmacotherapy

Cancer management has evolved drastically in the last years with the improved
understanding of cancer biology, and a range of treatments are used, primarily depending
on the location, type, and extent of the cancer to treat. The main approaches are surgery,
radiation, and pharmacotherapy, that may be used either alone or in combination [47].
Cancer pharmacotherapy can be divided in four different groups, accordingly with the
medication impact mechanism: chemotherapy, hormonal therapies, targeted and
immunologic drugs [48, 49]. Pharmacotherapy may be used for primary treatment of
cancer where the goal is to completely remove the cancer; as adjuvant pharmacotherapy,
used after surgery, in which the goal is to target any remaining cancer cells following
primary treatment; as neoadjuvant pharmacotherapy, in which the goal is to shrink tumors
and reduce cancer, before surgery; and for palliative care where the goal is the symptom

management through tumor reduction to give the patient the best quality of life [49].

Cancer pharmacotherapy, surgery and radiation carry different risks and benefits, with
potential antagonist and synergistic interactions between them [48]. The choice of
treatment is primarily dependent on location, type and extent of the cancer being treated.
On the case of early-stage lung cancer, surgery remains the treatment of choice, with
radiotherapy as second option for patients not suitable for surgical lobectomy. In locally
advanced disease, the recommendation is surgery with adjuvant chemotherapy or

combination chemotherapy and radiotherapy, whereas for metastatic disease
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pharmacotherapy guided by tumor type, including the presence of genetic mutation, is
used [49-51]. Management of breast cancer is dependent on factors such as health, tumor
location, involvement of nodes, tumor stage and molecular target. Pharmacotherapy can
be used as neoadjuvant or adjuvant therapy as chemotherapy, HER-targeted treatments,
and endocrine therapy [49, 52]. Regarding localized prostate cancer, radiotherapy or
prostatectomy remain first-line treatment with adjuvant and neoadjuvant androgen
deprivation pharmacotherapy [49, 53]. Surgery is the primary option to treat colon cancer
with pharmacotherapy reserved for later stages, for example chemotherapy is used for
tumors classified as stage Ill or above [49, 54]. On Table 1 are some examples of

pharmacotherapeutic drugs used in the management of cancer.

Even though many of the pharmacotherapies used nowadays show effectiveness, the side
effects associated with them can be severe, often limiting their use and consequently, their
effectiveness. Hence, the development of effective pharmacotherapies, more targeted,

better tolerated, and with less adverse impacts on the patients has receive major attention.

Table 1. Examples of pharmacotherapy used in the management of cancer.
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Tamoxifen Breast cancer [56]
(%]
Q
o
o
E Anastrozole Breast cancer [48]
©
c
@]
£
o
T
Abiraterone Prostate cancer [53]
Ovarian and breast
. cancer, pancreatic
%) Olaparib P . [57, 58]
= adenocarcinoma,
S prostate cancer
©
g
()
o
IS
|_
Erlotinib Lung cancer [51]
Bevacizumab Antibody Lung cancer [59]
S
= Trastuzumab - Metastatic breast
S - Monoclonal antibodies [52, 59]
£ Lapatinib cancer
o
o
= Melanoma, renal cell
E Nivolumab Monoclonal antibody carcinoma, lung [60]

cancer

1.1.3. Future directions

In parallel with the observations made regarding the psychological and economic burden
caused by cancer (see section 1.1), which have a significant impact on patients, caregivers
and healthcare systems, there is an emergent clinical need of therapies that overcome the
drawbacks of conventional cancer therapies (e.g., drug resistance, lack of specificity and

selectivity, cytotoxicity, accumulation of drugs on non-target tissues, and adverse events).

Major attention is being given to the development of advanced drug delivery systems as a
strategy on cancer treatment, which can overcome the drawbacks of conventional

therapies and improve the efficacy of drugs [61, 62]. Targeted nanocarriers have been
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evaluated for their better efficacy in animal models, but their clinical success is limited.
Hence, more data are needed for better understanding the pros and cons of these vehicles
[63]. Hydrogels are also being studied as a platform for localized therapy, but few are
available in the market for tumor therapy. Despite their great potential more studies and
research regarding the combination with other therapies are needed to overcome some of
their limitations [64]. Recently, immune system of patients and its activation via biological
therapies, for instance immunotherapy and oncolytic virus therapy, are also receiving a
great deal of attention, for being usually more physiological and well tolerated. These
therapies aim to specifically activate the immune system against cancer and have lower
side effects due to immune tolerance mechanisms, when compared with chemotherapy
[65].

In addition, the pharmacotherapy used in the conventional treatments is continuously

being studied and adjusted accordingly [66-69].
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1.2. Carbonic anhydrases

Carbonic anhydrases (CAs) are a class of metalloenzymes, more precisely, zinc enzymes,
widely distributed in all living organisms that catalyse the reversible hydration reaction of
carbon dioxide into bicarbonate and a proton (CO; + H,0O « HCO3 + H*) [70, 71]. These
enzymes are encoded, up until now, by eight different, evolutionarily unrelated gene
families or classes: the a-CAs (present in vertebrates, plants, Bacteria, Archaea,
cyanobacteria marine diatoms, protozoa, and some filamentous ascomycetes), the B-CAs
(predominantly in Bacteria, Archaea, cyanobacteria, protozoa and filamentous
ascomycetes), the y-CAs (mainly in Bacteria, Archaea and cyanobacteria), the 6-CAs
(recognized in some marine diatoms and in the fungal kingdom), the {-CAs (encoded by
marine diatoms), the n-CAs (detected in protozoa), the 6-CAs (contained in marine
diatoms), and the -CAs (present in Bacteria, Archaea, cyanobacteria and marine diatoms)
[72-78]. These families or classes can be classified as non-homologous isofunctional
enzymes that catalyse the same reaction considering they are phylogenetically unrelated
[74].

Mammals encode only for a-CAs class that have 16 known isoforms with different
subcellular localization (Figure 2), and catalytic activity (see Table 2). Accordingly, CA I,
I, 1, VII, VIII, X, Xl and Xlll are expressed in the cytoplasm; CA IX, XIl, and XIV are
membrane bound forms; CA IV and XV (this one not expressed in humans [79]) are
glycosylphosphatidylinositol (GPI)-anchored membrane forms; CA VA and VB are
mitochondrial forms and CA VI is a saliva-secreted form. Three of the cytosolic isoforms
(VIII, X, and XI), called CA-related proteins (CARPSs) are catalytically inactive as they lack
one or more histidine residues coordinating the zinc ion in the active site. On the other

hand, transmembrane isoforms are highly active enzymes and glycoproteins [71, 80, 81].
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Figure 2. Schematic illustration of the subcellular localization of a-CAs.
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Table 2. Subcellular localization, organ/tissue distribution and level of catalytic activity of the 16 a-CA isozymes.

Isozvme Subcellular Organ/Tissue CO;z Hydration References
y Localization Distribution Activity
Erythrocytes, kidneys,
hCA | Cytosol gastrointestinal tract, Low [82]
lungs, brain, eyes
Erythrocytes, eye,
hCA Il Cytosol gastrointestinal tract, High [83]
kidney, brain
hCA Il Cytosol Skeletallmuscle, liver, Low [84]
adipocytes
Kidney, lung,
hCA IV (GPI)-anchored pancreas, brain High [85]
capillaries, colon, heart
muscle, eye
hCA VA Mitochondria L|ver,. skeletal mgscle, Moderate
kidneys, brain
Heart, skeletal muscle,
ancreas, kidne (6]
hCA VB Mitochondria P ; KIAney, High
spinal cord, salivary
glands
hCA VI Secreted Salivary and mammary Moderate [87]
glands
Brain, colon, liver,
skeletal muscle .
hCA VII I ’ V high
Cytoso stomach, duodenum, ey g [88]
colon, liver
hCA VIII Cytosol Brain, Ilyer, lung, heart, i
gut, kidney, tumors
hCA IX Membrane-bound '.I'umo'rs, High [89]
gastrointestinal tract
hCA X Cytosol Brain -
[90]
hCA Xi Cytosol Brain, tumors -
Kidney, colon,
hCA XIl Membrane-bound prostate, brain, High [89]
pancreas, ovary, eye,
tumors
Kidney, brain, prostate,
hCA Xl Cytosol gastrointestinal tract, Low [91]
reproductive tract
hCA XIV  Membrane-bound Brain, hea.lrt, skelgtal Medium [90]
muscle, kidney, liver
mCA XV (GPI)-anchored Kidney, brain, testis Low [79]

10

h = human; m = mouse enzyme. hCA VIII, X and Xl are catalytically inactive.
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1.2.1. CAs physiological and pathological roles

As referred before (see section 1.2), these metalloenzymes catalyse a very simple
physiological reaction, the reversible hydration of CO- (reaction 3, Table 3), which allows
them to regulate intra- and extra-cellular concentrations of CO;, H*, and HCOg3. Decades
of research have implicated CA in a broad range of crucial physiological processes
connected with respiration and transport of COz/bicarbonate across membranes, pH and
CO; homeostasis, electrolyte secretion in a variety of tissues/organs, biosynthetic
reactions in metabolically active tissue (such as gluconeogenesis, lipogenesis and
ureagenesis), bone resorption, calcification, acid—base balance, tumorigenicity, signal

transduction, proliferation and many other physiologic or pathologic processes [72, 81].

It's important to refer that the chemical kinetics of CO, hydration and HCO3™ dehydration
are too slow for CO; elimination making carbonic anhydrases of great importance for the
CO; transport and elimination [92, 93]. This catalytic mechanism has been fully described
[81, 94], and nevertheless most of the work done to understand it concerns the cytosolic
high-activity isozyme, hCA II, available evidence indicates that all a-CAs share the same
general mechanism, usually called the zinc-hydroxide mechanism since they possess
within their active sites a highly nucleophilic metal hydroxide ion [95].

Briefly, the first step in the hydration direction of the reaction is the nucleophilic attack by
the zinc-bound hydroxide to a substrate molecule (CO,) that is brought into the active site
pocket of the CA. This directly forms a bicarbonate ion, which is then displaced from the
active site by a water molecule [94, 95]. This process can be described by the following

equation:

H,0
EZnOH™ + CO, « EZn(0OH™)CO, « EZnHCO03 < EZnH,0 + HCO3 (1)

Then the second step takes place with the regeneration of the catalytically active zinc-
bound hydroxide ion consisting in a proton transfer reaction from the zinc-bound water
molecule to an exogenous proton acceptor or to an active site residue (B) [94, 95], as
described by the following equation:

B
EZnH,0 < HYEZnOH~ « EZnOH™ 2)
BH*

In addition to the hydration of CO;, a-CAs are also involved in a range of other hydrolytic
processes, such as: the hydration of cyanate to carbamic acid, or of cyanamide to urea

(reactions 4 and 5, Table 3); the aldehyde hydration to gem-diols (reaction 6, Table 3); the
11
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hydrolysis of carboxylic, or sulfonic (reactions 7 and 8, Table 3), as well as other less
investigated hydrolytic processes, such as those described by reactions 9-11 in Table 3.
It should be mentioned that it is unclear at this moment whether a-CA catalyzed reactions
other than the CO: hydration have physiological significance [72, 96].

Table 3. Reactions catalyzed by a-Cas.

(3) CO, + H,0 < HCO; + H*

(4) CONH + H,0 < H,NCOOH

(5) C(NH), + H,0 < H,NCONH,

(6) RCHO + H,0 < RCH(OH),

(7) RCOOAT + H,0 < RCOOH + ArOH

(8) RSOAr + H,0 < RSO,H + ArOH

(9) ArF + H,0 < HF + ArOH
(Ar = 2,4 — dinitrophenyl)

(10) PhCH,0COCl + H,0 < PhCH,0H + CO, + HCl

(11) RSO,Cl + H,0 < RSOsH + HCl
(R = Me; Ph)

Not surprisingly, dysregulated expression and/or abnormal activity of hCAs can result in
severe pathological conditions as they are involved in a wealth of essential physiological
processes [92, 93].

1.2.2. CAs structural features

All life kingdoms present CAs, which are grouped into eight genetically distinct families
reported so far: a-, B-, y-, 6-, ¢-, n-, 6- and 1-classes [97, 98]. Though the eight different
CA-classes originated from a common ancestor, they are phylogenetically distinct. The
representative amino acid sequences of each CA-class show little sequence similarity,
diverse folds, and structures when compared with the polypeptide chain of other CAs
belonging to a different class. In contrast, the mechanism involved in the reversible
hydration of the CO: is strictly conserved among all the CA-classes, demonstrating the

prevalent convergent evolution of the CA superfamily. [98]. All CAs are metalloenzymes,
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most of them zinc containing enzymes in a tetrahedral geometry, nevertheless Fe (ll) is
present within the active site of the y-CAs (although they can coordinate Zn (I1) or Co (ll),
too), whereas Cd (II) or Zn(ll) ions are equally effective for promoting catalysis in the (-
CAs and Mn (ll) is preferred as ion cofactor by I-CAs. The metal ion from the enzyme
active site is coordinated by three amino acid residues from the protein backbone: His
residues (in the a-, y- 8-, n- and 6-class enzymes), one His, and two Cys residues (in the
B- and C-CAs) or two His and one GIn residues (in n-class enzymes). Probably, in the
diatom I1-CAs the residues involved in the coordination of Mn?* are two His, one Asp and
one Glu, even though their nature was not yet undoubtedly identified. The fourth ion ligand
is a water molecule/ hydroxide ion acting as the nucleophile in the catalytic cycle of the

enzyme [97-99].

Regarding the structural point of view, as mentioned above, the representatives belonging
to a certain CA-class show a diverse folding and structure compared to those belonging
to other CA-classes, as can be seen in Figure 3. a-CAs are usually active as monomers
or dimers; 3-CAs are active only as dimers, tetramers, or octamers. The y-CAs must be
trimers for accomplishing their catalytic function [98, 100-103]. The X-ray structure of the
B-CAs resulted to be very similar to the 3-CAs [104]. The crystal structure of {-CA showed
three slightly different active sites on the same polypeptide chain [105]. At this moment,
no information is available on the structures of -, n-, and I1-CAs.

Figure 3. Protein fold in: (A) Monomeric a-CA, hCA Il (PDB file 1CA2); (B) tetrameric 3-CA, from porphyridium purpureum
(PDB file 1DDZ); (C) homotrimeric y -CA, from methanosarcina thermophila (PDB file 1THJ); (D) monomeric ¢ -CA, from
Conticribra weissflogii (PDB file 3BOB).

13
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1.2.2.1. a-CAs structure

Up to the present, all human catalytically active a-CAs have been determined by X-ray
crystallography [106-110], excluding the mitochondrial isoforms CAs VA and VB, for which
only the corresponding murine enzyme mCA V has been characterized [111]. Analyzing
such structures revealed that, as expected on the basis of their high degree of sequence
identity [112] and independently on their subcellular localization, all these enzymes
present a typical three- dimensional fold consisting of a central twisted -sheet surrounded
by several helical connections and additional $-strands (Figure 3). Moreover, all isoforms
are monomeric [111], except the two membrane-associated CA IX [108] and CA XII [113]
and the secreted CA VI [114], which, on the contrary, are dimeric proteins [83]. Although
the best-studied isozyme characterized CA isoform is CA Il, an accurate structural
comparison of all hCAs crystallized so far can highlight that only a small number of local
structural differences exist [99, 115, 116].

Figure 4. (A) Binding pocket of hCA 1l (PDB file: 1CAZ2); (B) Tetrahedral coordination of Zn?* by the three catalytic histidine
residues and a water molecule/hydroxide ion, which is involved in a well-defined network of hydrogen bonds. Water

molecules are indicated as red spheres.

X-ray crystallographic data showed that the active site is located in a large conical cavity,
which crosses the protein from the center to its surface. In all isoforms, the active site
cavity contains two very different regions: the first one bound by a cluster of hydrophobic
amino acids, and the second one formed by hydrophilic residues. As suggested by several
studies the hydrophobic region is necessary to sequester the CO; substrate and
conveniently orient the carbon atom for the catalytic reaction, whereas the hydrophilic
region is involved in the release of the polar components generated from the CO, hydration
reaction (bicarbonate and protons) from the cavity toward the solvent. The catalytic metal
ion, which is Zn (Il) in all a-CA investigated until now, is situated at the bottom of this active

site cleft, approximately wide 12 A and deep 15 A, and is tetrahedrally coordinated by
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three histidine residues (His94, His96 and His119, residue number is referred to hCA II)
and a water molecule/ hydroxide ion. Figure 4, chosen as a representative hCA isoform
shows the Zn?* active site. [72, 75, 117, 118].

1.2.3. CAs catalytic features

The reaction catalyzed by the a-CAs follows a well-understood two-step catalytic
mechanism (see section 1.2.1), with the zinc-bound hydroxide acting as the catalytically
active specie in the active site [83]. In the first step, the nucleophilic attack of this hydroxide
ion on a CO, molecule (Figure 5-B), bound in a hydrophobic pocket in its neighborhood
[119], leads to the formation of a zinc-bound bicarbonate (Figure 5-C). The binding mode
of the bicarbonate to the zinc is rather unstable, and thus the intermediate C is readily
transformed to D by reaction with water, liberating bicarbonate into solution [120, 121] and
generating the acidic form of the enzyme, catalytically ineffective (Figure 5-D). For many
CA classes (including a-CA) the rate-limiting step of the catalytic mechanism is the second
step, where the catalytically active form of the enzyme is regenerated through a proton

transfer reaction from the zinc-coordinated water molecule to the environment [122].

A Hydrophobic pocket

Val121
+CO2  yVai43
Leu198

(0]

H\O/H N
| "0

Zn2+ Zn2+
Hisfg \\His“g Hisos” \\His1’|9
His96 His96
D B
+Hy0
] HCO\ i* /
gn” 7
Hi394/ \\His119
His96
C

Figure 5. Catalytic mechanism of a-Cas. Black arrows correspond to the step reactions and grey arrow to the second step

reaction of the catalytic mechanism. Adapted from [120].
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This mechanism has been deeply studied [83, 94, 121] and although this physiological
pathway is simple, there are some relevant features which characterize it, which have
important consequences for the catalysis and inhibition of this superfamily of enzymes.
First, CO, substrate is a gas and a quite hydrophobic molecule, and the product obtained
by its hydration, bicarbonate, is a polar, highly water-soluble ion. Both of them are
particularly small and it would be expected that the CAs are enzymes with small active
sites. Apart from this, an even more striking feature of these active sites is that half of the
cavity is aligned only with hydrophobic amino acid residues (comprising residues Vall21,
Vall43 and Leul198 in the case of the hCA Il), while the opposite half with hydrophilic ones,
leading to a ‘bipolar’ active site architecture exclusive for this enzyme superfamily [117,
119, 123]. The most probable explanation for this particular active site architecture is that
the hydrophobic part is used to entrap the CO, molecule, whereas the hydrophilic half may
be involved in the release of the ions generated from the CO. hydration reaction
(bicarbonate and protons) from the cavity to the environment. This fact is well
demonstrated for the proton release pathway, in which a relay of water molecules and
several histidines (acting as proton shuttling residues) were shown to be involved. Last but
not least, these particular active sites also have important consequences for the binding
of CA inhibitors (CAIls) and activators to the enzymes [119, 123-125].

1.2.4. Activators and Inhibitors

CA activators (CAAs) bind at the entrance of the active site cavity and form an enzyme-
activator complex, hence participating on the rate-determining step of the catalytic cycle
[126]. CAAs were a controversial issue for a long time until work with highly purified
enzymes and very precise technigues unquestionably demonstrated that they exist and
interfere directly in the proton-transfer step of the catalytic cycle, facilitating the
intramolecular process by means of ftransient enzyme-activator complexes. As
intramolecular reactions are faster than the intermolecular ones this results in a
significantly catalytic rate increase [126, 127]. A general mechanism of action was

proposed [127], based in the following equation:

EZn**0H, + A © [EZn?**0H,A] © [EZn**HO™AH"] © EZn**HO™ + AH' (12)

enzyme-activator complexes

It has been reported that some CAAs administered to animals improve memory deficits,
cognitive performance, and learning [128, 129], proving that this class of enzyme
modulators may have important applications in conditions such as aging or Alzheimer’s
disease, where learning and memory are implicated. However, no clinical trials for the use
16
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of CAAs on these health conditions were done and, hence there are not clinically approved
CAAs for the moment [129-131]. Contrarily, inhibition of the CAs has pharmacological
applications for decades to treat various conditions [127, 130, 132]. CA inhibitors (CAls)
can be used as diuretics and anticonvulsants [133, 134], in the management of glaucoma
[135], edema [136], epilepsy [137], obesity [138], and hypoxic tumors [139], neuropathic
pain [140], cerebral ischemia [141], and arthritis [142].

1.2.4.1. CAs inhibition mechanisms

The activation and inhibition of CAs are well-understood mechanisms: activators bind at
the entrance of the active site cavity, while most types of classical inhibitors bind to the
metal center [143]. The most general CA inhibition mechanism, with zinc binders, including
sulfonamides, sulfamates, and sulfamides, is shown in Figure 6 [144]. In this mechanism
the CAls bind as anions (deprotonated form) to the Zn(ll) ion from the enzyme active site,
with the zinc-binding group (ZBG) that interact directly with the metal ion. In the case of
sulfonamides, sulfamates, and sulfamides SO, moieties act as ZBG [111]. In addition, the
ZBG also interact with two other conserved residues, acting as “gate keepers”, (Thr199
and Glul06) as evidenced in Figure 6 [123, 144].

Hydrophilic part
of the active
site

Tail

/ Scaffold

Glu106 g

Hydrophobic part

O------- ZBG of the active
I 7 ‘ site
H’ Zn?*

G
Tyr199 | Hi394/ \ His119
His96

Figure 6. Binding mode of the CAls belonging to the zinc binders. The ZBG is coordinated to the metal ion and participate
in strong interactions with the residues Thr199 and Glul106. The scaffold may occupy either the hydrophilic or the

hydrophobic (or both) halves of the active site, while the tails usually are orientated toward the exit of the cavity [119, 145].

Another mechanism of inhibition is described when CAls anchor to the zinc-coordinated
water/hydroxide ion [144, 146]. In this mechanism (Figure 7), CAls are characterized by

the presence of an anchoring group (AG) which is attached to a scaffold, this one with the
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possibility to have a tail which can interact with the two halves of the active site (in the
same way as zinc binders). The key difference between the previous mechanism and this
one is the fact that anchoring inhibitors are not in direct contact with the metal ion [123,
144]. Several AGs were reported in the last years, belonging to different chemical
functionalities, such as phenolic [147], amine [146], carboxylic acid [148], and sulfur
moieties [149], whereas the scaffolds of these inhibitors can be aromatic, aliphatic,

heterocyclic, or sugar type [149-151].

Hydrophilic part

of the active Tail
Glu106 ' site / Scaffold
N o
\ _AG
\N \\ PPt //
O H //,// K
OI’// / Hydrophobic part
/ of the active
/// site
N /H “““ de
Tyr199 |
Zn%*
Hisoa” | His119
His96

Figure 7. Binding mode of the CAls which anchor to the Zn(ll)-coordinated water molecule/hydroxide ion [144].

A third mechanism was evidenced for the first time for coumarins [152, 153]. This
mechanism consists of the active site entrance occlusion and is schematically represented
in Figure 8. These inhibitors bind even further away from the metal ion compared to the
zinc binders or the compounds anchoring to the zinc coordinated water molecule,
essentially, at the entrance of the active site cavity (which is the most variable region
between the 16 different human isoforms, otherwise relatively homologous with each
other) [123, 144]. CAls acting by this mechanism of inhibition possess a sticky group (SG)
attached to a scaffold which can be aromatic, heterocyclic, or aliphatic, and may also
incorporate a tail, which can extend away from the active site, since, as mentioned above,

these compounds bind in a rather external region of the cavity [144].
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Tail
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Figure 8. Schematic representation of the inhibition active site with entrance-occluding CAls [144].

The last mechanism to be discovered is shown in Figure 9, and possess the particularity
to have an “out of the active site” binding [154]. This type of compounds binds in an
adjacent binding pocket to the active site [123]. From a crystallographic study it was
showed that compounds that inhibit by this mechanism block the proton shuttle of the
enzyme, His64, in its out conformation, interfering thus with the rate determining step of
the entire catalytic cycle, which is indeed the transfer of a proton from the zinc-coordinated
water molecule to the environment, with generation of the zinc hydroxide species of the
enzyme. This amino acid residue (His64) has a high flexibility with two main conformations,
the in one (closer to the metal ion) and the out one, toward the exit of the active site cavity.
By accepting a proton from the zinc-coordinated water, the imidazole moiety of this residue
becomes protonated (in its in conformation) whereas when it is in the out one, the same
proton may be transferred to the environment. Interfering with this process may block the

entire catalytic cycle [144, 154].
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Figure 9. Schematic representation of the inhibitor binding site with “out of the active site” CAls [154].

The four inhibition mechanisms discussed above are well understood as they were
thoroughly documented by means of kinetic and more importantly, X-ray crystallographic
studies. Nevertheless, in the last years relevant evidence accumulated on other classes
of compounds, which show various levels of CA inhibitory properties, but for which the
precise mechanism of action is not known due to the fact that they were not yet crystallized
in adducts with the enzyme, suggests that there are other inhibition mechanisms. The
difficulty to obtain crystallographic data is most of the time due to solubility problems for
some of these compounds, but it should be also point out that many classes of CAls only
recently started to be investigated [144, 155-158].

A different mechanism, not considered for small molecules, is the one described for

monoclonal antibodies which binds to the proteoglycan-like domain of CA IX [159, 160].

1.2.5. CAs as targets for medicinal chemistry

Considering their function and diverse localization in the human body, CAs can be
considered as important targets for the design of inhibitors for several diseases. Table 4
lists different diseases in which CAs are involved [83]. Unfortunately, as they are present

in several organs and tissues, CAs can be both targets and off-targets in some diseases,
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which is related with the side-effects observed in CAls and the interest in develop
selective CAls [161].

Table 4. Diseases in which CAs are involved.

Isozyme Diseases in which is involved
hCA | Retinal and cerebral edema [162]
hCA 1l Glaucoma [163], epilepsy [164], and altitude sickness [165]
hCA 11l Oxidative stress [166]
hCA IV Glaucoma [135], retinitis pigmentosa [167], and stroke [168]
hCA VA
CAVE Obesity [138, 169]
hCA VI Cariogenesis [170]
hCA VII Epilepsy [171]
hCA IX Cancer [172-174]
hCA Xl Cancer [174, 175], and glaucoma [176]
hCA XllI Sterility [177]
hCA XIV Epilepsy [164], and retinopathies [178]

The role of CA | in some types of retinal and cerebral edema [162] has been demonstrated,
making it a valuable target for the treatment of these conditions. The deregulation of CA Il
has important pathological consequences in glaucoma [163], and epilepsy [164], and is
also implicated in pathologies such as altitude sickness [165]. CA Il is involved in
inflammatory conditions due to its implication in the oxidative stress [179] and CA IV is
considered a drug target for several diseases such as glaucoma [135], retinitis pigmentosa
[167] and stroke [180]. The involvement of the mitochondrial isoforms CA VA and VB in
significant weight loss in obese patients validate them as drug targets for obesity [86]. The
speculation of the caries inducing effect of CA VI implicate it in cariogenesis [170]. CA VII
has been studied for the treatment of epilepsy [88]. CA XlIl was implicated in sterility [177]
and CA XIV was reported to be involved in epilepsy [164] and retinopathies [178].

1.2.5.1. Tumor-associated CA IX and XlI

Tumor-associated CA 1X and Xll have been consistently validated as markers of disease

progression in many solid tumors. Experimental evidence has indicated an important
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relationship between pH regulation and tumor cell proliferation and survival [181]. These
two isoforms are actively involved in carbon dioxide metabolism, and consequently play a
role in pH control and tumor progression. Their overexpression in cancer and contribution
to tumor physiology set in evidence a great potential as biomarkers and therapeutic targets
[182], leading the research community to undoubtedly focus the most efforts on these

isoforms in the last two decades [182-184], and put aside several other isoforms [93].

The membrane-bound CA isoforms CA I1X and CA Xll, as well as intracellular CAs such as
CA | and CA Il, are the primarily CAs isoforms expressed in cancer [185]. Among these
cancer related CAs, CA IX gained most attention, since its distribution in tissues is quite
peculiar [182]. Particularly, CA 1X is almost exclusively expressed in a broad range of
tumors representing a more reliable indicator of malignant lesions [89, 93, 182]. CA IX, a
tumor-associated and hypoxia induced isozyme [186], was first identified in 1994 by
Pastorek et al., successively demonstrated to be abundantly expressed in a vast array of
solid tumors [187], and associated to hypoxic cancer phenotypes and chemotherapy
resistance [188]. CA IX appears implicated in cell adhesion and disturbances in pH
balance caused by tumor metabolism, thus there is a great potential to use it as a surrogate
marker of hypoxia and a prognostic indicator. [182]. This protein contains 459 amino acids,
and its structure consists in a N-terminal single peptide extracellular region, a
transmembrane region, and an intracellular C-terminal region [172, 189-191]. CA IX
contributes to acidify the extracellular microenvironment while shuttling bicarbonate into
the cytoplasm. The expression of CA IX is under control of the hypoxia inducible factor
HIF-1a, predominantly located in chronically hypoxic tumor regions. As maintaining a
slightly alkaline intracellular pH has been shown to favor tumor cell growth, the inhibition
of CA IX results in a decreased of the intracellular pH, which as a negative influence in
tumor cell survival. CA IX also appears to contribute to cellular adhesion and migration,
both of which are important for metastatic cancer, which makes this isozyme a good target

for anticancer drugs [185, 189].

CA Xl role in tumor biology is much less addressed in published papers, when compared
with CA 1X, mostly because nevertheless this isoform is overexpressed in several tumor
types, its present also in many normal tissues [192, 193]. In 1998, two independent
research groups identified and characterized CA Xll as a second tumor-related CA isoform
[192]. This isoform, also induced by hypoxia [194], has been detected in a certain number
of tumor types, including breast tumors, brain, renal tissues [195], ovarian, pancreatic
colorectal and gastrointestinal carcinoma, and is generally associated with less-
aggressive, well-differentiated tumor phenotypes compared with the CA 1X-expressing

tumors [93, 193, 196]. CA XII, like CA IX is a transmembrane protein that contains an N-
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terminal extracellular domain, a transmembrane domain, and an intracellular C-terminal
domain [113, 191].

Hypoxia leads to the stabilization and transcriptional activation of HIF-1, which binds to
hypoxia-response elements in the promoter of the ca9 and cal2 genes. Since tumor
expression of HIF-1 and CA IX correlates with poor patient survival, it is essential to
examine the physiological role of CAs IX and XllI at the cellular level and the implication of
these two membrane-bound CAs in tumor growth and invasion [197, 198]. Their potential
as therapeutic or diagnostic targets, mainly for the management of hypoxic tumors and
metastasis are the main reason why they are increasingly becoming a focus of attention

in research.

1.2.6. CAls

The different CA isoforms are involved in several physiological roles, reason why their
inhibitors have found clinical applications for the treatment of various diseases, including
glaucoma [78], epilepsy [164], obesity [80,81], and cancer [83][199]. However, the existing
clinically used CAls (acetazolamide, brinzolamide, dorzolamide, etc.) lack selectivity,
which leads to a range of side effects [125, 176, 199]. The main scope of the drug design
campaigns in the last years was to obtain isoform selective CAls for the different
pathologies. However, this is not an easy task, considering that the catalytically active
isoforms present in primates have an active site architecture quite similar with each other.
In the last decades the efforts of several researchers all over the world involve the design
and synthesis of effective and selective novel CAls against these pathologies in which the
activity of CAs is dysregulated [200]. Part of these strategy involve the search for
compounds from different structural classes, such as pyrimidine, pyrazoline, isatin, indole,

among others [199].

Becomes important to clarify that up to now none of the clinically used CAls appears to be
a selective inhibitor for a specific isozyme, meaning that they inhibit not only the target but

also other off-target isoforms [200].

1.2.6.1. CAls as diuretics

Acetazolamide (AAZ), one of the marketed CAls, which structure can be seen in Figure
10, was the first non-mercurial diuretic to be used clinically, already in 1956. It increases

the urine volume and changes the normal acidic pH of urine into alkaline [134, 200]. For
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this outcome an increased amount of bicarbonate is eliminated into the urine, together with
Na*, and K*, whereas the amount of chloride excreted is diminished. The increased
alkalinity of the urine is accompanied by a decrease in the excretion of titratable acid and
ammonia, and in consequence by metabolic acidosis. This sequence of events is the
consequence of the inhibition of various CA isozymes. Inhibition of both cytosolic (CA 1)
as well as membrane-bound (CA IV and CA XIV) enzymes seems to be involved in the
diuretic effects of the sulfonamides [134, 201, 202]. AAZ and structurally related
sulfonamides, such as methazolamide, and ethoxzolamide (Figure 10), were and still are
used as diuretics in patients with edema due to congestive heart failure [203]. However,
their use as diuretic is limited due to side effects and availability of better solutions [134,
203]. Starting from AAZ as a lead, other groups of relatively successful sulfonamide
diuretics were developed in the 1960s and 1970s (Figure 10), and currently are amongst

the most commonly used diuretics alone or in combination with other drugs [203].
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Figure 10. Structures of clinically approved CAls used as diuretics.
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1.2.6.2. CAls as anti-glaucoma drugs

Glaucoma, a chronic and degenerative eye disease, is characterized by high intraocular
pressure (IOP) that causes distinctive alteration of the optic nerve head leading to
progressive loss of visual function and eventually blindness [204]. Research in the past
decades recognized CAs as an appropriate and effective target to treat glaucoma by
lowering I0P. Studies identified sodium bicarbonate as the main constituent of aqueous
humor and several CA isoforms are involved in its secretion. In addition, isoforms CA I,
CA ll, and CA IV are most widely diffused in the human eye [176, 200]. Nowadays, CAls
represent the leading physiological treatment of glaucoma with the systemic administration
of sulphonamides such as acetazolamide, methazolamide, ethoxzolamide or
dichlorophenamide (Figure 11). The best-studied drug is acetazolamide, which is
frequently administered long-term owing to its efficient reduction of IOP, minimal toxicity
and ideal pharmacokinetic properties. Though this type of administration leads to
nonspecific CA inhibition and is associated with undesired side effects, including
numbness, and tingling of extremities; metallic taste; depression; fatigue; malaise; weight
loss; decreased libido; gastrointestinal irritation; metabolic acidosis; renal calculi; and
transient myopia [205]. To overcome this problem the development of water-soluble
sulphonamide CAIs to be used as eye drops began in the 1990s. Dorzolamide and
brinzolamide (Figure 11) were launched for the topical treatment of glaucoma [163].
Dorzolamide and brinzolamide are potent water-soluble CAls that are sufficiently
liposoluble to penetrate the cornea and may be administered topically, directly into the
eye, several times a day. The two drugs are effective in reducing IOP and show fewer
systemic side effects when compared with systemically applied drugs, but they show many
ocular side effects [205-207].
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Figure 11. Structures of clinically approved CAls used in the treatment of glaucoma.
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1.2.6.3. CAls in osteoporosis treatment

CAls have also been studied for the treatment of osteoporosis [200], a skeletal disease
characterized by microarchitectural deterioration of bone tissue and low bone mass,
leading to bone fragility and an enhanced risk of fractures [208]. CA II, the highly active
CA isoform, is abundantly expressed in the bone and its involved in the provision of
hydrogen ions for mobilization of calcium from the bone by an ATP-dependent proton
pump [200]. The inorganic component of bone, tricalcium diphosphate is solubilized in the
presence of H* ions furnished by the CA-catalyzed reaction, being transformed in calcium
hydrogen phosphates [125]. The inhibition of CA Il suppresses the acid formation by
osteoclasts. Thus, it appeared of interest to use CAls in the treatment of osteoporosis, a
condition characterized by excessive loss of bone calcium [209]. Acetazolamide is capable
of inhibit CA 1l, but as mentioned earlier it leads to undesired and sometimes serious side
effects due to inhibition of other isoforms. Studies show the attempt of producing selective
inhibitors based in acetazolamide. Unfortunately, no detailed clinical studies with such
CAls or even acetazolamide in the management of osteoporosis are available to date [170,
206, 210]. More recent studies showed that membrane-bound isoenzymes CA IV and CA
X1V are expressed in osteoclasts in vivo and in vitro and these expressions were observed
at both mRNA as well as protein levels [200, 209]. Thus, taking into account these
evidences the potential role of CAs as a drug target for the management of osteoporosis
is clearly seen.

1.2.6.4. CAls as anticonvulsants

In the last years, research in the field of epilepsy has turned the spotlight on the role of
CAs in this disease and they emerged as an attractive target for designing new
anticonvulsant drugs [211]. The physiological role of cerebral CAs (i.e., isoforms I, VII,
and XIV) as pH regulators and their involvement in neuropathological processes
associated with seizure generation ensured that their inhibition may effectively act in
modulating the uncontrolled electric activities [164, 211]. Sulphonamides such as
acetazolamide, methazolamide, zonisamide, topiramate, and sulthiame, showed in Figure
12, were (and still are) used as anti-epileptics [200, 206, 211]. Nowadays, clinical use of
acetazolamide and methazolamide is rare [212]. Since these drugs are administered
systemically, their usual side effects, related with the unselective inhibition of CAs
isoforms, constitute serious drawbacks for their extensive use [206, 211]. AAZ is used in
cases of partial and generalized seizures uncontrolled by other classical antiepileptic drugs

[212], and methazolamide is very effective in the treatment of generalized epilepsy [137].
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Zonizamide and topiramate seems to be an effective anti-epileptic and are currently used
for epilepsy treatment [206, 211]. Zonisamide, a benzisoxazole derivative, is used for
adjunctive treatment of partial seizures as well for monotherapy of simple and complex
partial seizures. Topiramate, unlike other antiepileptic drugs, is a sulfamate substituted
monosaccharide that has a broad spectrum of clinical use. It has been found to be effective
mainly against partial epilepsy in adults [212]. Sulthiame started as an antiepileptic in
Europe in early 1960s. Later in 1960s and 1970s doubts on its antiepileptic activity were
raised, and the drug made a return in 1988, after it was found to be effective in partial
epilepsy cases among children. Currently, the drug is prescribed fairly regularly in
Germany, Ireland, Australia, and lIsrael, but is not well marketed in the United States.
However, recent studies performed on six children with benign epilepsy have shown
deterioration of cognitive ability during the treatment with sulthiame. The drug showed
improvement in epileptic seizures, but it also affected the reading ability, general memory,
attention, and mathematical skills of all the children [137, 213]. Figure 12 shows some

examples of the marketed CAls used as anticonvulsants.
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Figure 12. Structures of marketed CAls as anticonvulsants.

1.2.6.5. CAls as novel anti-obesity drugs

The starting point for the validation of CAs obesity targets came from the observation that
topiramate led to a marked body weight reduction [211, 214]. The anti-epileptic drug had

this side effect in obese epileptic patients that were receiving the treatment for epilepsy
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[214-216]. All clinical cases commonly revealed body weight loss only when topiramate
was administered, whereas no significant weight alterations were observed in patients
under treatment with alternative antiepileptic pharmacologic treatments [211]. Later, and
similar to topiramate, Zonisamide, another anti-epileptic, demonstrated additional potential
for obesity [125, 216]. Zonisamide is an aliphatic sulphonamide, which also potently
inhibits cytosolic (CA II) and mitochondrial CAs (CA VA and VB) involved in lipogenesis
[216]. Furthermore, zonisamide in conjunction with a reduced-calorie diet, resulted in
weight loss compared with diet alone in obese female patients [125, 200, 217]. In 2012,
with the approval from the FDA, a combination containing topiramate and phenteramine
under the tradename Qnexa/Qsymia (Figure 13), was released for the treatment of obesity
[138, 211, 218]. The combination of these two drugs in lower doses resulted in high
efficacy with mild side effects compared with single administrations at the usual doses.
Moreover, no significant differences in the risk of cardiovascular death, nonfatal
myocardial infarction, and nonfatal stroke between phentermine-topiramate and placebo
were determined [211, 218]. Following the same combination therapy approach, a
bupropione-zonisamide slow-release compound, Empatic, is undergoing FDA phase |llI
clinical development [211].

NH2

Topiramate Phentermine Hydrochloride

Figure 13. Structure of Qnexa/Qsymia components, marketed drug used in the treatment of obesity.

1.2.6.6. CAls as antitumor agents

CA IX and XII are two isozymes reasonably designated cancer-associated, as CA IX is
predominantly found in tumor cells and have restricted expression in normal tissues, and
both are overexpressed in many tumor types [200, 219]. Their overexpression in many
tumors, in response to the hypoxia inducible factor pathway, led the research on the
involvement of these isozymes in cancer to progress significantly in recent years [132].
Studies have indicated that CA Xll is less strongly regulated by hypoxia when compared
with CA IX [200], but the two of them are associated with tumor hypoxia, tumor

propagation, malignant progression, and resistance to chemotherapy and radiotherapy
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[125]. The two main strategies to target the tumor associated CAs for cancer therapy
include the development of monoclonal antibodies and the design and synthesis of small
molecules that selectively inhibit CA 1X and XII [184].

Indisulam (Figure 14), a benzenesulphonamide derivative (originally called E7070) with
powerful anticancer activity, was shown to act as a nanomolar inhibitor of CA IX. Indisulam
presented in vivo efficacy against human tumor xenografts in nude mice, exhibiting a
significant antitumor effect and progressed to Phase Il clinical trials for the treatment of
solid tumors [125, 161]. However, indisulam is no longer being developed as an anticancer

agent, probably due to the lack of significant effects in Phase Il trials [161].
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Figure 14. Structure of indisulam.

Nevertheless, in the last decade, isoform CA IX and Xl were validated as
antitumor/antimetastatic drug targets as well as for imaging hypoxic tumors. Many CAls
which selectively inhibit these two isoforms, belong to sulfonamide, coumarin and
sulfocoumarin classes of CAls [132, 161, 220]. Another advance was a fluorescent
sulphonamide derivative that binds only to CA IX under hypoxic conditions in vivo and may
therefore be used as a fluorescent probe in hypoxic tumor imaging [125, 221]. Alone or in
combination with other agents, CA 1X and Xll inhibitors inhibit the growth of the primary
tumors, the formation of metastases and deplete the cancer stem cell population, three
beneficial antitumor mechanisms, making them unique among all anticancer drugs
available to date. But the real breakthrough was the compound SLC-0111 (Figure 15)
which progressed to Phase Il clinical trials late in 2016 for the treatment of advanced,
metastatic solid tumors with high isoform selectivity for the tumor associated CA IX and
Xll isoforms [219]. It showed good bioavailability and effectiveness alone or in combination
with other anticancer drugs in both animal models and preliminary clinical trials [139, 161].
Undeniably, the extensive preclinical models carried out by numerous independent groups
with the lead CA 1X and XllI inhibitors, including SLC-0111, have demonstrated that the
use of such inhibitors in combination with chemotherapy agents, immunotherapy, and
radiotherapy is highly important and desirable for sustained therapeutic response [93,
222]. Being the first in-class CAl, SLC-0111 has been used as a lead molecule for

designing other compounds with isoform-selective inhibitory activity. Many of these

29




CHAPTER 1

analogs were also obtained and investigated in detail as well as CAls incorporating
positron emitting isotopes for possible theragnostic applications, for the treatment and
imaging of hypoxic tumors [161].
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Figure 15. Structure of SCL-011, compound in Phase Il clinical trials for treatment of advanced, metastatic solid tumors.
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1.3. Coumarin and chromone scaffolds

Coumarins and chromones, represented in Figure 16, are two groups of naturally occurring
heterocycle compounds widely distributed in nature. Their chemical and biological aspects
have been studied in detail. Molecules containing the coumarin and chromone skeleton

have a wide variety of biological activities [223].
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Figure 16. Chemical structures of coumarin and chromone.

Coumarins (2H-chromen-2-one, 2H-1-benzopyran-2-one) are organic heterocycles, and
their nucleus is constructed from an a-pyrone ring fused with benzene ring [224]. They
belong to a wide family of secondary metabolites found in various species of plants, fungi,
and microorganisms. Based on their chemical diversity, can be subdivided in different
classes: simple coumarins, isocoumarins, furanocoumarins, pyranocoumarins and
biscoumarins [225, 226]. The different substituents in the coumarin nucleus strongly
influence the biological activity of the resulting derivatives [226]. Coumarins have several
attractive features, such as low molecular weight, simple structure, high bioavailability,
high solubility in most of the organic solvents and low toxicity, which, together with their
multifaceted biological activities, as well as their simple structural architecture and
chemical stability, ensure them a prominent role as lead compounds in drug research and
development [225, 226]. Coumarins exhibit several pharmacological activities including
anticoagulant [227], anti-inflammatory [228], neuroprotective [229], antioxidant [230],
anticoagulant [231], antibacterial [232], anti-fungal [233], antiviral [234], and anticancer
[224, 235, 236]. Over the last 50 years coumarin compounds have been widely used as
pharmaceuticals [226]. Two examples can be seen in Figure 17. Their structural and
physicochemical characteristics attracted much attention by medicinal chemists and made
them a privileged scaffold in medicinal chemistry [224, 237]. Moreover, the ability of
coumarin derivatives to inhibit human CAs IX and XII has also been reported, inclusively

by our research group [238-240].
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Figure 17. Warfarin and novobiocin, two coumarin-based compounds used as pharmaceutical agents.

A refined search for coumarin scaffold in Binding DB [241], reporting biologic activity,
results in almost 800 entries. Moreover, crossing a search of carbonic anhydrase IX in
Binding DB, that give us the data regarding this isoform, with a protocol in Pipeline Pilot
software that select coumarin substructures within this database, we obtain 245 entries,
126 of which regarding compounds with less than 100 nM of inhibitory activity [142, 153,
238, 242-250], as can be seen in Figure 18. The same procedure was made for CA XlI
with coumarin substructures, and 214 entries were obtained, 115 of which for compounds
with less than 100 nM of inhibitory activity (Figure 18) [238, 242-249, 251-254].

Number of entries by inhibitory activity range

m <100nM m 2100 nM 21000 nM 210000 nM

Figure 18. Number of cross entries regarding coumarin substructures with biologic activity in CA 1X and XII.

Regarding the group research, Melis et al. reported in 2018 the synthesis of coumarin
derivatives, which structure can be seen in Figure 19 and their activity and selectivity
towards CAs IX and Xll over CAs | and Il was evaluated and compared with the reference
AAZ. As observed in Table 5, the compounds selectively inhibit the tumor-associated CA
isoforms IX and XII over the cytosolic ones | and Il. Also, when compared with AAZ, some
compounds are more potent [238].
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Figure 19. Structures of the three series of compounds synthesized by the group and published in [238].

Table 5. Inhibition data of hCA I, 1l, IX and XlI for the compounds published by Melis et al. and AAZ (used as reference).

Ki (uM)
Compound R

hCA | hCAIl  hCAIX hCAXI

EMAC10151a 4'-Cl > 100 > 100 0.0236 0.447
EMAC10151b 4’-CHs > 100 > 100 0.123 0.0566
EMAC10151c - > 100 > 100 0.0897  0.0725

EMAC10151d 4-F > 100 > 100 0.0847 0.250
EMAC10152a 4'-Cl > 100 > 100 0.0947  0.00930
EMAC10152b 4’-CH3 > 100 > 100 0.0230 0.00910
EMAC10152c - > 100 > 100 0.0175  0.00940
EMAC10152d 4'-F > 100 > 100 0.0177  0.00740
EMAC10153a 4'-Cl > 100 > 100 0.0178 0.00240
EMAC10153b 4’-CH3 > 100 > 100 0.0916 0.00340
EMAC10153c - > 100 > 100 0.0165 0.00360
EMAC10153d 4'-F > 100 > 100 0.0108 0.0499
AAZ - 0.250 0.0125 0.0258 0.00570

are in Figure 20.

In another paper, Fois et al. reported in 2020 the isolation of coumarins, which structures
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Figure 20. Structures of the coumarins isolated and published in [240].

As observed in the following table, the majority of the compounds are selective inhibitors
towards CAs IX and XllI, with only three exceptions. Compounds 10 and 13 are selective
only towards CA IX and compound 14 shows selectivety only towards CA Xll. All the
isolated compounds were inactive towards the cytosolic isoforms hCA | and Il and

significantly active towards the trans-membrane isoforms hCA 1X and XII [240].
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Table 6. Inhibition data of hCA |, II, IX and XlI for the compounds published by Fois et al. and AAZ (used as reference).

Ki (uM)
Compound
hCA | hCA I hCA IX hCA XIl
1 > 100 > 100 1.95 0.855
2 > 100 > 100 0.195 0.876
3 > 100 > 100 0.160 0.590
4 > 100 > 100 2.34 0.550
5 > 100 > 100 1.50 0.0635
6 > 100 > 100 0.221 0.833
7 >100 >100 0202  0.787
3 > 100 > 100 0.162 0.836
9 > 100 > 100 0.0275 0.814
10 >100  >100  0.192 >100
11 > 100 > 100 0.151 0.623
12 >100  >100 247  0.0745
13 >100  >100 1.89 >100
14 > 100 > 100 >100 0.291
15 > 100 > 100 0.266 0.0058
AAZ 0.250 0.00121  0.0258 0.0057

In a more recent paper, Meleddu et al. reported the synthesis of two coumarin derivatives

series (Figure 21) and the activity and selectivity towards the isoforms hCA I, Il, IX and XIlI

was evaluated (Table 7) [239].
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Figure 21. Structures of the coumarin derivatives synthesized by the group and published in [239].

The data presented in the following table shows the selectivity of all the compounds
towards the tumor-associated isoforms hCA IX and XlI over the cytosolic isoforms hCA |
and Il [239].

Table 7. Inhibition data of hCA I, Il, IX and XlI for the compounds published by Meleddu et al. and AAZ (used as

reference).

Ki (uM)
Compound R

hCA | hCA I hCA IX hCA Xli

EMAC10157a 4'-CHs > 100 > 100 0.248 0.350
EMAC10157b 4-OCHs > 100 > 100 0.353 0.324
EMAC10157d 4-F > 100 > 100 0.240 0.257
EMAC10157g 4-CgHs > 100 > 100 0.135 0.283
EMAC10160a 4'-CHs > 100 > 100 0.467 0.758
EMAC10160b 4-OCHs > 100 > 100 0.489 0.859
EMAC10160d 4A-F > 100 > 100 0.380 0.460
EMAC10160g 4-CgHs > 100 > 100 0.398 0.550
AAZ - 0.250 0.00120 0.0250 0.0057
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The research on coumarin derivatives by the group contributed to validate these scaffolds
as CAls and justify further evaluation of these scaffold derivatives. Overall, this scaffold is
an important class of CAls for mainly three reasons: (i) coumarin derivatives show high
selectivity for inhibiting tumor-associated isoforms CA 1X and XllI; (ii) the possibility to
generate a large number of structurally diverse coumarin derivatives due to the chemical
simplicity of the scaffold; (iii) the studies already showed the promising results of the

coumarin derivatives as selective CAls with an interesting inhibition mechanism.

Chromone (4H-chromen-4-one, 4H-1-benzopyran-4-one) belongs to an important class of
oxygen-containing heterocyclic compounds with a benzoannelated y-pyrone ring, and they
are part of the flavonoid family [255-257]. The structural diversity found in their family led
to the roughly division into simple chromones and fused chromones (pyrano and
furanochromones) [257, 258]. Chromone derivatives are abundant in nature, especially in
the plant kingdom, and have been extensively studied [257]. Several pharmacological
activities have been attributed to simple chromones and their analogues. Among them,
antibacterial, antifungal [259], anticancer [258, 260], antioxidant [261], anti-HIV [262],
immune-stimulators [263], wound healing [264], analgesic and anti-inflammatory [265].
These compounds also possess low mammalian toxicity and are present in large amounts
in the diet of humans, due to their presence in edible plants. An effective strategy for the
generation of innovative hits/leads and successful optimization processes is the use of
privileged structures in drug design. Chromone is undoubtedly recognized as a privileged
structure and a suitable scaffold for the design of new compounds with potential
pharmacological interest and have featured in several clinically used drugs [256-258].
Modifications of their structure allows the synthesis of a wide range of compounds with
different properties and diverse pharmacological profiles, which is useful for the search of
new therapeutic agents. A great volume of research has been carried out on this scaffold
and their derivatives [255, 256]. Due to the synthetic accessibility and potential structural
diversity, and the multitude of receptors in which might bind, chromone is recognized as a
privileged scaffold for the design of novel compounds and drug discovery [256]. Some
examples of chromone derivatives used as therapeutic agents today are represented in
Figure 22 [255]. The study of chromones as a useful scaffold for drug discovery in cancer
has been largely focused on the discovery of novel kinase inhibitors [266, 267].
Nevertheless, other targets have been studied, including CAs [147, 268, 269].
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Figure 22. Examples of chromone-based compounds used as pharmaceutical agents.

A refined search for chromone scaffold in Binding DB, reporting biologic activity, results in
more than 1000 entries, more than 200 of which identifying compounds with less than 100
nM of inhibitory activity [269-284]. Moreover, crossing a search of carbonic anhydrase IX
in Binding DB, that give us the data regarding this isoform, with a protocol in Pipeline Pilot
software that select chromone substructures within this database, we obtain 29 entries, 18
of which regarding compounds with less than 100 nM of inhibitory activity [285, 286] as
can be seen in Figure 23. The same procedure was made for CA XII with chromones
substructures, and 41 entries were obtained, 24 of which for compounds with less than
100 nM of inhibitory activity (Figure 23) [269, 285, 286].
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Number of entries by inhibitory activity range
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Figure 23. Number of cross entries regarding chromone substructures with biologic activity in CA IX and XII.
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1.4. Thesis research objectives

The potential of coumarin and chromone scaffolds, together with the research results
regarding their pharmaceutical use and potential, showed in section 1.3 are the
background for the work of this Thesis. In addition, the previous work of the group
regarding coumarins and furocoumarins [238-240], also summarized in 1.3, showed the
potential of these scaffolds as selective inhibitors of the tumor-associated CAs.

Hence, the work herein presented follows the study of coumarins and chromones as
promising scaffolds for the development of CA IX and XIlI selective inhibitors. Accordingly,
the first aim of this work is to develop possible potent, selective, and reversible CA 1X and
X1l inhibitors by the synthesis of compounds based in the coumarin (furanocoumarins
included) and chromone scaffolds according to the general strategy depicted in Figure 24.

Type
Aromatic Substituints { Number
Position
CHj
X Ester O
_ _ Aldehyde
Carboxylic acid Carbo);ylic acid
0~ o \
CHj3
O
Coumarin

Chromone

Figure 24. Rational design strategy followed for the development of CAls based on coumarin and chromone scaffold.

The specific aims set for the present project are listed as followed:

e Design and synthesis of two small libraries of coumarin and chromone scaffolds
derivatives.

e NMR and MS analysis of coumarin- and chromone-based derivatives.

e In vitro screening of coumarin- and chromone-based derivatives on hCA I, I, IX and
XII.

e Theoretical prediction of drug-like properties of coumarin- and chromone-based
derivatives.

o Docking studies on selected coumarin- and chromone-based derivatives.
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2.1. Material and methods

Unless otherwise noted, starting materials, reagents and solvents were obtained from

commercial suppliers and were used without any further purification.

All the reactions were controlled by thin layer chromatography (TLC) using precoated silica
gel 60 F254 (Merck) with layer thickness of 0.2 mm. For analytical control the following
systems were used: dichloromethane, ethyl acetate and dichloromethane/ ethyl acetate in
several proportions. The spots were visualized under UV detection (254 and 366 nm).
Flash column chromatography was performed using silica gel 60 0.040-0.063 mm (Carlo
Erba Reagents). Following the workup and after extraction, the organic phases were dried
over Na,SOa4. Solvents were evaporated in a Rotavapor.

All melting points were determined by the capillary method on a Stuart Scientific melting
point apparatus and are uncorrected.

Nuclear magnetic resonance (NMR) was recorded on a Bruker AMX 400 NMR
spectrometer. *H and 3C NMR spectra of samples were recorded at room temperature in
5 mm outside diameter (0.d.) tubes. Tetramethylsilane (TMS) was used as internal
standard, chemical shifts () are expressed in parts per million (ppm) and the coupling
constant (J) in Hz. For the DEPT (Distortionless Enhancement by Polarization Transfer)
sequence, the width of the 90° pulse for *C was 4 us, and that of the 90° pulse for *H was
9.5 us; the delay 2Jc 17! was set to 3.5 ms (underlined values). All samples were measured

in DMSO- and chloroform-ds as a solvent.

Electrospray ionization mass spectrometry (ESI/MS) were acquired on an Orbitrap
Exploris mass spectrometer (Thermo Fisher Scientific, Germany). Compounds were
initially dissolved in dimethylsulfoxide (DMSO) at 5 mg/mL concentration. Stock solutions
were then diluted 50-fold in acetonitrile and diluted further 10-fold in 70% acetonitrile
containing 0.1% of formic acid. Solutions were directly infused in the mass spectrometer
at 5 pL/min. Mass spectra were acquired in positive ion mode (3200 V). lon transfer tube
temperature was 320 °C, whereas S-lens value was 20 units. Full MS spectra were
acquired at a resolution of 240,000, in the m/z range 180-1000. The data are reported as

m/z (percentage of relative intensity of the most important fragments).

The CA catalyzed CO, hydration/inhibition was measured by using a stopped-flow

instrument (Applied Photophysics, Oxford, U.K.).
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The refined searches for coumarin and chromone scaffolds with biologic activity were
made using the online database Binding DB (http://www.bindingdb.org). Database Binding
DB and Pipeline Pilot were used for the crossed search between CAs IX and Xl and

coumarin and chromone scaffolds.
Drug-like properties of compounds were theoretical predicted using QikProp software.

The ligands, for ligand preparation, were built using the Maestro GUI. The most stable
conformation has been determined by molecular mechanics conformational analysis

performed by Macromodel software version 9.2.

The coordinates for hCA isoforms enzymes were taken from the RCSB Protein Data Bank.
The proteins were prepared by using the Maestro Protein Preparation Wizard. Original

water molecules were removed.

Molecular docking studies were performed using QM-Polarized Ligand workflow protocol.

44




CHAPTER 2

2.2. Synthesis of furocoumarins

2.2.1. Synthetic pathway

Figure 25 reproduces the synthetic strategy in which methylresorcinol (compound 1) and
dimethyl 2-acetylsuccinate (compound 2) were mixed in acidic conditions at room
temperature to perform a Pechman condensation (reactional step A) and the
correspondent coumarin (compound EMAC10163) was obtained. This step was followed
by a Williamson reaction (reaction step B) between EMAC10163 and an a-haloketone with
the desired substitution (compound 3) originating the compounds EMAC10163a-m. These
compounds were submitted to an intramolecular condensation and ester saponification

(reactional step C) to obtain the correspondents furocoumarins (compounds

EMAC10164a-m).
g 41*\ LT @*

(EMAC10163)

R CHj
(o} (o}
B ~
O ) — !
O [X ]
CH,

CHg
(EMAC10164a-m) (EMAC10163a-m)

R=4-CHj;
R=4-OCHj
R= 4-Br
R=4-F
R=4-NO,
R=3-NO,
R= 4-Phenyl
R=2,4-F
R=2,4-Cl
R=4-H
R=4-Cl
R=2-OH
R=3-OCH; m

—_—x— =@ "0 aoapoTow

Figure 25. Schematic representation of the synthetic pathway used for the obtention of the furocoumarin family. Reaction
conditions: (A) sulfuric acid, room temperature, 8 h; (B) acetone, K,COs3, a-haloketone, reflux, 6 — 24 h; (C) propan-2-ol,
NaOH, reflux 2 -5 h.

2.2.2. Synthesis of methyl 2-(7-hydroxy-4,8-dimethyl-2-oxo-2H-chromen-3-
yh)acetate (EMAC10163)

HO o O
CHj,

Figure 26. Structure of EMAC10163.

To a mixture of 2-methylresorcinol (0.5 g, 4.03 mmol) and dimethylsuccinate (650 pL, 4.03

mmol) was added 3 mL of H»,SOs 98%. The mixture was vigorously stirred at room
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temperature for 8 hours. The homogeneous mixture was poured into iced water and stirred
until the melting of the ice. The precipitate was kept in the fridge overnight and filtrated in
the next day. The desired compound (Figure 26) was obtained as a white solid after drying

in a vacuum oven.
Yield: 62.6 %

IH NMR (400 MHz, DMSO): &= 2.16 (s, 3H, CHa), 2.34 (s, 3H, CHa), 3.62 (s, 3H, CHa),
3.65 (s, 2H, CHy), 6.88 (d, J = 8.8 Hz, 1H, H(Ar)), 7.51 (d, J = 8.8, 1H, H(Ar)), 10.38 (s,
1H, OH).

13C NMR (100 MHz, DMSO): & = 8.41 (CHs), 15.51 (CHs), 32.80 (CHy), 52.27 (CHa),
110.92 (C(Ar)), 112.40 (C(Ar), 112.62 (C(Ar)), 115.07 (C(Ar)), 123.92 (C(Ar)), 150.33
(C(Ar)), 151.94 (C(Ar)), 158.94 (C7), 161.57 (C2), 171.22 (COOCHs).

Melting point: [179 — 180] °C.
Molecular weight: 262.26 g/mol.

Rf (DCM/EtOAC 8:2): 0.58.

2.2.3. Synthesis of the 2H-chromen compounds (EMAC10163 series)

General procedure: A hot solution of EMAC10163 (1 mmol) in acetone was treated with

K2COs3 (2.5 mmol), stirred vigorously, heated and the appropriate a-haloketone (1.1 mmol)
was added. The reaction mixture was heated to reflux and stirred. The mixture was poured
into a solution of H.SO4 0.5 M. The resulting precipitate was filtered. The solid was purified
by chromatographic column. The resulting fractions were evaporated and recrystallized to

obtain the desired compound.

2.2.3.1. Synthesis of methyl 2-(4,8-dimethyl-2-0x0-7-(2-0x0-2-(p-tolyl)ethoxy)-2H-
chromen-3-yNacetate (EMAC10163a)

Figure 27. Structure of EMAC10163a.

The compound EMAC10163a (Figure 27) was obtained through the general procedure
referred on the section 2.2.3. on the following conditions: EMAC 10163 (1.00 g, 3.81
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mmol), acetone (20 mL) and K»,COs (1.31 g, 9.5 mmol) were mixed and 2-bromo-4’-
methylacetophenone (0.89 g, 4.18 mmol) was added. After 6 h the mixture was poured
into 100 mL of H.SO40.5 M. For the purification by chromatographic column, DCM/EtOAc
88:12 to 100% of EtOAc were used as eluents. The white solid was obtained by
recrystallization with DCM/n-hexane.

Yield: 86.1 %

IH NMR (400 MHz, CDCls): &= 2.35 (s, 3H, CHs), 2.38 (s, 3H, CHs), 2.43 (s, 3H, CHa),
3.70 (s, 3H, OCHa), 3.72 (s, 2H, CHy), 5.36 (s, 2H, CH,), 6.71 (d, J = 8.9 Hz, 1H, H(Ar)),
7.28 — 7.34 (m, 2H, 2 x H(Ar"), 7.39 (d, J = 9.0 Hz, 1H, H(Ar)), 7.85 — 7.94 (m, 2H, 2 x
H(Ar)).

*C NMR (100 MHz, CDCls): 6 = 8.42 (CHs), 15.38 (CHs), 21.80 (CHs), 32.75 (CH>), 52.21
(CHs), 71.17 (CH,), 107.90 (C(Ar)), 114.68 (C(Ar)), 114.73 (C(Ar)), 116.62 (C(Ar)), 122.64
(C(An)), 128.26 (2 x C(Ar)), 129.59 (2 x C(Ar)), 131.86 (C(Ar)), 145.16 (C(Ar)), 149.04
(C(Ar)), 151.68 (C(Ar)), 158.36 (C(Ar)), 161.84 (C(Ar)), 170.88 (COOCHs) 193.71 (CO).

ESI/MS m/z (%): 395 ([M+H] *, 100).
Melting point: [178 — 181] °C.
Molecular weight: 394.42 g/mol.

Rf (DCM/EtOAc 5:5): 0.86

2.2.3.2. Synthesis of methyl 2-(7-(2-(4-methoxyphenyl)-2-oxoethoxy)-4,8-dimethyl-2-
ox0-2H-chromen-3-ylacetate (EMAC10163b)

CHg

Figure 28. Structure of EMAC10163b.

The compound EMAC10163b (Figure 28) was obtained through the general procedure
referred on the section 2.2.3. on the following conditions: EMAC10163 (0.50 g, 1.91 mmol),
acetone (10 mL) and KCOs; (0.66 g, 4.8 mmol) were mixed and 2-bromo-4'-
methoxyacetophenone (0.48 g, 2.10 mmol) was added. After 6 h the mixture was poured
into 50 mL of H.S0O. 0.5 M. For the purification by chromatographic column, DCM/EtOAc
88:12 to 100% of EtOAc were used as eluents. The white solid was obtained by

recrystallization with DCM/n-hexane.
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Yield: 27.8 %

IH NMR (400 MHz, CDCls): 8= 2.35 (s, 3H, CHs), 2.38 (s, 3H, CHa), 3.70 (s, 3H, CHa),
3.72 (s, 2H, CHy), 3.89 (s, 3H, CHa), 5.33 (s, 2H, CHy), 6.73 (d, J = 8.9 Hz, 1H, H(Ar)),
6.94 — 7.00 (M, 2H, 2 x H(Ar)), 7.39 (d, J = 8.7 Hz, 1H, H(Ar)), 7.96 — 8.02 (m, 2H, 2 X
H(Ar)).

*C NMR (100 MHz, CDCls): 6 = 8.43 (CHs), 15.38 (CHs), 32.75 (CH,), 52.21 (CHs), 55.57
(CHa), 71.15 (CH>), 107.91 (C(Ar)), 114.10 (2 x C(Ar)), 114.67 (C(Ar)), 114.68 (C(Ar)),
116.60 (C(Ar)), 122.65 (C(Ar)), 127.37 (C(Ar)), 130.57 (2 x C(Ar')), 149.04 (C(Ar)), 151.68
(C(Ar)), 158.40 (C(Ar)), 161.84 (C(Ar)), 164.25 (C(Ar)), 170.88 (COOCH3) 192.64 (CO).

ESI/MS m/z (%): 411 ((M+H]*, 100).
Melting point: [173 — 175] °C.
Molecular weight: 410.42 g/mol.

Rf (DCM/EtOAC 5:5): 0.80.

2.2.3.3. Synthesis of methyl 2-(7-(2-(4-bromophenyl)-2-oxoethoxy)-4,8-dimethyl-2-oxo-
2H-chromen-3-yl)acetate (EMAC10163c)

B
r CHs
o \ o
o 0" Yo ©
CHs

Figure 29. Structure of EMAC10163c.

The compound EMAC10163c (Figure 29) was obtained through the general procedure
referred on the section 2.2.3. on the following conditions: EMAC10163 (1.00 g, 3.81 mmol),
acetone (20 mL) and K,COs; (1.31 g, 951 mmol) were mixed and, 2,4'-
dibromoacetophenone (1.17 g, 4.21 mmol) was added. After 24 h, the mixture was poured
into 100 mL of H,SOa4. For the purification by chromatographic column, DCM/EtOAc 88:12
to 100% of EtOAc were used as eluents. The white solid was obtained by recrystallization
with DCM/n-hexane.

Yield: 46.1 %.

IH NMR (400 MHz, CDCls): 8= 2.35 (s, 3H, CHs), 2.37 (s, 3H, CHa), 3.70 (s, 3H, CHa),
3.72 (s, 2H, CHy), 5.33 (s, 2H, CHy), 6.71 (d, J = 8.9 Hz, 1H, H(Ar)), 7.40 (d, J = 8.7 Hz,
1H, H(Ar)), 7.63 — 7.68 (m, 2H, 2 x H(Ar")), 7.85 — 7.89 (m, 2H, 2 x H(Ar)).
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13C NMR (100 MHz, CDClz): & = 8.43 (CHs), 15.40 (CHs), 32.75 (CH,), 52.24 (OCHb),
71.23 (CH.), 107.76 (C(Ar)), 114.79 (C(Ar)), 114.88 (C(Ar)), 116.83 (C(Ar), 122.70
(C(Ar), 129.45 (C(Ar)), 129.71 (2 x C(Ar)), 132.28 (2 x C(Ar")), 133.05 (C(Ar)), 148.96
(C(A), 151.71 (C(Ar)), 158.07 (C(Ar), 161.75 (C(Ar)), 170.85 (COOCHs), 193.43 (CO).

ESI/MS m/z (%): 459 ([M+H] ", 44).
Melting point: [199 — 201] °C.
Molecular weight: 459.29 g/mol.

Rf (DCM/EtOACc 5:5): 0.89.

2.2.3.4. Synthesis of methyl 2-(7-(2-(4-fluorophenyl)-2-oxoethoxy)-4,8-dimethyl-2-oxo-
2H-chromen-3-yl)acetate (EMAC10163d)

CH3

Figure 30. Structure of EMAC10163d.

The compound EMAC10163d (Figure 30) was obtained through the general procedure
referred on the section 2.2.3. on the following conditions: EMAC10163 (1.00 g, 3.82 mmol),
acetone (20 mL) and KyCOs; (1.32 g, 9.59 mmol) were mixed and, 2-bromo-4'-
fluoroacetophenone (0.91 g, 4.22 mmol) was added. After 6 h, the mixture was poured
into 100 mL of H,SO.4. For the purification by chromatographic column, DCM/MeOH 98:2
to 20% of MeOH were used as eluents. The very light-yellow solid was obtained by

recrystallization with DCM/n-hexane.
Yield: 63.0 %

IH NMR (400 MHz, CDCls): 8= 2.35 (s, 3H, CHs), 2.37 (s, 3H, CHz), 3.70 (s, 3H, OCHa),
3.72 (s, 2H, CHy), 5.34 (s, 2H, CH,), 6.72 (d, J = 8.9 Hz, 1H, H(Ar)), 7.13 — 7.22 (m, 2H, 2
x H(Ar)), 7.40 (d, J = 8.9 Hz, 1H, H(Ar)), 8.02 — 8.08 (m, 2H, 2 x H(Ar")).

13C NMR (100 MHz, CDCls): & = 8.42 (CHa), 15.39 (CHa), 32.75 (CH,), 52.23 (OCHs),
71.22 (CH>), 107.81 (C(Ar)), 114.76 (C(Ar)), 114.84 (C(Ar)), 116.17 (d, Jer = 22.0 Hz, C3’,
C5'), 116.78 (C(Ar)), 122.70 (C(Ar)), 130.81 (d, Jcr = 3.1 Hz, C1’), 131.00 (d, Jer = 9.5 Hz,
C2', C6), 148.99 (C(Ar)), 151.70 (C(Ar)), 158.15 (C(Ar)), 161.77 (C(Ar)), 166.26 (d, Jcr =
256.7 Hz, C4’), 170.86 (COOCHs3), 192.75 (CO).
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ESI/MS m/z (%): 399 ([M+H] *, 100).
Melting point: [155 — 157] °C.
Molecular weight: 398.39 g/mol.

Rf (DCM/EtOAc 5:5): 0.89.

2.2.3.5. Synthesis of methyl 2-(4,8-dimethyl-7-(2-(4-nitrophenyl)-2-oxoethoxy)-2-0xo-
2H-chromen-3-yl)acetate (EMAC10163e)

O,N
2 CH,
o) N 0.
o]
o) 0" o
CHs

Figure 31. Structure of EMAC10163e.

The compound EMAC10163e (Figure 31) was obtained through the general procedure
referred on the section 2.2.3. on the following conditions: EMAC10163 (0.50 g, 1.91 mmol),
acetone (10 mL) and K»COs; (0.66 g, 4.80 mmol) were mixed and, 2-bromo-4'-
nitroacetophenone (0.51 g, 2.10 mmol) was added. After 8 h, the mixture was poured into
50 mL of H>SO4. For the purification by chromatographic column, DCM/EtOAc 88:12 to
100% of EtOAc were used as eluents. The light brown solid was obtained by

recrystallization with DCM/n-hexane.
Yield: 37.9 %

IH NMR (400 MHz, CDCls): 8= 2.27 (s, 3H, CHs), 2.29 (s, 3H, CHz), 3.64 (s, 3H, CHa),
3.65 (s, 2H, CH,), 5.31 (s, 2H, CH,), 6.67 (d, J = 8.9 Hz, 1H, H(Ar)), 7.35 (d, J = 8.7 Hz,
1H, H(Ar)), 8.09 — 8.12 (m, 2H, 2 x H(Ar)), 8.27 — 8.29 (m, 2H, 2 X H(Ar)').

*C NMR (100 MHz, CDCls): 6 = 8.43 (CHs), 15.41 (CHs), 32.73 (CH,), 52.26 (CHs), 71.53
(CHz), 107.64 (C(Ar)), 114.83 (C(Ar)), 115.10 (C(Ar)), 117.05 (C(Ar)), 122.79 (C(Ar)),
124.08 (2 x C(Ar')), 129.44 (2 x C(Ar’)), 138.77 (C(Ar)), 148.90 (C(Ar)), 150.82 (C(Ar)),
151.71 (C(Ar)), 157.74 (C(Ar)), 161.65 (C(Ar)), 170.82 (COOCHs), 193.36 (CO).

ESI/MS m/z (%): 426 ((M+H]*, 100).
Melting point: [180 — 183] °C.
Molecular weight: 425.39 g/mol.

Rf (DCM/EtOAc 5:5): 0.80.
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2.2.3.6. Synthesis of methyl 2-(4,8-dimethyl-7-(2-(3-nitrophenyl)-2-oxoethoxy)-2-0xo0-
2H-chromen-3-yl)acetate (EMAC10163f)

o) N N
o)
0 0" o

CH,

Figure 32. Structure of EMAC10163f.

The compound EMAC10163f (Figure 32) was obtained through the general procedure
referred on the section 2.2.3. on the following conditions: EMAC10163 (1.00 g, 3.82 mmol),
acetone (20 mL) and K»CO3 (1.31 g, 9.49 mmol) were mixed and, 3-nitrophenacyl bromide
(1.02 g, 4.18 mmol) was added. After 7 h, the mixture was poured into 100 mL of H>SOa.
For the purification by chromatographic column, DCM/EtOAc 88:12 to 100% of EtOAc
were used as eluents. The yellow solid was obtained by recrystallization with DCM/n-
hexane.

Yield: 19.6 %

'H NMR (400 MHz, CDCls): 8= 2.35 (s, 3H, CHa), 2.36 (s, 3H, CHa), 3.71 (s, 3H, CHa),
3.72 (s, 2H, CHy), 5.40 (s, 2H, CH,), 6.76 (d, J = 8.9 Hz, 1H, H(Ar)), 7.42 (d, J = 8.6 Hz,
1H, H(Ar)), 7.74 (t, J = 8.6 Hz, 1H, H5’), 8.34 — 8.36 (m, 1H, H(Ar)), 8.47 — 8.49 (m, 1H,
H(Ar’)), 8.85 — 8.86 (m, 1H, H(Ar’)).

*C NMR (100 MHz, CDCls): 6 = 8.40 (CHs), 15.41 (CHs), 32.74 (CH,), 52.25 (CHs), 71.53
(CH,), 107.67 (C(Ar)), 114.84 (C(Ar)), 115.10 (C(Ar)), 117.03 (C(Ar)), 122.82 (C(Ar)),
123.30 (C(Ar)), 128.27 (C(Ar)), 130.24 (C(Ar)), 133.91 (C(Ar)), 135.54 (C(Ar)), 148.49
(C(Ar)), 148.92 (C(Ar)), 151.71 (C(Ar)), 157.74 (C(Ar)), 161.65 (C(Ar)), 170.82 (COOCHs),
192.82 (CO).

ESI/IMS m/z (%): 426 ((M+H]*, 51).
Melting point: [165 — 167] °C.
Molecular weight: 425.39 g/mol.

Rf (DCM/EtOAc 5:5): 0.78.
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2.2.3.7. Synthesis of methyl 2-(7-(2-([1,1'-biphenyl]-4-yl)-2-oxoethoxy)-4,8-dimethyl-2-
oxo0-2H-chromen-3-ylacetate (EMAC10163q)

CHg

Figure 33. Structure of EMAC10163g.

The compound EMAC10163g (Figure 33) was obtained through the general procedure
referred on the section 2.2.3. on the following conditions: EMAC10163 (1.00 g, 3.83 mmol),
acetone (20 mL) and K;COsz (1.31 g, 9.49 mmol) were mixed and, 2-bromo-1-(4-
phenylphenyl)ethan-1-one (1.15 g, 4.18 mmol) was added. After 6 h, the mixture was
poured into 100 mL of H,SOs For the purification by chromatographic column,
DCM/EtOAC 88:12 to 100% of EtOAc were used as solvents. The white solid was obtained
by recrystallization with DCM/n-hexane.

Yield: 73.9 %

IH NMR (400 MHz, CDCls): 8= 2.35 (s, 3H, CHa), 2.40 (s, 3H, CHs), 3.70 (s, 3H, CHa),
3.72 (s, 2H, CH,), 5.41 (s, 2H, CHy), 6.74 (d, J = 8.9 Hz, 1H, H(Ar)), 7.39 — 7.44 (m, 2H, 2
X H(Ar)), 7.46 — 7.50 (m, 2H, 2 X H(Ar)), 7.61 — 7.64 (m, 2H, 2 x H(AN); 7.71 — 7.74 (m,
2H, 2 x H(Ar)), 8.06 — 8.09 (m, 2H, 2 x H(Ar)).

13C NMR (100 MHz, CDCls): & = 8.45 (CHs), 15.39 (CHs), 32.75 (CHs), 52.22 (OCHs),
71.28 (CH,), 107.90 (C(Ar)), 114.75 (C(Ar)), 114.77 (C(Ar)), 116.68 (C(Ar)), 122.68
(C(Ar)), 127.29 (2 x C(Ar)), 127.50 (2 x C(Ar)), 128.54 (C(Ar)), 128.77 (2 x C(Ar)), 129.05
(2 x C(Ar)), 132.99 (C(Ar)), 139.53 (C(Ar)), 146.81 (C(Ar)), 149.03 (C(Ar)), 151.70 (C(AN),
158.32 (C(Ar)), 161.82 (C(Ar)), 170.87 (COOCHs), 193.70 (CO).

ESI/IMS m/z (%): 457 ((M+H]*, 88).
Melting point: [168 — 169] °C.
Molecular weight: 456.49 g/mol.

Rf (DCM/EtOAC 5:5): 0.94.
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2.2.3.8. Synthesis of methyl 2-(7-(2-(2,4-difluorophenyl)-2-oxoethoxy)-4,8-dimethyl-2-
ox0-2H-chromen-3-yl)acetate (EMAC10163h)

CHj

Figure 34. Structure of EMAC10163h.

The compound EMAC10163h (Figure 34) was obtained through the general procedure
referred on the section 2.2.3. on the following conditions: EMAC10163 (0.50 g, 1.91 mmol),
acetone (10 mL) and K,COs; (0.66 g, 4.80 mmol) were mixed and, 2-chloro-1-(2,4-
difluorophenyl)ethanone (0.41 g, 2.13 mmol) was added. The mixture was kept reacting
overnight, and then poured into 50 mL of H»SOs. The resulting precipitate was
recrystallized with DCM/n-hexane giving a light-yellow solid.

Yield: 49.0 %

IH NMR (400 MHz, CDCls): 8= 2.36 (s, 3H, CHa), 2.38 (s, 3H, CHs), 3.71 (s, 3H, CHa),
3.73 (s, 2H, CHy), 5.30 (m, 2H, CH.), 6.68 (d, J = 8.9 Hz, 1H, H(Ar)), 6.92 — 6.98 (m, 1H,
H(AR), 7.02 — 7.07 (m, 1H, H(Ar)), 7.40 (d, J = 8.9 Hz, 1H, H(Ar)), 8.00 — 8.06 (m, 1H,
H(AI)).

13C NMR (100 MHz, CDCls): & = 8.35 (CHs), 15.40 (CHs), 32.76 (C3CH;), 52.23 (CHs),
73.71 (d, J = 12.3 Hz, CHy), 104.82 (dd, Jcr = 27.5, 25.7 Hz, C3'), 107.84 (C(Ar)), 113.00
(dd, Jer = 21.6, 3.2 Hz, C5'), 114.78 (C(Ar)), 114.88 (C(Ar)), 116.73 (C(Ar)), 119.41 (dd,
Jor = 15.3, 3.6 Hz, C1'), 122.59 (C(Ar), 132.91 (dd, Jer = 10.8, 4.9 Hz, C6'), 149.00
(C(Ar)), 151.75 (C(Ar)), 158.28 (C(Ar)), 163.03 (dd, Jcr = 256.1, 12.8 Hz, C2'), 166.54 (dd,
Jor = 259.1, 12.5 Hz, C4’), 170.88 (COOCHs3), 190.86 (d, Jor = 5.6 Hz, CO).

ESI/MS m/z (%): 417 ((M+H] *, 100).
Melting point: [188 — 190] °C.
Molecular weight: 416.38 g/mol.

Rf (DCM/EtOAc 5:5): 0.87.
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2.2.3.9. Synthesis of methyl 2-(4,8-dimethyl-2-ox0-7-(2-0x0-2-phenylethoxy)-2H-
chromen-3-yDacetate (EMAC10163j)

Figure 35. Structure of EMAC10163;.

The compound EMAC10163j (Figure 35) was obtained through the general procedure
referred on the section 2.2.3. on the following conditions: EMAC10163 (1.00 g, 3.82 mmol),
acetone (20 mL) and K>COs3 (1.32 g, 9.56 mmol) were mixed and, 2-bromoacetophenone
(0.8344 g, 4.19 mmol) was added. After 7 h, the mixture was poured into 100 mL of H,SO4
0.5 M. The light-yellow solid was obtained by recrystallization with DCM/n-hexane.

Yield: 88.6 %

IH NMR (400 MHz, CDCls): 8= 2.35 (s, 3H, CHa), 2.38 (s, 3H, CHs), 3.70 (s, 3H, CHa),
3.72 (s, 2H, CHo), 5.39 (s, 2H, CHy), 6.72 (d, J = 8.9 Hz, 1H, H(6)), 7.38 — 7.40 (m, 1H,
H(Ar), 7.49 — 7.53 (m, 2H, 2 x H(Ar)), 7.61 — 7.65 (m, 1H, H(Ar)); 7.99 — 8.01 (m, 2H, 2
x H(Ar)).

*C NMR (100 MHz, CDCls): 6 = 8.42 (CHs), 15.39 (CHs), 32.76 (CH.), 52.22 (CH3), 71.20
(CH,), 107.88 (C(Ar)), 114.75 (C(Ar)), 114.80 (C(Ar)), 116.69 (C(Ar)), 122.65 (C(Ar)),
128.14 (2 x C(Ar')), 128.93 (2 x C(Ar)), 134.11 (C(Ar)), 134.36 (C(Ar)), 149.01 (C(Ar)),
151.71 (C(Ar)), 158.30 (C(Ar)), 161.81 (C(Ar)), 170.87 (COOCHs3), 194.08 (CO).

ESI/MS m/z (%): 381 ((M+H]*, 100).
Melting point: [157 — 159] °C.
Molecular weight: 380.40 g/mol.

Rf (DCM/EtOAC 5:5): 0.84.
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2.2.3.10. Synthesis of methyl 2-(7-(2-(4-chlorophenyl)-2-oxoethoxy)-4,8-dimethyl-2-0xo-
2H-chromen-3-yl)acetate (EMAC10163Kk)

cl
CHs
o) N o
o)

(¢} [N ]
CHgy

Figure 36. Structure of EMAC10163k.

The compound EMAC10163k (Figure 36) was obtained through the general procedure
referred on the section 2.2.3. on the following conditions: EMAC10163 (0.50 g, 1.91 mmol),
acetone (10 mL) and K»COs; (0.66 g, 4.80 mmol) were mixed and, 2-bromo-4'-
chloroacetophenone (0.49 g, 2.12 mmol) was added. After 6 h, the mixture was poured
into 50 mL of H.SO4 0.5 M. For the purification by chromatographic column, DCM/EtOAc
80:20 to 30% of EtOAc were used as eluents. The white solid was obtained by
recrystallization with DCM/n-hexane.

Yield: 46.0 %

IH NMR (400 MHz, CDCls): 8= 2.37 (s, 3H, CHs), 2.38 (s, 3H, CHs), 3.72 (s, 3H, OCHs),
3.74 (s, 2H, CHy), 5.35 (s, 2H, CH,), 6.73 (d, J = 8.6 Hz, 1H, H(Ar)), 7.41 (d, J = 8.9 Hz,
1H, H(Ar)), 7.48 — 7.52 (m, 2H, 2 x H(Ar’)), 7.95 — 7.98 (m, 2H, 2 x H(Ar')).

13C NMR (100 MHz, CDCls): & = 8.42 (CHs), 15.39 (CHs), 32.74 (CHs), 52.23 (OCHs),
71.24 (CHy), 107.77 (C(Ar)), 114.76 (C(Ar)), 114.86 (C(Ar)), 116.80 (C(Ar)), 122.70
(C(AN), 129.28 (2 x C(Ar)), 129.64 (2 x C(Ar)), 132.64 (C(Ar)), 140.67 (C(Ar)), 148.97
(C(Ar)), 151.69 (C(Ar)), 158.08 (C(Ar)), 161.75 (C(Ar)), 170.85 (COOCHs3) 193.20 (CO).

ESI/MS m/z (%): 415 ([M+H]*, 96).
Melting point: [182 — 184] °C.
Molecular weight: 414.84 g/mol.

Rf (DCM/EtOAc 5:5): 0.80.
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2.2.3.11. Synthesis of methyl 2-(7-(2-(3-methoxyphenyl)-2-oxoethoxy)-4,8-dimethyl-2-
0x0-2H-chromen-3-yl)acetate (EMAC10163m)

o
CH,
o) N N
o)
o) 0" o

CHj;

Figure 37. Structure of EMAC10163m.

The compound EMAC10163m (Figure 37) was obtained through the general procedure
referred on the section 2.2.3. on the following conditions: EMAC10163 (1.00 g, 3.82 mmol),
acetone (20 mL) and K»COs; (1.32 g, 9.57 mmol) were mixed and, 2-bromo-3'-
methoxyacetophenone (0.96 g, 4.19 mmol) was added. After 6 h, the mixture was poured
into 100 mL of H,SO4 0.5 M. For the purification by chromatographic column, DCM/EtOAc
88:12 to 100% of EtOAc were used as eluents. The white solid was obtained by
recrystallization with DCM/n-hexane.

Yield: 55.3 %

IH NMR (400 MHz, CDCls): 8= 2.35 (s, 3H, CHs), 2.39 (s, 3H, CHz), 3.70 (s, 3H, CHa),
3.72 (s, 2H, CHy), 3.86 (s, 3H, OCHsa), 5.38 (s, 2H, CHy), 6.71 (d, J = 8.9 Hz, 1H, H(Ar)),
7.16 —7.19 (m, 1H, H(Ar)), 7.38 — 7.44 (m, 2H, 2 x H(Ar’)), 7.51 — 7.52 (m, 1H, H(Ar)), 7.56
—7.58 (M, 1H, H(A)).

*C NMR (100 MHz, CDCls): 6 = 8.43 (CHs), 15.39 (CHs), 32.76 (CH,), 52.22 (CH3), 52.52
(OCHs), 71.22 (CH.), 107.89 (C(Ar)), 112.51 (C(Ar)), 114.75 (C(Ar)), 114.82 (C(Ar)),
116.69 (C(Ar)), 120.52 (2 x C(Ar")), 122.64 (C(Ar)), 129.93 (C(Ar)), 135.59 (C(Ar)), 149.02
(C(Ar)), 151.70 (C(Ar)), 158.31 (C(Ar)), 160.05 (C(Ar)), 161.82 (C(Ar)), 170.88 (COOCHs),
193.86 (CO).

ESI/MS m/z (%): 411 ((M+H] *, 98).
Melting point: [157 — 160] °C.
Molecular weight: 410.42 g/mol.

Rf (DCM/EtOAc 5:5): 0.80.

56




CHAPTER 2

2.2.4. Synthesis of the 7H-furo-chromen compounds (EMAC10164 series)

General procedure: To a suspension of EMAC10163a - m (1 mmol) in propan-2-ol was

added an aqueous solution of NaOH or KOH 1M (4 mmol). The reaction mixture was
heated to reflux and stirred. After the completion of the reaction, the mixture was poured
into iced water and acidify with a solution of HCI 6M. The resulting precipitate was filtered

to obtain the desired compound.

2.2.4.1. Synthesis of 2-(5,9-dimethyl-7-o0x0-3-(p-tolyl)-7H-furo[3,2-g]Jchromen-6-
yacetic acid (EMAC10164a)

Figure 38. Structure of EMAC10164a.

The compound EMAC10164a (Figure 38) was obtained through the general procedure
referred on the section 2.2.4. on the following conditions: EMAC10163a (0.50 g, 1.27
mmol), 5 mL of propan-2-ol and an aqueous solution of NaOH 1M (5.1 mL) were mixed

and stirred for 4 h. After filtration a light brown solid was obtained.
Yield: 96.0 %

IH NMR (400 MHz, DMSO): 8= 2.38 (s, 3H, CHs), 2.48 (s, 3H, CHs), 2.50 (s, 3H, CHa),
3.64 (s, 2H, CHy), 7.33 — 7.35 (m, 2H, 2 X H(Ar")), 7.65 — 7.67 (m, 2H, 2 x H(Ar’)), 7.96 (s,
1H, H5), 8.39 (s, 1H, HY).

13C NMR (100 MHz, DMSO): & = 8.66 (CHs), 16.07 (CHa), 21.29 (CHs), 33.44 (CHo),
108.96 (C(Ar)), 114.18 (C(Ar)), 117.05 (C(Ar)), 118.33 (C(Ar)), 121.94 (C(Ar)), 122.47
(C(Ar)), 127.52 (2 x C(Ar)), 128.34 (C(Ar)), 130.19 (2 x C(Ar)), 137.56 (C(Ar)), 144.07
(C(Ar)), 148.01 (C(Ar)), 149.92 (C(Ar)), 155.44 (C(Ar)), 161.21 (C(Ar)), 171.99 (COOH).

ESI/MS m/z (%): 363 ((M+H]*, 100).
Melting point: [228 — 231] °C.
Molecular weight: 362.38 g/mol.

Rf (DCM/EtOAC 5:5): 0.15.
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2.2.4.2. Synthesis of 2-(3-(4-methoxyphenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-
glchromen-6-yl)acetic acid (EMAC10164b)

CHg

Figure 39. Structure of EMAC10164b.

The compound EMAC10164b (Figure 39) was obtained through the general procedure
referred on the section 2.2.4. on the following conditions: EMAC10163b (0.35 g, 0.86
mmol), 3 mL of propan-2-ol and an aqueous solution of NaOH 1M (3.5 mL) were mixed
and stirred for 4 h. After filtration a light brown solid was obtained.

Yield: 67.3 %

IH NMR (400 MHz, DMSO): 8= 2.52 (s, 3H, CHs), 2.54 (s, 3H, CHs), 3.66 (s, 2H, CHy),
3.83 (s, 3H, C4’'OCHs), 7.10 — 7.12 (m, 2 x H(Ar’)), 7.73 = 7.75 (m, 2 x H(Ar)), 8.01 (s, 1H,
H5), 8.39 (s, 1H, H7), 12.50 (s, 1H, COOH).

13C NMR (100 MHz, DMSO): & = 8.71 (CHs), 16.13 (CH), 33.42 (CH,), 55.70 (C4'OCHy),
108.99 (C(Ar)), 114.28 (C(Ar)), 115.13 (2 x C(Ar)), 117.07 (C(Ar)), 118.31 (C(Ar)), 121.75
(C(Ar)), 122.65 (C(Ar)), 123.54 (C(Ar)), 128.95 (2 x C(Ar")), 143.70 (C(Ar)), 148.06 (C(Ar)),
150.04 (C(Ar)), 155.46 (C(Ar)), 159.44 (C(Ar)), 161.25 (C(Ar)), 171.98 (COOH).

ESI/MS m/z (%): 379 ((M+H]*, 100).
Melting point: [226 — 227] °C.
Molecular weight: 378.38 g/mol.

Rf (DCM/EtOAC 5:5): 0.35.

2.2.4.3. Synthesis of 2-(3-(4-bromophenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-glchromen-
6-yl)acetic acid (EMAC10164c)

Figure 40. Structure of EMAC10164c.
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The compound EMAC10164c (Figure 40) was obtained through the general procedure
referred on the section 2.2.4. on the following conditions: EMAC10163c (0.50 g, 1.10
mmol), 5 mL of propan-2-ol and an aqueous solution of NaOH 1M (4.4 mL) were mixed
and stirred for 3 h. After filtration a light brown solid was obtained.

Yield: 90.5 %

IH NMR (400 MHz, DMSO): 8= 2.49 (s, 3H, CHs), 2.50 (s, 3H, CHs), 3.64 (s, 2H, CHy),
7.69 — 7.76 (m, 4H, 4 X H(Ar')), 7.96 (s, 1H, H5), 8.50 (s, 1H, H7), 12.49 (s, 1H, COOH).

13C NMR (100 MHz, DMSO): & = 8.68 (CHs), 16.13 (CHs), 33.40 (CH,), 109.11 (C(Ar)),
114.25 (C(Ar)), 117.23 (C(Ar)), 118.42 (C(Ar)), 120.99 (C(Ar)), 121.28 (C(Ar)), 121.98
(C(AN)), 129.66 (2 x C(Ar)), 130.56 (C(Ar)), 132.53 (2 x C(Ar)), 144.93 (C(Ar)), 148.13
(C(An)), 150.00 (C(Ar)), 155.46 (C(Ar)), 161.16 (C(Ar)), 171.95 (COOH).

ESI/MS m/z (%): 427 ((M+H] *, 28).
Melting point: [263 — 267] °C
Molecular weight: 427.25 g/mol.

Rf (DCM/EtOAc 5:5): 0.26.

2.2.4.4. Synthesis of 2-(3-(4-fluorophenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-glchromen-
6-yl)acetic acid (EMAC10164d)

Figure 41. Structure of EMAC10164d.

The compound EMAC10164d (Figure 41) was obtained through the general procedure
referred on the section 2.2.4. on the following conditions: EMAC10163d (0.50 g, 1.26
mmol), 5 mL of propan-2-ol and an aqueous solution of NaOH 1M (5.0 mL) were mixed

and stirred for 4 h. After the filtration a light brown solid was obtained.
Yield: 89.7 %

IH NMR (400 MHz, DMSO): 8= 2.50 (s, 3H, CHs), 2.50 (s, 3H, CHs), 3.64 (s, 2H, CHy),
7.34 - 7.38 (m, 2H, 2 x H(Ar")), 7.82 — 7.85 (m, 2H, 2 x H(Ar)), 7.97 (s, 1H, H5), 8.44 (s,
1H, H7), 12.55 (s, 1H, COOH).
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13C NMR (100 MHz, DMSO): & = 8.66 (CHs), 16.11 (CHs), 33.39 (CH,), 109.04 (C(Ar)),
114.17 (C(Ar), 116.52 (d, Jcr = 21.5 Hz, C3’, C5’), 117.15 (C(Ar)), 118.36 (C(Ar)), 121.09
(C(Ar), 122.24 (C(Ar)), 127.71 (d, Jer = 3.1 Hz, C1’), 129.67 (d, Jcr = 8.1 Hz, C2’, C6"),
144.51 (C(Ar)), 148.08 (C(Ar)), 150.00 (C(Ar)), 155.41 (C(Ar)), 160.99 (C(Ar)), 162.30 (d,
Jer = 225 Hz, C4'), 171.97 (COOH).

ESI/MS m/z (%): 367 ((M+H] *, 88).
Melting point: [277 — 279] °C.
Molecular weight: 366.34 g/mol.

Rf (DCM/EtOACc 5:5): 0.28.

2.2.4.5, Synthesis of 2-(3-([1,1'-biphenyl]-4-y)-5,9-dimethyl-7-ox0-7H-furo[3,2-
glchromen-6-yl)acetic acid (EMAC10164q)

Figure 42. Structure of EMAC10164g.

The compound EMAC10164g (Figure 42) was obtained through the general procedure
referred on the section 2.2.4. on the following conditions: EMAC10163g (0.50 g, 1.20
mmol), 5 mL of propan-2-ol and an aqueous solution of KOH 1M (5.0 mL) were mixed and
stirred for 4 h. After the filtration a light brown solid was obtained.

Yield: 50.1 %

IH NMR (400 MHz, DMSO): 8= 2.48 (s, 3H, CHs), 2.51 (s, 3H, CHs), 3.59 (s, 2H, CHy),
7.38 — 7.41 (m, 1H, H(AN)), 7.47 — 7.51 (m, 2H, 2 x H(AT)), 7.72 = 7.74 (m, 2H, 2 x H(AI)),
7.79 — 7.81 (m, 2H, 2 x H(Ar)), 7.86 — 7.88 (m, 2H, 2 x H(Ar), 8.01 (s, 1H, H5), 8.49 (s,
1H, H7).

13C NMR (100 MHz, DMSO): & = 8.69 (CHs), 16.10 (CHs), 34.03 (CH), 108.99 (C(Ar)),
114.17 (C5), 117.30 (C(Ar)), 119.11 (C(Ar)), 121.60 (C(Ar)), 122.23 (C(Ar)), 127.01 (2 x
C(Ar)), 127.81 (2 x C(Ar)), 128.06 (C(Ar)), 128.11 (2 x C(Ar)), 129.49 (2 x C(Ar)), 130.47
(C(Ar)), 139.83 (C(Ar)), 140.04 (C(Ar)), 144.60 (C7), 148.07 (C(Ar)), 149.43 (C(Ar)),
155.44 (C(Ar)), 161.27 (CO), 172.01 (COOH).

ESI/MS m/z (%): 425 ([M+H]*, 57).
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Melting point: [248 — 250] °C.
Molecular weight: 424.45 g/mol.

Rf (DCM/EtOAc 5:5): 0.15.

2.2.4.6. Synthesis of 2-(3-(2,4-difluorophenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-
g]lchromen-6-yl)acetic acid (EMAC10164h)

Figure 43. Structure of EMAC10164h.

The compound EMAC10164h (Figure 43) was obtained through the general procedure
referred on the section 2.2.4. on the following conditions: EMAC10163h (0.50 g, 1.20
mmol), 5 mL of propan-2-ol and an aqueous solution of NaOH 1M (4.8 mL) were mixed
and stirred for 2 h. After the filtration a brown solid was obtained.

Yield: 93.2 %

IH NMR (400 MHz, DMSO): 8= 2.47 (s, 3H, CHs), 2.54 (s, 3H, CHs), 3.65 (s, 2H, CHy),
7.25—7.30 (m, 1H, H(A)), 7.45 — 7.51 (m, 1H, H(Ar)), 7.85 — 7.91 (m, 2H, 2 x H(Ar)), 8.41
(s, 1H, H7).

13C NMR (100 MHz, DMSO): & = 8.68 (CHs), 16.07 (CHs), 33.42 (CH,), 105.30 (t, Jcr =
26.2 Hz, C3’), 109.08 (C(Ar)), 112.74 (dd, Jcr = 21.3, 3.5 Hz, C5'), 114.48 (d, Jcr = 3.1 Hz,
C5), 115.36 (dd, Jcr = 14.6, 3.2 Hz, C1), 117.23 (C(Ar)), 118.55 (C(Ar)), 122.44 (C(Ar)),
131.96 (dd, Jcr = 9.8, 5.3 Hz, C6'), 146.16 (d, Jcr = 5.5 Hz, C7), 148.15 (C(Ar)), 149.85
(C(Ar)), 154.91 (C(Ar)), 158.60 (C2), 159.91 (d, Jer = 237.2 Hz, C2), 161.16 (C(An),
162.38 (d, Jcr = 235.7 Hz, C4’), 171.93 (COOH).

ESI/MS m/z (%): 385 ([M+H]*, 100).
Melting point: [227 — 230] °C.
Molecular weight: 384.33 g/mol.

Rf (DCM/EtOAC 5:5): 0.14.
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2.2.4.7. Synthesis of 2-(5,9-dimethyl-7-0x0-3-phenyl-7H-furo[3,2-glchromen-6-
yDacetic acid (EMAC10164))

Figure 44. Structure of EMAC10164;.

The compound EMAC10164j (Figure 44) was obtained through the general procedure
referred on the section 2.2.4. on the following conditions: EMAC10163j (0.50 g, 1.32
mmol), 5 mL of propan-2-ol and an aqueous solution of NaOH 1M (5.3 mL) were mixed
and stirred for 5 h. After filtration a light brown solid was obtained.

Yield: 87.1 %

IH NMR (400 MHz, DMSO): 8= 2.49 (s, 3H, CHs), 2.50 (s, 3H, CHs), 3.63 (s, 2H, CHy),
7.41 — 7.45 (m, 1H, H4"), 7.52 — 7.56 (m, 2H, 2 x H(Ar")), 7.77 — 7.80 (m, 2H, 2 x H(Ar)),
7.99 (s, 1H, H5), 8.45 (s, 1H, H7).

13C NMR (100 MHz, DMSO): & = 8.66 (CHs), 16.08 (CHs), 33.47 (CH,), 109.01 (C(Ar)),
114.19 (C(Ar)), 117.12 (C(Ar)), 118.41 (C(Ar)), 122.01 (C(Ar)), 122.30 (C(Ar), 127.61 (2
x C(Ar)), 128.22 (C(Ar)), 129.65 (2 x C(Ar)), 131.29 (C(Ar)), 144.50 (C(Ar)), 148.04
(C(Ar)), 149.90 (C(Ar)), 155.47 (C(Ar)), 161.20 (C(Ar)), 172.00 (COOH).

ESI/MS m/z (%): 349 ((M+H]*, 100).
Melting point: [242 — 245] °C.
Molecular weight: 348.35 g/mol.

Rf (DCM/EtOAC 5:5): 0.39.

2.2.4.8. Synthesis of 2-(3-(4-chlorophenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-glchromen-
6-yl)acetic acid (EMAC10164k)

Figure 45. Structure of EMAC10164k.
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The compound EMAC10164k (Figure 45) was obtained through the general procedure
referred on the section 2.2.4. on the following conditions: EMAC10163k (0.35 g, 0.84
mmol), 4 mL of propan-2-ol and an aqueous solution of NaOH 1M (3.4 mL) were mixed
and stirred for 4 h. After the filtration a light brown solid was obtained.

Yield: 67.9 %

IH NMR (400 MHz, DMSO): = 2.51 (s, 3H, CHs), 2.51 (s, 3H, CHs), 3.65 (s, 2H, CHy),
7.56 — 7.60 m, 2H, 2 x H(Ar)), 7.81 — 7.84 (m, 2H, 2 x H(Ar")), 7.99 (s, 1H, H5), 8.51 (s,
1H, H7), 12.55 (s, 1H, COOH).

13C NMR (100 MHz, DMSO): & = 8.68 (CHs), 16.12 (CHs), 33.41 (CH,), 109.10 (C(Ar)),
114.24 (C(Ar)), 117.22 (C(Ar)), 118.43 (C(Ar)), 120.94 (C(Ar)), 122.02 (C(Ar)), 129.36 (2
x C(Ar)), 129.61 (2 x C(Ar)), 130.20 (C(Ar)), 132.77 (C(Ar)), 144.95 (C(Ar)), 148.12
(C(AI)), 149.99 (C(Ar)), 155.46 (C(Ar)), 161.16 (C(Ar)), 171.95 (COOH).

ESI/MS m/z (%): 383 ((M+H]*, 32).
Melting point: [266 — 269] °C.
Molecular weight: 382.80 g/mol.

Rf (DCM/EtOAC 5:5): 0.11.

2.2.4.9. Synthesis of 2-(3-(3-methoxyphenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-
g]lchromen-6-yl)acetic acid (EMAC10164m)

Figure 46. Structure of EMAC10164m.

The compound EMAC10164m (Figure 46) was obtained through the general procedure
referred on the section 2.2.4. on the following conditions: EMAC 10163 m (0.50 g, 1.22
mmol), 5 mL of propan-2-ol and an aqueous solution of NaOH 1M (4.9 mL) were mixed

and stirred for 4 h. After the filtration a light brown solid was obtained.

Yield: 91.7 %
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IH NMR (400 MHz, DMSO): 8= 2.51 (s, 3H, CHs), 2.53 (s, 3H, CHs), 3.65 (s, 2H, CHy),
3.86 (s, 3H, OCHg), 6.99 — 7.02 (m, 1H, H(Ar)), 7.30 (m, 1H, H6’), 7.37 — 7.39 (m, 1H,
H(A), 7.44 — 7.49 (m, 1H, H(Ar)), 8.01 (s, 1H, H5), 8.48 (s, 1H, H7).

13C NMR (100 MHz, DMSO): & = 8.69 (CHs), 16.08 (CHs), 33.42 (CHz), 55.67 (OCHs),
109.06 (C(Ar)), 112.99 (C(Ar)), 113.99 (C(Ar)), 114.29 (C(Ar), 117.15 (C(Ar)), 118.39
(C(Ar)), 119.94 (C(Ar)), 121.99 (C(Ar)), 122.35 (C(Ar), 130.79 (C(Ar)), 132.59 (C(Ar)),
144.77 (C(Ar)), 148.08 (C(Ar)), 149.96 (C(Ar)), 155.48 (C(Ar)), 160.28 (C(Ar)), 161.21
(C(Ar)), 171.97 (COOH).

ESI/MS m/z (%): 379 ((M+H] *, 100).
Melting point: [220 — 224] °C.
Molecular weight: 378.38 g/mol.

Rf (DCM/EtOAC 5:5): 0.41.

64




CHAPTER 2

2.3. Synthesis of chromones

2.3.1. Synthetic pathway

Figure 47 represents the synthetic strategy in which 2,4-dihydroxyphenylethan-1-one
(compound 4) and an a-haloketone with the desired substitution (compound 3) originate
the compounds EMAC10168a-m through a Williamson reaction (reactional step A). These
compounds were submitted to a POCIs-induced cyclization (reactional step B) to obtain
the correspondent chromone (compounds EMAC10169a-m).

o et oot Moo

(EMAC10168a-m) (EMAC10169a-m)

R= 4-CHjs (a), 4-OCHs (b), 4-Br (c), 4-F (d), 4-NO, (e), 3-NO, (), 4-Phenyl (@), 2,4-F (h), 2,4-ClI (i), 4-H (j),
4-Cl (k), 2-OH (1), 3-OCHj (m)

Figure 47. Schematic representation of the synthetic pathway used for the obtention of the chromone family. Reaction
conditions: (A) acetone, K,COs, a-haloketone, reflux, 3 — 6 h; (B) POCIlz;, DMF, - 10 °C (1 h), room temperature (3 — 6
days).

2.3.2. Synthesis of the phenylethanone compounds (EMAC10168 series)

General procedure: To a mixture of 2',4'-dihydroxyacetophenone (1 mmol) and acetone

was added K>COs (2.5 mmol), this mixture was kept stirring at 40 °C for 30 min. The
appropriate a-haloketone (1.1 mmol) was added. The reaction mixture was heated to reflux
and stirred. After the completion of the reaction, followed by TLC, the mixture was poured
into a solution of H,SO4 0.5M and the resulting precipitate was filtered. The solid was
purified by chromatographic column and the resulting fractions were evaporated and

recrystallized to obtain the desired compound.
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2.3.2.1. Synthesis of 2-(4-acetyl-3-hydroxyphenoxy)-1-(p-tolyl)ethan-1-one
(EMAC10168a)

O
O/(:fj\
o) OH

Figure 48. Structure of EMAC10168a.

The compound EMAC10168a (Figure 48) was obtained through the general procedure
referred on the section 2.3.2. on the following conditions: 2',4'-dihydroxyacetophenone
(1.01 g, 6.64 mmol), acetone (20 mL) and K.COs (2.27 g, 16.4 mmol) were mixed and 2-
bromo-4’-methylacetophenone (1.55 g, 7.27 mmol) was added. The reaction was stirred
for 4 h. Afterward, the mixture was poured into 100 mL of H.SO4 0.5M. For the purification
by chromatographic column DCM was used as eluent. The resulting fractions were
recrystallized from DCM/n-hexane giving a white solid.

Yield: 72.6 %

'H NMR (400 MHz, CDCls): 8= 2.44 (s, 3H, CHs), 2.55 (s, 3H, COCHj), 5.30 (s, 2H, CHy),
6.39 (d, J = 2.5 Hz, 1H, H3), 6.54 (dd, J = 8.9, 2.6 Hz, 1H, H5), 7.29 — 7.32 (m, 2H, 2 X
H(Ar)), 7.65 (d, J = 8.9 Hz, 1H, H6), 7.86 — 7.88 (m, 2H, 2 x H(Ar")), 12.68 (s, 1H, OH).
13C NMR (100 MHz, CDCls): & = : 21.80 (CHs), 26.27 (COCHs), 70.27 (CH,), 101.84
(C(Ar)), 107.92 (C(Ar)), 114.54 (C(Ar)), 128.12 (2 x C(Ar)), 129.65 (2 x C(Ar)), 131.75
(C(Ar)), 132.52 (C(Ar)), 145.22 (C(Ar)), 164.37 (C(Ar)), 165.05 (C(Ar)), 192.58 (CO),
202.70 (COCHy).

Melting point: [147 — 149] °C.
Molecular weight: 284.31 g/mol.

Rf (DCM/EtOAC 5:5): 0.39.

2.3.2.2. Synthesis of 2-(4-acetyl-3-hydroxyphenoxy)-1-(4-methoxyphenylethan-1-one
(EMAC10168b)

0]
O/(;f‘\
(0] OH

Figure 49. Structure of EMAC10168b.
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The compound EMAC10168b (Figure 49) was obtained through the general procedure
referred on the section 2.3.2. on the following conditions: 2',4'-dihydroxyacetophenone
(0.52 g, 3.40 mmol), acetone (10 mL) and K2COs (1.14 g, 8.22 mmol) were mixed, and 2-
bromo-4'-methoxyacetophenone (0.82 g, 3.61 mmol) was added. The reaction mixture
was stirred for 5 h. Afterward, the mixture was poured into 50 mL of H,SO. 0. The

precipitate was purified by recrystallization from DCM/n-hexane giving a dark white solid.
Yield: 97.1 %

'H NMR (400 MHz, CDCls): 8= 2.55 (s, 3H, CHs), 3.89 (s, 3H, OCHs), 5.27 (s, 2H, CH>),
6.39 (d, J = 2.5 Hz, 1H, H3), 6.53 (dd, J = 8.9, 2.6 Hz, 1H, H5), 6.96 — 6.99 (m, 2H, 2 x
H(Ar)), 7.65 (d, J= 8.9 Hz, 1H, H6), 7.94 — 7.98 (m, 2H, 2 x H(Ar)), 12.68 (s, 1H, OH).
13C NMR (100 MHz, CDCls): 6 = : 26.27 (CHs), 55.58 (OCHs), 70.22 (CH.), 101.87 (C(Ar)),
107.89 (C(Ar)), 114.17 (2 x C(Ar)), 114.53 (C(Ar)), 127.27 (C(Ar)), 130.42 (2 x C(Ar’)),
132.52 (C(Ar)), 164.28 (C(Ar)), 164.42 (C(Ar)), 165.05 (C(Ar)), 191.49 (CO), 202.69
(COCHs).

Melting point: [127 — 129] °C.
Molecular weight: 300.31 g/mol.

Rf (DCM/EtOAc 5:5): 0.55.

2.3.2.3. Synthesis of 2-(4-acetyl-3-hydroxyphenoxy)-1-(4-bromophenyl)ethan-1-one
(EMAC10168c)

B
r o

O/©5J\
o OH

Figure 50. Structure of EMAC10168c.

The compound EMAC10168c (Figure 50) was obtained through the general procedure
referred on the section 2.3.2. on the following conditions: 2',4'-dihydroxyacetophenone
(2.00 g, 6.58 mmol), acetone (20 mL) and K-COs (2.27 g, 16.4 mmol) were mixed, and
2,4'-dibromoacetophenone (2.01 g, 7.24 mmol) was added. The reaction mixture was
stirred for 4 h. Afterward, the mixture was poured into 100 mL of H,SO4 0.5M. For the solid
chromatographic column DCM was used as eluent. The resulting fractions were

recrystallized from DCM/n-hexane giving a light-yellow solid.
Yield: 78.9 %
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IH NMR (400 MHz, CDCls): 8= 2.58 (s, 3H, COCHs), 5.29 (s, 2H, CHy), 6.40 (d, J = 2.5
Hz, 1H, H3), 6.54 (dd, J = 8.9, 2.6 Hz, 1H, H5), 7.66 — 7.69 (m, 3H, 3 x H(Ar)), 7.85 — 7.88
(m, 2H, 2 x H(Ar")), 12.70 (s, 1H, OH).

13C NMR (100 MHz, CDCls): & = : 26.30 (COCHs), 70.35 (CH-), 101.81 (C(Ar)), 107.81
(C(Ar), 114.68 (C(Ar)), 129.50 (C(Ar)), 129.59 (2 x C(Ar)), 132.34 (2 x C(Ar)), 132.60
(C(AI)), 132.92 (C(Ar)), 164.04 (C(Ar)), 165.03 (C(Ar)), 192.39 (CO), 202.74 (COCHs).

Melting point: [124 — 125] °C.
Molecular weight: 349.18 g/mol.

Rf (DCM/EtOAC 5:5): 0.50.

2.3.2.4. Synthesis of 2-(4-acetyl-3-hydroxyphenoxy)-1-(4-fluorophenyl)ethan-1-one
(EMAC10168d)

0]
O/(:fj\
0 OH

Figure 51. Structure of EMAC10168d.

The compound EMAC10168d (Figure 51) was obtained through the general procedure
referred on the section 2.3.2. on the following conditions: 2',4'-dihydroxyacetophenone
(1.00 g, 6.58 mmol), acetone (20 mL) and K>COs3 (2.28 g, 16.5 mmol) were mixed, and 2-
bromo-4'-fluoroacetophenone (1.57 g, 7.24 mmol) was added. The reaction mixture was
stirred for 5 h. Afterward, the mixture was poured into 100 mL of H.SO,. For the
chromatographic column DCM was used as eluent. The resulting fractions were

recrystallized from DCM/n-hexane giving a white solid.

Yield 85.1 %

'H NMR (400 MHz, CDCls): 5= 2.58 (s, 3H, COCHjs), 5.30 (s, 2H, CHy), 6.40 (d, J = 2.6
Hz, 1H, H3), 6.55 (dd, J = 8.9, 2.6 Hz, 1H, H5), 7.18 — 7.24 (m, 2H, 2 x H(Ar’)), 7.68 (d, J
= 8.9 Hz, 1H, H6), 8.01 — 8.06 (m, 2H, 2 x H(Ar’)), 12.70 (s, 1H, OH).

13C NMR (100 MHz, CDCls): & = : 26.28 (COCHs), 70.33 (CH.), 101.81 (C(Ar)), 107.83
(C(Ar)), 114.65 (C(Ar)), 116.23 (d, Jcr = 22.0 Hz, C3’, C5’), 130.68 (d, Jcr = 3.1 Hz, C1)),

130.88 (d, Jer = 9.5 Hz, C2', C6’), 132.58 (C(Ar)), 164.12 (C(Ar)), 165.01 (C(Ar)), 166.30
(d, Jcr = 254.0 Hz, C4), 191.69 (CO), 202.73 (COCHs).
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Melting point: [124 — 126] °C.
Molecular weight: 288.27 g/mol.

Rf (DCM/EtOAc 5:5): 0.51.

2.3.2.5. Synthesis of 1-([1,1'-biphenyl]-4-y)-2-(4-acetyl-3-hydroxyphenoxy)ethan-1-
one (EMAC10168q)

I O
O/©f‘\
O OH

Figure 52. Structure of EMAC10168g.

The compound EMAC10168g (Figure 52) was obtained through the general procedure
referred on the section 2.3.2. on the following conditions: 2',4'-dihydroxyacetophenone
(0.50 g, 3.29 mmol), acetone (10 mL) and K>COs3 (1.14 g, 8.25 mmol) were mixed, and 2-
bromo-1-(4-phenylphenyl)ethan-1-one (0.99 g, 3.60 mmol) was added. The reaction
mixture was stirred for 6 h. Afterward, the mixture was poured into 50 mL of H,SO4 0.5M.
For the chromatographic column DCM was used as eluent. The resulting fractions were
recrystallized from DCM/n-hexane giving a light orange solid.

Yield: 50.0 %

H NMR (400 MHz, CDCls): 6= 2.56 (s, 3H, OCHs), 5.35 (s, 2H, CH>), 6.42 (d, J = 2.5 Hz,
1H, H3), 6.56 (dd, J = 8.9, 2.6 Hz, 1H, H5), 7.40 — 7.45 (m, 1H, H(Ar)), 7.45 — 7.51 (m, 2H,
2 X H(Ar)), 7.61 — 7.66 (m, 3H, 3 x H(Ar)), 7.71 — 7.76 (m, 1H, H(Ar)), 8.02 — 8.08 (m, 2H,
2 x H(Ar)), 12.69 (s, 1H, OH).

13C NMR (100 MHz, CDCls): & = : 26.28 (COCHs), 70.41 (CH), 101.87 (C(Ar)), 107.91
(C(Ar)), 114.60 (C(Ar)), 127.31 (2 x (C(Ar)), 127.57 (2 x (C(Ar)), 128.54 (C(Ar)), 128.65 (2
x (C(Ar)), 129.05 (2 x (C(Ar)), 132.56 (C(Ar), 132.88 (C(Ar), 139.56 (C(Ar)), 146.89
(C(AN)), 164.31 (C(Ar)), 165.07 (C(Ar)), 192.63 (CO), 202.71 (COCHa).

Melting point: [142 — 145] °C.
Molecular weight: 346.38 g/mol.

Rf (DCM/EtOAC 5:5): 0.55.
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2.3.2.6. Synthesis of 2-(4-acetyl-3-hydroxyphenoxy)-1-(4-chlorophenyl)ethan-1-one
(EMAC10168Kk)

Cl
O

O/@f‘\
O OH

Figure 53. Structure of EMAC10168k.

The compound EMAC10168k (Figure 53) was obtained through the general procedure
referred on the section 2.3.2. on the following conditions: 2',4'-dihydroxyacetophenone
(0.50 g, 3.30 mmol), acetone (10 mL) and K2COs (1.14 g, 8.28 mmol) were mixed, and 2-
bromo-4'-chloroacetophenone (0.84 g, 3.61 mmol) was added. The reaction mixture was
stirred for 3 h. Afterward, the mixture was poured into 50 mL of H,SO4 0.5M. For the
chromatographic column DCM was used as eluent. The resulting fractions were
recrystallized from DCM/n-hexane giving a light-yellow solid.

Yield: 65.3 %

IH NMR (400 MHz, CDCls): 8= 2.58 (s, 3H, COCHs), 5.29 (s, 2H, CHy), 6.40 (d, J = 2.6
Hz, 1H, H3), 6.54 (dd, J = 8.9, 2.6 Hz, 1H, H5), 7.49 — 7.53 (m, 2H, 2 x H(Ar)), 7.68 (d, J
= 8.9 Hz, 1H, H6), 8.93 — 8.96 (m, 2H, 2 x H(Ar)), 12.70 (s, 1H, OH).

13C NMR (100 MHz, CDCls): & = : 26.29 (COCHs), 70.37 (CH,), 101.81 (C(Ar)), 107.81
(C(AN), 114.67 (C(Ar)), 129.34 (2 x (C(Ar’)), 129.53 (2 x (C(Ar)), 132.59 (C(Ar)), 132.59
(C(Ar)), 140.73 (C(Ar)), 164.06 (C(Ar)), 165.04 (C(Ar), 192.16 (CO), 202.73 (COCHs).

Melting point: [112 — 114] °C.
Molecular weight: 304.73 g/mol.

Rf (DCM/EtOAC 5:5): 0.57.

2.3.2.7. Synthesis of 2-(4-acetyl-3-hydroxyphenoxy)-1-(3-methoxyphenyl)ethan-1-one
(EMAC10168m)

Figure 54. Structure of EMAC10168m.
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The compound EMAC10168m (Figure 54) was obtained through the general procedure
referred on the section 2.3.2. on the following conditions: 2',4'-dihydroxyacetophenone
(1.00 g, 6.60 mmol), acetone (20 mL) and K>COs (2.28 g, 16.5 mmol) were mixed, and 2-
bromo-3'-methoxyacetophenone (1.66 g, 7.27 mmol) was added. The reaction mixture
was stirred for 5 h. Afterward, the mixture was poured into 100 mL of H.SO4 0.5M. For the
chromatographic column DCM was used as eluent. The resulting fractions were

recrystallized from DCM/n-hexane giving a white solid.
Yield: 82.4 %

'H NMR (400 MHz, CDCls): &= 2.55 (s, 3H, CHs), 3.87 (s, 3H, CHs), 5.32 (s, 2H, CH>),
6.38 (d, J = 2.5 Hz, 1H, H3), 6.54 (dd, J = 8.9, 2.6 Hz, 1H, H5), 7.16 — 7.19 (m, 1H, H(Ar)),
7.40 — 7.44 (m, 1H, H(Ar)), 7.49 — 7.50 (m, 1H, H(Ar)), 7.52 — 7.55 (m, 1H, H(Ar’)), 7.65
(d, J = 8.9 Hz, 1H, H6), 12.69 (s, 1H, OH).

13C NMR (100 MHz, CDCls): d = : 26.28 (CHs), 55.54 (CHs), 70.35 (CHz), 101.81 (C(Ar)),
107.90 (C(Ar)), 112.35 (C(Ar)), 114.58 (C(Ar)), 120.38 (C(Ar)), 120.66 (C(Ar)), 129.98
(C(Ar)), 132.54 (C(Ar)), 135.48 (C(Ar)), 160.09 (C(Ar)), 164.29 (C(Ar)), 165.04 (C(Ar)),
192.80 (CO), 202.71 (COCHs).

Melting point: [100 — 101] °C.
Molecular weight: 300.31 g/mol.

Rf (DCM/EtOAC 5:5): 0.42.

2.3.3. Synthesis of the 4H-chromene compounds (EMAC10169 series)

General procedure: In a vial, DMF was added to POCI; (2 mmol) at -10 °C and the mixture
stayed with stirring for 10 min. EMAC10168a-m (1 mmol) dissolved in DMF was added to

the previous mixture at -10 °C and kept stirring for 1 hour. After that time the reaction was
kept at room temperature and controlled with TLC until completion. After finishing, the
mixture was extracted with ethyl acetate. The combined organic layers were dried with
anhydrous sodium sulphate, filtered and the solvent evaporated. The compound was
purified by chromatographic column and the fractions with the desired compound were

collected, evaporated, and recrystallized.

71




CHAPTER 2

2.3.3.1. Synthesis of 4-0xo0-7-(2-oxo0-2-(p-tolyl)ethoxy)-4H-chromene-3-carbaldehyde
(EMAC10169a)

O
0}
oo
O o

Figure 55. Structure of EMAC10169a.

The compound EMAC10169a (Figure 55) was obtained through the general procedure
referred on the section 2.3.3. on the following conditions: 6 mL of DMF were added to
POCI; (650 pL, 6.97 mmol). EMAC10168a (1.00 g, 3.51 mmol) dissolved in another 6 mL
of DMF was added to the previous mixture. The reaction finished 6 days later, and the
eluent used on the chromatographic column was DCM/EtOAc 88:12 to 100% of EtOAc.
The fractions collected were recrystallized from DCM/n-hexane giving a light-yellow solid.

Yield: 22.3 %

IH NMR (400 MHz, CDCls): 8= 2.45 (s, 3H, CHs), 5.42 (s, 2H, CH,), 6.91 (d, J = 2.4 Hz,
1H, H8), 7.10 (dd, J = 8.9, 2.4 Hz, 1H, H6), 7.32 — 7.34 (m, 2H, 2 x H(Ar)), 7.88 — 7.91 (m,
2H, 2 x H(Ar")), 8.21 (d, J = 8.9 Hz, 1H, H5), 8.45 (s, 1H, H2), 10.36 (s, 1H, CHO).

13C NMR (100 MHz, CDCls): & = 21.84 (CHs), 70.65 (CH>), 102.50 (C(Ar)), 115.55 (C(Ar)),
119.51 (C(Ar)), 120.30 (C(Ar)), 127.83 (C(Ar)), 128.15 (2 x (C(Ar)) 129.77 (2 x (C(Ar)),
131.53 (C(Ar)), 145.57 (C(Ar)), 157.73 (C(Ar)), 160.27 (C(Ar)), 175.20 (C(Ar)), 188.78
(CHO), 192.24 (CO).

ESI/MS m/z (%): 323 ((M+H] *, 100).
Melting point: [159 — 161] °C.
Molecular weight: 322.32 g/mol.

Rf (DCM/EtOAC 5:5): 0.82.
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2.3.3.2. Synthesis  of 7-(2-(4-methoxyphenyl)-2-oxoethoxy)-4-oxo0-4H-chromene-3-
carbaldehyde (EMAC10169b)

Figure 56. Structure of EMAC10169b.

The compound EMAC10169b (Figure 56) was obtained through the general procedure
referred on the section 2.3.3. on the following conditions: 3 mL of DMF were added to
POCI; (310 pL, 3.33 mmol). EMAC10168b (0.50 g, 1.66 mmol) dissolved in another 3 mL
of DMF was added to the previous mixture. The reaction finished 72 h later and the eluent
used on the chromatographic column was DCM/EtOAc 88:12 to 100% of EtOAc. The
fractions collected were recrystallized from DCM/n-hexane giving a light-yellow solid.

Yield: 34.5 %

IH NMR (400 MHz, CDCls): 8= 3.90 (s, 3H, OCHa), 5.39 (s, 2H, CHy), 6.91 (d, J = 2.4 Hz,
1H, H8), 6.97 — 7.01 (m, 2H, 2 x H(Ar)), 7.10 (dd, J = 8.9, 2.4 Hz, 1H, H6), 7.96 — 8.00 (m,
2H, 2 x H(Ar)), 8.20 (d, J = 8.9 Hz, 1H, H5), 8.44 (s, 1H, H2), 10.36 (s, 1H, CHO).

13C NMR (100 MHz, CDCls): d = 55.63 (OCHs), 70.58 (CH2), 102.49 (C(Ar)), 114.29 (2 x
(C(Ar)), 115.58 (C(Ar’)), 119.47 (C(Ar)), 120.28 (C(Ar)), 127.00 (C(Ar)), 127.79 (C(Ar)),
130.46 (2 x C(Ar’)), 157.73 (C(Ar)), 160.28 (C(Ar)), 163.32 (C(Ar)), 164.49 (C(Ar)), 175.19
(C(Ar)), 188.78 (CHO), 191.14 (CO).

ESI/MS m/z (%): 379 ((M+H]*, 100).
Melting point: [160 — 162] °C.
Molecular weight: 338.32 g/mol.

Rf (DCM/EtOAC 5:5): 0.65.
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2.3.3.3. Synthesis of 7-(2-(4-bromophenyl)-2-oxoethoxy)-4-oxo-4H-chromene-3-
carbaldehyde (EMAC10169c)

Figure 57. Structure of EMAC10169c.

The compound EMAC10169c (Figure 57) was obtained through the general procedure
referred on the section 2.3.3. on the following conditions: 3 mL of DMF were added to
POCIs (270 pL, 2.90 mmol). EMAC10168c (0.50 g, 1.43 mmol) dissolved in another 3 mL
of DMF was added to the previous mixture. The reaction finished 6 days later, and the
eluent used on the chromatographic column was DCM/EtOAc 88:12 to 100% of EtOAc.
The fractions collected were recrystallized from DCM/n-hexane giving a yellow solid.

Yield: 36.1 %

H NMR (400 MHz, DMSO): 8= 5.81 (s, 2H, CHy), 7.24 (dd, J = 8.9, 2.4 Hz, 1H, H6), 7.39
(d, J = 2.4 Hz, 1H, H8), 7.81 — 7.83 (m, 2H, 2 x H(Ar)), 7.96 — 7.98 (m, 2H, 2 x H(Ar")),
8.06 (d, J = 8.9 Hz, 1H, H5), 8.85 (s, 1H, H2), 10.11 (s, 1H, CHO).

13C NMR (100 MHz, DMSO): & = 71.30 (CH,), 103.16 (C(Ar)), 116.32 (C(Ar)), 118.94
(C(Ar)), 120.34 (C(Ar)), 127.23 (C(Ar), 128.53 (C(Ar)), 130.42 (2 x C(Ar)), 132.37 (2 x
C(Ar)), 133.62 (C(Ar)), 157.79 (C(Ar)), 163.60 (C(Ar)), 163.65 (C(Ar)), 174.59 (C(An),
189.01 (CHO), 193.24 (CO).

ESI/MS m/z (%): 386 ((M+H]*, 100).
Melting point: [191 — 194] °C.
Molecular weight: 387.19 g/mol.

Rf (DCM/EtOAC 5:5): 0.80.
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2.3.3.4. Synthesis of 7-(2-(4-fluorophenyl)-2-oxoethoxy)-4-0xo-4H-chromene-3-
carbaldehyde (EMAC10169d)

Figure 58. Structure of EMAC10169d.

The compound EMAC10169d (Figure 58) was obtained through the general procedure
referred on the section 2.3.3. on the following conditions: 6 mL of DMF were added to
POCI; (650 pL, 6.97 mmol). EMAC10168d (1.00 g, 3.48 mmol) dissolved in another 6 mL
of DMF was added to the previous mixture. The reaction finished 4 days later, and the
eluent used on the chromatographic column was DCM/EtOAc 88:12 to 100% of EtOAc.
The fractions collected were recrystallized from DCM/n-hexane giving a light-orange solid.

Yield: 25.3 %

IH NMR (400 MHz, DMSO): 8= 5.82 (s, 2H, CH>), 7.24 (dd, J = 8.9, 2.4 Hz, 1H, H6), 7.38
(d, J = 2.4 Hz, 1H, H8), 7.41 — 7.46 (m, 2H, 2 x H(Ar")), 8.06 (d, J = 8.9 Hz, 1H, H5), 8.11
—8.15 (m, 2H, 2 x H(Ar")), 8.85 (s, 1H, H2), 10.12 (s, 1H, CHO).

13C NMR (100 MHz, DMSO): & = 71.25 (CH,), 103.15 (C(Ar)), 116.29 (C(Ar)), 116.41 (d,
Jor = 18.7 Hz, C3', C5'), 118.92 (C(An), 120.34 (C(Ar)), 127.22 (C(Ar)), 131.40 (d, Jcr =
2.8 Hz, C1’), 13151 (d, Jcr = 9.6 Hz, C2', C6'), 157.80 (C(Ar)), 163.59 (C(Ar)), 163.70
(C(Ar)), 165.90 (d, Jcr = 252.6 Hz, C4’), 189.02 (CHO), 192.56 (CO).

ESI/MS m/z (%): 327 ((M+H]*, 100).
Melting point: [199 — 202] °C.
Molecular weight: 326.28 g/mol.

Rf (DCM/EtOAC 5:5): 0.77.
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2.3.3.5. Synthesis of 7-(2-([1,1'-biphenyl]-4-yI)-2-oxoethoxy)-4-oxo0-4H-chromene-3-
carbaldehyde (EMAC101699)

Figure 59. Structure of EMAC10169g.

The compound EMAC10169g (Figure 59) was obtained through the general procedure
referred on the section 2.3.3. on the following conditions: 3 mL of DMF were added to
POCI; (270 pL, 2.89 mmol). EMAC10168g (0.50 g, 1.45 mmol) dissolved in another 3 mL
of DMF was added to the previous mixture. The reaction finished 4 days later, and the
eluent used for the chromatographic column was DCM/EtOAc 88:12 to 100% of EtOAc.
The fractions collected were recrystallized from DCM/n-hexane giving a light-yellow solid.

Yield: 17.4 %

IH NMR (400 MHz, CDCls): 8= 5.47 (s, 2H, CHy), 6.94 (d, J = 2.4 Hz, 1H, H8), 7.13 (dd, J
= 8.9, 2.4 Hz, 1H, H6), 7.42 — 7.46 (m, 1H, H(AN), 7.47 — 7.52 (m, 2H, 2 x H(AI)), 7.63 —
7.66 (M, 2H, 2 X H(AN), 7.74 — 7.77 (M, 2H, 2 X H(Ar)), 8.06 — 8.09 (m, 2H, 2 x H(Ar)), 8.23
(d, J = 8.9 Hz, 1H, H5), 8.46 (s, 1H, H2), 10.37 (s, 1H, CHO).

13C NMR (100 MHz, CDCls): & = 70.79 (CH,), 102.55 (C(Ar), 115.54 (C(Ar)), 119.61
(C(Ar)), 120.33 (C(Ar)), 127.31 (2 x C(Ar)), 127.69 (2 x C(Ar)), 127.91 (C(Ar)), 128.68
(C(AN)), 128.68 (2 x C(Ar), 129.11 (2 x C(Ar)), 132.64 (C(Ar)), 139.45 (C(Ar)), 147.20
(C(AN), 157.75 (C(Ar)), 160.27 (C(Ar), 163.21 (C(Ar)), 175.21 (C(Ar)), 188.77 (CHO),
192.28 (CO).

ESI/MS m/z (%): 385 ([M+H] *, 100).
Melting point: [189 — 192] °C.
Molecular weight: 384.39 g/mol.

Rf (DCM/EtOAC 5:5): 0.94.
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2.3.3.6. Synthesis of 7-(2-(4-chlorophenyl)-2-oxoethoxy)-4-oxo0-4H-chromene-3-
carbaldehyde (EMAC10169k)

Figure 60. Structure of EMAC10169k.

The compound EMAC10169k (Figure 60) was obtained through the general procedure
referred on the section 2.3.3. on the following conditions: 3 mL of DMF were added to
POCI; (310 pL, 3.31 mmol). EMAC10168k (0.50 g, 1.64 mmol) dissolved in another 3 mL
of DMF was added to the previous mixture. The reaction finished 6 days later, and the
eluent used for the chromatographic column was DCM/AcOEt 88:12 to 100% of AcOEt.
The fractions collected were recrystallized from DCM/n-hexane giving a light-yellow solid.

Yield: 23.0 %

IH NMR (400 MHz, CDCls): 8= 5.39 (s, 2H, CHy), 6.92 (d, J = 2.4 Hz, 1H, H8), 7.09 (dd, J
= 8.9, 2.4 Hz, 1H, HB), 7.50 — 7.53 (M, 2H, 2 x H(Ar)), 7.93 — 7.96 (m, 2H, 2 x H(Ar)), 8.22
(d, J = 8.9 Hz, 1H, H5), 8.45 (s, 1H, H2), 10.36 (s, 1H, CHO).

13C NMR (100 MHz, CDCls): & = 70.72 (CH), 102.54 (C8), 115.43 (C6), 119.70 (C(Ar)),
120.34 (C(Ar)), 127.96 (C5), 129.48 (2 x C(Ar)), 129.53 (2 x C(Ar)), 132.30 (C(Ar)), 141.06
(C(An), 157.71 (C(AR), 160.30 (C2), 162.98 (C(Ar)), 175.15 (C(Ar)), 188.71 (CHO), 191.76
(CO).

ESI/MS m/z (%): 343 ((M+H] *, 100).
Melting point: [171 — 173] °C.
Molecular weight: 342.73 g/mol.

Rf (DCM/EtOAC 5:5): 0.83.
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2.3.3.7. Synthesis  of 7-(2-(3-methoxyphenyl)-2-oxoethoxy)-4-oxo0-4H-chromene-3-
carbaldehyde (EMAC10169m)

o

O
(0]
wo
(6) O

Figure 61. Structure of EMAC10169m.

The compound EMAC10169m (Figure 61) was obtained through the general procedure
referred on the section 2.3.3. on the following conditions: 3 mL of DMF were added to
POCI; (310 pL, 3.32 mmol). EMAC10168m (0.50 g, 1.66 mmol) dissolved in another 3 mL
of DMF was added to the previous mixture. The reaction finished 4 days later, and the
eluent used for the chromatographic column was DCM/AcOEt 88:12 to 100% of AcOEt.
The fractions were collected and recrystallized from DCM/n-hexane giving a light-yellow
solid.

Yield: 26.0 %

IH NMR (400 MHz, CDCls): 5= 3.88 (s, 3H, OCHsa), 5.43 (s, 2H, CH,), 6.91 (d, J = 2.4 Hz,
1H, H8), 7.10 (dd, J = 8.9, 2.4 Hz, 1H, H6), 7.19 — 7.22 (m, 1H, H(Ar)), 7.42 — 7.46 (m,
1H, H(Ar)), 7.51 — 7.52 (m, 1H, H(Ar)), 7.55 — 7.57 (m, 1H, H(Ar")), 8.22 (d, J = 8.9 Hz,
1H, H5), 8.45 (s, 1H, H2), 10.37 (s, 1H, CHO).

13C NMR (100 MHz, CDCls): 8 = 55.57 (OCHzs), 70.73 (CHy), 102.52 (C(Ar)), 112.48
(C(Ar)), 115.52 (C(Ar)), 119.58 (C(Ar)), 120.32 (C(Ar)), 120.36 (C(Ar)), 120.80 (C(Ar)),
127.88 (C(Ar)), 130.10 (C(Ar)), 135.25 (C(Ar)), 157.73 (C(Ar)), 160.19 (C(Ar)), 160.28
(C(Ar)), 163.19 (C(Ar)), 175.20 (C(Ar)), 188.77 (CHO), 192.47 (CO).

ESI/MS m/z (%): 339 ([M+H] *, 100).
Melting point: [156 — 157] °C.
Molecular weight: 338.32 g/mol.

Rf (DCM/EtOAc 5:5): 0.82.
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2.4. Carbonic anhydrase inhibition assay

The CA catalyzed CO, hydration/inhibition was measured by using a stopped-flow
instrument as the method previously described [287]. Initial rates of the CA-catalyzed CO»
hydration reaction were followed for 10 — 100 s. The CO; concentrations were ranged from
1.7 to 17 mM for the determination of the inhibition constants. For each inhibitor, at least
six traces of the initial 5 — 10 % of the reaction were used for assessing the initial velocity.
The uncatalyzed rates were subtracted from the total observed rates. Stock solutions of
inhibitors (10 mM) and dilutions up to 0.01 nM were prepared in distilled-deionized water.
Inhibitor and enzyme solutions were preincubated together for 15 min at room temperature
prior to assay, in order to allow for the formation of the E — | complex. The inhibition
constants were obtained by non-linear least-squares methods using PRISM 3 as reported
earlier and represent the mean from at least three different determinations. hCA |, hCA I,
hCA IX, and hCA XII (catalytic domain) were recombinant proteins produced inhouse using
our standardized protocol and their concentration in the assay system was in the range of
3 — 10 nM. AAZ was used as reference CAI [251, 252, 288].
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2.5. Binding DB and Pipeline Pilot as chemoinformatic tools for

data search and mining

Data search, which results were included in section 1.3, was performed as follows.

Using Binding DB platform (www.bindingdb.org) [241], a chemical structure search was
made with the coumarin structure, substructure search type and activity filter as shown in
Figure 62. The same was made with the chromone structure.

The Binding Database
Home Info Download About us Email us Contribute data ‘Web Services Beta Site
myBOB Iogout Structure Search
S h and B
°>earch and Browse Draw a structure or paste a SMILES string below, and/or upload a file
Torget o . " Search Type:
Sequence (= ] * O 6l ®s‘ 2 -3-H S @ @® Substructure
Name & . o O Similarity:[ 0.85 204
Ki 1C50 Kd EC50 “Ya v(0ss  Jeod
(U Exact
Rate constants & H
NG AHE " Activity Filter:
AG® AH® -TAS
c .
pH (Enzymatic Assay) 7 1 < KifnM) <[10000
pH (ITC) o N 1 < IC50 (nM) <|10000
Substrate or Competiter 5 none < AG® (kealmol) <[none |

Compound Mol. Wi
Chemical Structure
Pathways
Source Organism
Number of Compounds

lar Weight Filter:
|« Mw <[none |

|ncne

Is every molecule a HET in PDB? @ no Oyes

®
é /;

@ AND O OR
Monomer List in csv

Het List in SDF
Compound

FDA Drugs

Important Compounds
Name

SMILES

MNumber of Data / Targets

lore SMILES or InChI

®

BYUOOO
[0=Cc10c2=c(c=cC=C2)Cc=C1 |[oK]

Browse for and upload your compound file (only first 100 compounds are processed). Acceptable formats are detailed here. Examples include SDfiles and SMILES lists.
Escolher ficheire | Nenhum ficheiro selecionado

Special tools

Figure 62. Screenshot from Binding DB regarding chemical structure search of coumarin by substructure type and activity

filters.

The search gave 5707 entries for coumarin and 5051 for chromone, without filtering
(Figure 63).

A | Resuits of multiple-compound chemical search B |Resuilts of multiple-compound chemical search

Query Compound Compounds Found Query Compound Compounds Found

All queried compounds All queried compounds

(Merged results) 5707 (Merged results) 5051
(0]
5707 (without filtering) o 5051(without filtering)

0=C10C2=C(C=CC=C2)C=C1 0=C1C=C0C2=C1C=CC=C2

Figure 63. Screenshot showing the results, without filtering, for substructure search in Binding DB: (A) coumarin; (B)

chromone.

80




CHAPTER 2

Accessing these results, we were able to see the entries with filtering, in table format, as

shown in Figure 64.

Compile Data Set for Download or QSAR
| Add this page || Add all pages | Clear Selection |
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|| Make Data Set |

Search Results
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. . Y
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Search Results

Similarity=0.24

|| Make Data Set |

Query molecule
0

O

(o]

Similarity=0.22
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o ]\
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BDBM7461
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BDBM9449
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Similarity=0.25

Similarity=0.25

Similarity=0.26

Similarity=0.26
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Figure 64. Screenshot of Binding DB search results, with filtering, for: (A) coumarin; (B) chromone.

Afterwards all pages were added, and a Data Set was made, opened in Maestro, seen in
table and this table was exported in text format, in order to be opened in excel. In excel
the data was organized by activity and also by target and a bibliographic research was

made based on these search entries from Binding DB.

Another data search was performed using Binding DB and Pipeline Pilot [289]. Firstly, a
simple search was made in Binding DB (Figure 65). This search was made for carbonic
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anhydrase IX and carbonic anhydrase XII, separately and without substructure restriction.
For CA IX we obtained 6248 hits and for CA XII 4758 hits, as shown in Figure 66. All the

pages were added, and a data set was made for each isoform.

The Binding Database

BTfitling{e

Please try our new beta-test BindingDB site!
myBDE logout + Responsive design for better display on tablests and phenes

oSearch and Browse « New tool to filter search results by e.g. target, article, affinity, xtal structure

Target + Simplified new look
Sequence
Name & BindingDB s a public, web-accessible database of measured binding affinities, focusing chiefly on the interactions of protein

considered to be drug-targets with small, drug-like molecules. As of November 8 2021, BindingDB contains 41,296 Entries.
Ki 1C50 Kd EC50 each with a DO, containing 2,369 418 binding data for 8 634 protein targets and 1,023,385 small molecules.
Rate constants

AG® AH® -TAS®

pH (Enzymatic Assay)
pH (ITC)

There are 5.988 protein-ligand crystal structures with BindingDB affinity measurements for proteins with 100% sequence
identity, and 11,442 crystal structures allowing proteins to 85% sequence identity.

You can also use BindingDB data through the Registry of Open Data on AWS: hitps firegistry opendata aws/binding-¢b

Substrate or Competitor
Compound Mol. Wt
Chemical Structure

Simple Search
Article Titles, Authors,
Assays, Compound
Names, Target Names.

Carbonic anhydrase X
Use ? for single-letter wild-card o * for general wild-card
For example, “adeny*" or "adeny>". Query cannol start with wild card.

Pathways
Source Organism
Number of Compounds

Combine multiple search criteria, such as chemical structures, target names, and numerical

Advanced Search  riiec restrict searches by data source, such as BindingDE, CHEMBL, PubChem, and Patents.

Monemer List in csv

Het List in SDF
Compound

FDA Drugs

Important Compounds

Chemical Structure

Name

Recently added Targets
Stimulator of interferon genes protein, Human, ADA2R3XZB7 (Curated 10/09/21), STING: 28
subpM ligands.

Indoleamine 2,3-dioxygenase 1, Dog, E2R1E8 (Curated 09/26/21), IDO1: 2 subuM ligands
Multifunctional protein ADE2, Human, P22234 (Curated 10/04/21), PAICS: 45 subuM ligands
Tyrosine-protein kinase Mer, Human, Q12866 (Curated 12/25/12), MERTK: 2431 subuM
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Figure 65. Screenshot of the simple search page in Binding DB.
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Figure 66. Screenshot of the results table for (A) CA IX and (B) CA XllI simple search in Binding DB.
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The database saved was used in a Pipeline Pilot protocol, represented in Figure 67, in

order to search coumarin and chromone substructures in these two databases.

@ Pipeline Pilot Student Edition - [searchdsubstructure-frommolfil... — oy
File Edit View Tools Window Help - B X
OLE &% 23 00 - || e O ¢4
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Jobs Help Parameters | Implementation

Fine Server: localh

Figure 67. Screenshot of the Pipeline Pilot protocol for substructure search.
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2.6. Theoretical prediction of drug-like properties

Rules such as the ones first introduced by Lipinski [290, 291], and then further upgraded
by Veber et al. [292] influence decision making before the synthesis of drug candidates
and are also important in the selection of molecules from screening large compounds
libraries obtained from commercial providers. The software QikProp 2.1, developed by
Jorgensen and coworkers, has the capacity of calculating 36 molecular and biological
properties [293, 294]. loakimidis et al. investigated the reliability of the program by
comparing its physical-chemical property predictions with known measured values and, in
the case of the ADME properties, marketed drug compounds with an established
therapeutic effect [295]. Good correlation with experimental results was found in most of
the properties confirming the conclusions of QikProp developers. Their results led them to
recommend this software in the context of drug discovery projects [295]. Table 8 lists the
properties and descriptors, relevant for this work, given by QikProp.

Table 8. QikProp properties and descriptors with description and range or recommended values, from the QikPro user

manual.

Property or Range or
P . y Description Recommended
Descriptor
Values
Number of property or descriptor values that fall outside the 95%
range of similar values for known drugs. A large number of stars
suggests that a molecule is less drug-like than molecules with few
Stars stars. The following properties and descriptors are included in the 0-5
determination of stars: MW, dipole, IP, EA, SASA, FOSA, FISA,
PISA, WPSA, PSA, volume, rotor, donorHB, accptHB, glob,
QPpolrz, QPlogPC16, QPlogPoct, QPlogPw, QPlogPo/w, logS,
QPLogKhsa, QPlogBB, metabol.
Rotor Numbe_r of non-trivial (not CX3), non-hindered (not alkene, amide, 0-15
small ring) rotatable bonds.
Number of reactive functional groups; the specific groups are
HVEG listed in the jobname .out file. The presence of these groups can 0-2
lead to false positives in HTS assays and to decomposition,
reactivity, or toxicity problems in vivo.
CNS Pre(_lllcted central nervous system activity on a -2 (inactive) to +2 242
(active) scale.
mol_MW Molecular weight of the molecule. 130.0-725.0
dipole Computed dipole moment of the molecule. 1.0-125
SASA Total solven.t accessnble. surface areg (SASA) in square 300.0 — 10000
angstroms using a probe with a 1.4 A radius.
FOSA Hydrophobic component of the SASA (saturated carbon and 0.0 —750.0
attached hydrogen).
FISA Hydrophilic component of the SASA (SASA on N, O, and H on 70-3300
heteroatoms).
PISA  (carbon and attached hydrogen) component of the SASA. 0.0 -450.0
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WPSA Weakly polar component of the SASA (halogens, P, and S). 0.0-175.0

volume Tgtal soIvent-ac_cessmIe volume in cubic angstroms using a probe 500.0 — 2000.0

with a 1.4 A radius.
Estimated number of hydrogen bonds that would be donated by

donorHB the solute to water molecules in an aqgeous.solutlon. Values are 00-6.0

averages taken over a number of configurations, so they can be
non-integer.
Estimated number of hydrogen bonds that would be accepted by

accptHB the solute from water molecules in an aQI:IEOUS. solution. Values 20-20.0

are averages taken over a number of configurations, so they can
be non-integer.
Square of the dipole moment divided by the molecular volume.
dip"2/V This is the key term in the Kirkwood-Onsager equation for the free 0.0-0.13
energy of solvation of a dipole with volume V.
ACXDNA 5/SA Index of cohesive interaction in solids. This term represents the 0.0 — 0.05

X . .0-0.

relationship (accptHB(y/donorHB))/(SA) [296].
Globularity descriptor, (4nr?)/(SASA), where r is the radius of a

Glob sphere with a volume equal to the molecular volume. Globularity 0.75-0.95
is 1.0 for a spherical molecule.

QPpolrz Predicted polarizability in cubic angstroms. 13.0-70.0
QPlogPC16 Predicted hexadecane/gas partition coefficient. 4.0-18.0
QPlogPoct Predicted octanol/gas partition coefficient. 8.0-35.0

QPlogPw Predicted water/gas partition coefficient. 4.0-45.0
QPlogPo/w Predicted octanol/water partition coefficient. -20-+6.5

Predicted aqueous solubility, log S. S in mol dm=2 is the
QPlogS concentration of the solute in a saturated solution that is in -6.5-+0.5
equilibrium with the crystalline solid.
Conformation-independent predicted aqueous solubility, log S. S
CIQPlogS in mol dm=2 is the concentration of the solute in a saturated -6.5-+0.5
solution that is in equilibrium with the crystalline solid.
QPlogHERG Predicted ICso value for blockage of HERG K* channels. Concern below -5
Predicted apparent Caco-2 (colorectal adenocarcinoma) cell < 25 poor
QPPCaco permeability in nm/sec. Caco-2 cells are a model for the gut-blood P
. . - . > 500: great
barrier. QikProp predictions are for non-active transport.
Predicted brain/blood partition coefficient. Note: QikProp
QPlogBB predlctl_ons are for qrally delivered (Eirugs so, for example, 3412
dopamine and serotonin are CNS negative because they are too
polar to cross the blood-brain barrier
Predicted apparent MDCK (Madin-Darby Canine Kidney) cell
QPPMDCK permeability in nm/sec. MDCK cells are considered to be a good < 25: poor
mimic for the blood-brain barrier. QikProp predictions are for non- > 500: great
active transport.

QPlogKp Predicted skin permeability, log Kp. -8.0--1.0

IP(ev) PM3 calculated ionization potential. 7.9-105

EA(eV) PM3 calculated electron affinity. -0.9-+17

metab Number of likely metabolic reactions. 1-8
QPlogKhsa Prediction of binding to human serum albumin. -1.5-+15
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Predicted qualitative human oral absorption. The text version is

reported in the output. The assessment uses a knowledge-based 1: low
HumanOralAbso . . . . .
rotion set of rules, including checking for suitable values of 2: medium
P PercentHumanOralAbsorption, number of metabolites, number of 3: high
rotatable bonds, logP, solubility and cell permeability.
Predicted human oral absorption on 0 to 100% scale. The
PercentHuman-  prediction is based on a quantitative multiple linear regression > 80%: high
OralAbsorption  model. This property usually correlates well with HumanOral- < 25%: poor
Absorption, as both measure the same property.
SAFluorine Solvent-accessible surface area of fluorine atoms. 0.0-100.0
PSA Van der Waals surface area of polar nitrogen and oxygen atoms. 7.0 -200.0
NandO Number of nitrogen and oxygen atoms. 2-15

Number of violations of Lipinski’s rule of five. The rules are:
mol_MW < 500, QPlogPo/w < 5, donorHB < 5, accptHB < 10.

RuleOfFi . . . Maxi is 4
uiettHive Compounds that satisfy these rules are considered drug-like. (The axamum 1s
“five” refers to the limits, which are multiples of 5.)
Number of violations of Jorgensen'’s rule of three. The three rules
RuleOfThree are: QPlogs > -5..7, QP PCaco > 22 nm/s, Prlmgry Metabolltes < Maximum is 3
7. Compounds with fewer (and preferably no) violations of these
rules are more likely to be orally available.
ringatoms Number of atoms in rings. -
in56 Number of atoms in 5- or 6-membered rings. -
nonHatm Number of heavy atoms (nonhydrogen atoms). -
Predicted maximum transdermal transport rate, K, X MW X
S(ug cm™%hr~1). K, and S are obtained from the aqueous
Jm solubility and skin permeability, QPlogKp and QPlogS. This
property is only written to the output file: it is not used in any other
calculations.

All the compounds subjected to carbonic anhydrase inhibition assay were sent to QikProp
and their theoretical properties were calculated.
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2.7. Molecular Docking

Before docking a molecule into the target structure, it is important to validate the
procedure. For that purpose, the complexes with CA 1X and known inhibitors were found
in Uniprot DB (www.uniprot.org) and BLASTP [297]. The list of the different complexes is
shown in Table 9. The complexes without ligand or equal ligands were not considered.
Afterwards we proceed to the validation through re- and cross-docking, considering the
co-crystallized ligands reported in pdb complexes. This validation method consists in
docking the series of ligands into the same conformation of the protein, in this case CA IX.
The comparison of docked pose and experimental was made through the calculation of
the Root Mean Square Deviation (RMSD) in order to understand if the protocol was able
to reproduce the experimental data. The validation is an update of the previous published
one [298].

Table 9. PDB code and ligand structure of the complexes formed with hCA 1X.

PDB Ligand Structure PDB Ligand Structure
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The same procedure was made for CA XlI, and the complexes pdb codes and respective

ligand structures can be seen in Table 10.

Table 10. PDB code and ligand structure of the complexes formed with hCA XII.

PDB Ligand Structure PDB Ligand Structure
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The RMSD calculation results are listed in Table 11. These results allowed us to validate

the protocol used for the docking experiments of the synthesized compounds.

Table 11. Cross-docking results considering the co-crystallized ligands reported in pdb complexes. Receptor coordinates
were obtained considering hCA 1X pdb 5FL4, and hCA XII pdb 5MSA.

hCA IX hCA IX
PDB PDB Resolution RMSD PDB PDB Resolution RMSD
A) (A)
5FL4 1.82 1.73 5MSA 1.20 1.26
3IAl 2.20 2.00 4KP5 1.45 1.69
5FL5 2.05 1.84 6T5P 1.50 1.62
5FL6 1.95 1.84 1JD0 1.50 1.66
6FEO 1.91 1.97 SLLP 1.48 1.68
6FE1 1.95 1.93 6G5L 1.21 1.10
6G98 2.47 8.62 6QNO 1.89 2.43
6G9U 1.75 8.50 4Q0L 2.00 2.23
6QN2 1.95 1.93 4QJ0 1.80 212
6QN6 2.25 1.01 4QJW 1.55 4.75
6TL5 2.21 5.92 5LL9 1.45 1.57
6TL6 2.15 1.72 6R71 2.00 0.85
5MSB 1.30 1.12
4KP8 1.80 4.60
4HT2 1.45 1.79
4WW8 1.42 2.03
5LLO 1.60 1.28
6QNG 1.67 1.54
6G7A 1.42 2.13
4QJ0 1.55 1.79
6R6Y 1.38 1.73
5LL5 1.42 2.52
5T5Q 1.95 1.55
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2.7.1. Ligand preparation

Theoretical 3D models of the compounds were built using Maestro GUI software. In the
cases of EMAC10163 and EMAC10164 series the opening of the coumarin was also
considered, and the compounds were built in both E and Z configurations, considering the
same mechanism proposed by Maresca et al. [152, 153]. The ligands most stable
conformation has been determined by molecular mechanics conformational analysis
performed by Macromodel software version 9.2 [299], considering Merck Molecular Force
Fields (MMFFs) [300] as force field and solvent effects by adopting the generalized
Born/surface area (GB/SA) water implicit solvation model [301]. The simulations were
performed allowing 5000 steps Monte Carlo analysis with Polak—Ribier Conjugate
Gradient (PRCG) method and a convergence criterion of 0.05 kcal/ (mol A) was used. All

the other parameters were left as default.

2.7.2. Protein preparation

The coordinates for hCA isoforms enzymes were taken from the RCSB Protein Data Bank
[302] (PDB codes 5FL4 [303], for isoform IX and 5MSA [304], for isoform XII). These 3D
structures are high resolutions X-ray models and the alignment with the other 3D structure
did not highlight significative difference to justify the use of an ensemble docking approach.
Maestro Protein Preparation Wizard was used to prepare the proteins. The original water
molecules and ligands were removed. The GIn and Asn residues were analyzed and
orientated with the best terminal amide position. Likewise, the best His tautomer was

chosen according to the best orientation.

2.7.3. Docking experiments

Quantum Mechanics-Polarized Ligand (QMPL) Docking was used for the molecular
docking studies [239, 298, 305]. Grids were defined around the refined structure by
centering on crystallized ligands. The other settings were left as default.

2.7.4. Post-docking experiments

The best pose complexes were then minimized to consider the induced fit phenomena and

used to analyze the ligand binding mode. 10.000 steps of the Polak-Ribier conjugate
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gradient (PRCG) minimization method were conducted on the top ranked theoretical

complexes using OPLS_2005 force field.

The optimization process was performed up to the derivative convergence criterion equal
to 0.1 kcal/(mol*A).
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3.1. Synthesis of furocoumarins

As described on section 2.2.1 the furocoumarins were synthesized by a three steps
pathway (see Figure 25).

Detailed Pechmann condensation proposed mechanism is represented on Figure 68
which starts with the methyl resorcinol and the ester containing a B-carbonyl group [306].
In this step H.SO, act as a condensing agent and solvent.

CH3
CH3
X O\
+ (0]
OHO (6] (6]
Hs CH3

Figure 68. Pechmann condensation proposed mechanism.

This reaction was performed with success and a high yield of 62.6%.

Pechmann condensation was followed by a Williamson reaction [307], which suggested
mechanism can be seen on Figure 69. This synthesis involves a deprotonation followed

by a Sn2 reaction. On this case, potassium carbonate was used as the base.
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CHs CHs
o) .. o)
A > Ky,CHO, = A
0 T o}
L0 0" o o) 0" o
Hx_ CHs CH,
N
- 5 N ~
o)
o) 0" o
CH,

Figure 69. Williamson Ether synthesis suggested mechanism.

These reactions were successfully completed with yields from moderate to high, as seen
on Table 12. The exceptions were compound EMAC10163i and EMAC10163l, which
synthesis were not accomplished. EMAC10163i has two chlorine groups in positions 2’
and 4’, while EMAC10163I has a hydroxyl group in position 2’. The high electronegativity

of this group may be responsible for the unsuccessful results in this synthesis.

Table 12. Yields of the EMAC10163 series synthesis.

Compound Yield (%)
EMAC10163a 86.1
EMAC10163b 27.8
EMAC10163c 46.1
EMAC10163d 63.0
EMAC10163e 37.9
EMAC10163f 19.6
EMAC10163g 73.9
EMAC10163h 49.0
EMAC10163j 88.6
EMAC10163k 46.0
EMAC10163m 55.3
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On the third and last step of this synthetic pathway, an intramolecular condensation, which
is an electrophilic substitution based catalyzed, and ester saponification [308] was
performed to obtain the correspondents furocoumarins with a methylcarboxylic acid in C3
position, which proposed mechanism can be seen, with detail, on Figure 70.

R H He R
9 N 0N —»
0
0 0o
CHs

Figure 70. Intramolecular condensation and ester saponification proposed mechanism occurred in the synthesis of
EMAC10164 series.

These syntheses were successfully accomplished with high yields, as seen on Table 13.
The only exceptions were the compounds EMAC10164e and EMAC10164f, which
isolation was not possible. This two compounds have the nitro compound in positions 4’
and 3, respectively. The number of side products and solubility problems made so far

impossible the isolation of one compound.

Table 13. Yields of the EMAC10164 series synthesis.

Compound Yield (%)
EMAC10164a 96.0
EMAC10164b 67.3
EMAC10164c 90.5
EMAC10164d 89.7
EMAC10164g 50.1
EMAC10164h 93.2
EMAC10164;j 87.1
EMAC10164k 67.9
EMAC10164m 91.7
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3.2. Synthesis of chromones

As described on section 2.3.1 the chromones were synthesized on a two steps pathway
(see Figure 47). The original synthetic pathway consisted of a POCIs-induced cyclization
followed by a Williamson condensation, but this strategy showed to be unproductive, since
the yields of the POCIs-induced cyclization as first step were very low (around 10 %).
Therefore, after some attempts to rise the yield of the reaction, the pathway was inverted,
which revealed to be effective, as can be confirmed by the high yields of this step (Table
14). Unfortunately, the synthesis of compounds EMAC10168e, f, h, i, j, and | remained
unsuccessful. The different electronegativity of the substituents may interfere with the
success of this synthesis. However, this doesn’t explain the case of EMAC10168;j that has
no substituent in the aromatic ring. According to our experience a blend of electron density
and solubility may play a role in the reaction and in these cases, different conditions should
be tested, including different bases, solvents, temperatures, and times of reaction.

Detailed Williamson suggested reaction mechanism is already represented on Figure 69

for the synthesis of furocoumarins and is equal to chromones.

Table 14. Yields of the EMAC10168 series synthesis.

Compound Yield (%)
EMAC10168a 72.6
EMAC10168b 97.1
EMAC10168c 78.9
EMAC10168d 85.1
EMAC10168g 50.0
EMAC10168k 65.3
EMAC10168m 824

The second and last step was the POCIs-induced cyclization. In this reaction Vilsmeier-
Haack reagent is formed in situ (mechanistic proposal is shown on Figure 71) [309]. The
reaction of an acetophenone with this reagent allows the cyclisation to form a chromone,

as suggested by the mechanism seen in Figure 72 [310, 311].
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Q 0
R~Cl R=Cl
0/—\ o ¢ o ¢l
Sy Y |'DI/Cl — \(;3/)\’;\ o~ \N)\CI — \®)\ 8/5\@
|.) Cl// ~cl |‘/ Cl |) CI

Figure 71. Vilsmeier-Haack reagent in situ formation mechanistic proposal.
R\
o & >
o OH OH/A\TN
HCI /%.>_N+ o C')H HCI
@5 oGy -
R H, _H
3 o H7O HN CHa)
o &

Figure 72. Mechanistic proposal for the POCls-induced cyclisation.

HOPOCb

These syntheses were successful, with low yields, as seen on Table 15, but nevertheless
higher than the 10 % yield obtained with the first synthetic approach, and accordingly with
the typical yields of this synthesis [257].

Table 15. Yields of the EMAC10169 series syntheses.

Compound Yield (%)
EMAC10169a 22.3
EMAC10169b 34.5
EMAC10169c 36.1
EMAC10169d 25.3
EMAC10169g 17.4
EMAC10169k 23.0
EMAC10169m 26.3
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3.3. Structural elucidation

3.3.1 Methyl 2-(7-hydroxy-4,8-dimethyl-2-oxo-2H-chromen-3-yl)acetate
(EMAC10163)

This intermediate was characterized by *H, *C and DEPT NMR spectrometry (spectra on
Appendix).

On Table 16 are highlighted the *H NMR chemical shifts of the compound EMAC10163,
indicating chemical shifts (8), in ppm, the number of protons (I), the signal multiplicity (M)
and the coupling constants (J) in Hz. From the obtained *H NMR spectrum was possible

to identify characteristic signals of some protons.

The protons H (5) and H (6) showed doublet multiplicity with coupling constants of 8.8 Hz,
which proves that both couple to each other in ortho position [312]. The protons from the
CHsand CH- groups showed as singlets at chemical shifts between 62.16 and 63.65 ppm
that integrate for 3 H and 2 H, respectively, thus confirming the identity of these groups.
The presence of the group OH was confirmed by the singlet at 10.38 ppm, that integrates
to1lH.

Table 16. *H NMR data from EMAC10163 (solvent: DMSO).

Protons CHs CHs CHs CH2 H(Ar) H(Ar) OH
] 2.16 2.34 3.62 3.65 6.88 7.51 10.38
| 3 3 3 2 1 1 1
M S s s S d d s
- - - 8.8 8.8

Table 17 contains the *C and DEPT (underlined values) NMR data of the compound
EMAC10163, indicating the chemical shifts (3) in ppm. From the **C and DEPT spectra it

was possible to identify some signals.

Carbon C (2) and C (7) were identified with chemical shifts 8161.06 and 6158.43 ppm,

respectively.
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It was possible to identify the C (5) and C (6) carbons, present in the *3C and DEPT NMR
spectrum, with chemical shifts 123.42 and ©111.89 ppm, respectively.

The carbons from the CH; and CH, present in the *C and DEPT NMR spectrum, were
identified with chemical shifts between 87.91 and 851.76 ppm.

The carbon of the ester group was identified with chemical shift 170.71.

For carbons to which it was not possible to assign a signal it is necessary to obtain two-
dimensional NMR spectra. However, the number of signals present agrees with the
number of carbon atoms in the molecule and the set of analyzes performed confirms the

identity of the compounds.

Table 17. *3C NMR data from EMAC10163 (solvent: DMSO).

Carbons (<]
CHs 8.41
C(4)CHs 15.51
CHz 32.80
C(8)CHs 51.27
C(3), C(4), C(4a), C(8), C(8a) n.d.
C(6) 112.40
C(5) 123.92
C@) 158.94
c() 161.57
COOCHs 171.22

n.d. — non defined

3.3.2. 2H-chromen compounds (EMAC10163 series)

This series was characterized by 'H, *C, DEPT NMR (spectra on Appendix) and ESI/MS

spectrometry.

On Table 18 and Table 19 are highlighted the *H NMR chemical shifts of the EMAC10163
series, indicating chemical shifts (d), in ppm, the number of protons (l), the signal
multiplicity (M) and the coupling constants (J) in Hz. From the obtained *H NMR spectrum

was possible to identify characteristic signals of some protons.
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The protons H (5) and H (6) showed doublet multiplicity with chemical shifts between 66.67
and 67.42 and coupling constants between 8.6 and 9.0 Hz, in all compounds, which proves
that both couple to each other in ortho position [312]. The proton H (5) is an exception on
compounds EMAC10163g, EMAC10163j and EMAC10163m since the signs showed as
multiplets. The benzenic ring protons were identified as multiplets, for all compounds
except EMAC10163f where H (5’) showed triplet multiplicity.

The protons from the CHs and CH; groups were identified as singlets, for all compounds,
at chemical shifts between 62.27 and 65.40 ppm, integrating for 3 H and 2 H, respectively,
thus confirming the identity of these groups. EMAC10163h is an exception because one

of the CH> group showed as multiplet.
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Table 19. *H NMR data from EMAC10163f-h and j-m (solvent: CDCls).
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On Table 20 and Table 21 are highlighted the *C and DEPT NMR data (underlined values)
of the EMAC10163 series, indicating the chemical shifts (8) in ppm. From the *C and
DEPT spectra it was possible to identify some signals.

Table 20. *3C and DEPT NMR data from EMAC10163a-e (solvent: CDCls).

4" AN 2
s A
Z
EMAC EMAC EMAC EMAC EMAC
Compound
10163a 10163b 10163c 10163d 10163e
C(8)CHs 8.42 8.43 8.43 8.42 8.43
C(4)CHs 15.38 15.38 15.40 15.39 15.41
C(4)XCHs 21.80 55.57 - - -
C(3)CH; 32.75 32.75 32.75 32.75 32.73
OCHs 52.21 52.21 52.24 52.23 52.26
CH, 71.17 71.15 71.23 71.22 71.53
C(2), C(3), C(4), C(4a),
(2), C(3). €(4), Cla) n.d. n.d. n.d. n.d. n.d.
C(7), C(8), C(8a)
130.81
c(1) n.d. n.d. n.d. n.d.
(d,J=3.1Hz)
131.00
C(2), c(6) n.d. n.d. n.d. n.d.
(d, J=9.5Hz)
116.17
C(3), C(5) n.d. nd. nd. nd.
(d, J=22.0 Hz)
166.26
Cc(4) n.d. n.d. n.d. n.d.
(d, J =256.7 Hz)
C(5), (6) n.d. nd. nd. nd. nd.
COOCH; 170.88 170.88 170.85 170.86 170.82
co 193.71 192.64 193.43 192.75 193.36

n.d. — non defined
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Table 21. *3C and DEPT NMR data from EMAC10163f-h and j-m (solvent: CDCly).

EMAC EMAC EMAC EMAC EMAC EMAC
Compound .
10163f 101639 10163h 10163j 10163k 10163m
C(8)CHs 8.40 8.45 8.35 8.42 8.42 8.43
C(4)CH; 15.41 15.40 15.40 15.39 15.39 15.39
C(3)CH; 32.74 32.75 32.76 32.76 32.74 32.76
OCHs 52.25 52.22 52.23 52.22 52.23 52.22
C(3’)OCH; - - - - - 52.52
73.71
CH, 71.53 71.28 71.20 71.24 71.22
(d, J=12.3 Hz)
C(2), C(3), C(4), C(4a),
(@), C(3). c(4), Clay n.d. n.d. n.d. n.d. n.d. n.d.
C(7), C(8), C(8a)
104.82
Cc(3) n.d. n.d. n.d n.d n.d.
(dd, J = 27.5, 25.7 Hz)
113.00
C(5) nd. n.d. n.d n.d n.d.
(dd, J=21.6, 3.2 Hz)
119.41
c(1’) n.d. n.d. n.d n.d n.d.
(dd, J=15.3, 3.6 H2)
132.91
C(6’) n.d. nd. n.d n.d n.d.
(dd, J=10.8, 4.9 Hz)
163.03
Cc(2) n.d. n.d. n.d n.d n.d.
(dd, J =256.1, 12.8 Hz)
166.54
C(4) n.d. n.d. n.d. n.d. n.d.
(dd, J=259.1, 12.5 Hz)
C(6), C(5) nd. nd. nd. nd. nd. nd.
COOCH; 170.82  170.87 170.88 170.87 170.85 170.88
190.86
co 192.82  193.70 194.08 193.20 193.86
(d, J=5.6 Hz)
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The carbons from the CH; and CHg, present in the *C and DEPT NMR spectrum, were
identified with chemical shifts between 68.42 and 671.52 ppm, for all compounds.

For the compound EMAC10163d the carbons of the benzene ring were identified as
doublets. C (1') and C (4’) are present in the 1*C NMR spectra with chemical shifts 130.81
and 6166.26 ppm and coupling constants of 3.1 and 256.7 Hz, respectively. C (2’) and C
(6", and C (3") and C (5') are present in the 2*C and DEPT NMR spectrum with chemical
shifts of $131.00 and 6116.17 ppm and coupling constant of 9.5 and 22.0 Hz, respectively.

All these data are in agreement with the literature for fluorinated compounds [312].

For the compound EMAC10163h the carbons of the benzene ring were identified as
double doublets and the CH- of the open furane ring was identified as a doublet. C (1", C
(2’) and C (4’) are present in the *C NMR spectra with chemical shifts 5119.41, 5163.03
and 6166.54 ppm and coupling constant of 15.3 and 3.6, 256.1 and 12.8, and 259.1 and
12.5 Hz, respectively. C (3’), C (5') and C (6') are present in the *C and DEPT NMR
spectrum with chemical shifts 6104.82, §113.00 and 6132.91 ppm and coupling constant
of 27.5 and 25.7, 21.6 and 3.2, and 10.8 and 4.9 Hz, respectively. All these data are in
agreement with the literature for fluorinated compounds [312].

The carbon of the ester group was identified with chemical shifts between $170.81 and &

170.88 ppm, for all compounds.

For carbons to which it was not possible to assign a signal it is necessary to obtain two-
dimensional NMR spectra. However, the number of signals present agrees with the
number of carbon atoms in the molecule and the set of analyzes performed confirms the

identity of the compounds.

3.3.3. H-furo-chromen compounds (EMAC10164 series)

This series was characterized by 'H, *C, DEPT NMR (spectra on Appendix) and ESI/MS

spectrometry.

On Table 22 and Table 23 are highlighted the *H NMR chemical shifts of the EMAC10164
series, indicating chemical shifts (d), in ppm, the number of protons (l), the signal
multiplicity (M) and the coupling constants (J) in Hz. From the obtained *H NMR spectrum

was possible to identify characteristic signals of some protons.

107




CHAPTER 3

Table 22. *H NMR data from EMAC10164a-d (solvent: DMSO).
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Table 23. *H NMR data from EMAC10164g-h and j-m (solvent: DMSO).
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The protons H (5) and H (7) showed singlet multiplicity with chemical shifts between 57.96
and 88.51 ppm, in all compounds. The proton H (5) is an exception on compound
EMAC10164h since the signal was identified as multiplet.

The benzenic ring protons showed as multiplets, for all compounds.

The protons from the CHz and CH; groups were identified as singlets, for all compounds,
at chemical shifts between 62.38 and 63.66 ppm, integrating for 3 H and 2 H, respectively,

thus confirming the identity of these groups.

The proton of the carboxylic group was identified as broad singlet at chemical shifts
between 612.49 and 012.55 ppm, characteristic zone for this group [312], for four
compounds. On the other five compounds this signal was not present, but the group was

confirmed by carbon NMR.

On Table 24 and Table 25 are highlighted the *C and DEPT NMR data (underlined values)
of the EMAC10164 series, indicating the chemical shifts (8) in ppm. From the *C and

DEPT spectra it was possible to identify some signs.

The carbons from the CH; and CHz, present in the *C and DEPT NMR spectrum, were
identified with chemical shifts between 68.66 and 655.70 ppm, for all compounds.

For the compound EMAC10164d the carbons of the benzene ring were identified as
doublets. C (1') and C (4’) are present in the *C NMR spectra with chemical shifts 5127.71
and 6162.30 ppm and coupling constant of 3.1 and 225 Hz, respectively. C (2’) and C (6'),
and C (3') and C (5') are present in the *C and DEPT NMR spectrum with chemical shifts
of 129.67 and 6116.52 ppm and coupling constant of 8.1 and 21.5 Hz, respectively. All
these data are in agreement with the literature for fluorinated compounds [312].

For the compound EMAC10163h the carbons C (5), C (7), C (2’) and C (4’) showed doublet
multiplicity, C (3’) triplet multiplicity and C (1’), C (5’) and C (6’) double doublet multiplicity.
C (2’) and C (4’) are present in the *C NMR spectra with chemical shifts 5159.91 and
0162.38 ppm and coupling constants of 237.2 and 235.7 Hz, respectively. C (5), and C (7)
are present in the *3C NMR and DEPT spectrum with chemical shifts 114.48 and 5146.16
ppm and coupling constants of 3.1 and 5.5, respectively. C (3’) is present in the *C NMR
and DEPT spectrum with chemical shift 105.03 ppm and coupling constant of 26.2Hz. Al

these data are in agreement with the literature for fluorinated compounds [312].

The carbon of the carboxylic group was identified with chemical shifts between 6171.93

and 6172.01 ppm, for all compounds.

For carbons to which it was not possible to assign a signal it is necessary to obtain two-

dimensional NMR spectra. However, the number of signals present agrees with the
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number of carbon atoms in the molecule and the set of analyzes performed confirms the

identity of the compounds.

Table 24. *3C and DEPT NMR data from EMAC10164a-d (solvent: DMSO).

EMAC EMAC EMAC EMAC
Compound
10164a 10164b 10164c 10164d
C(9)CHz 8.66 8.71 8.68 8.66
C(4)CHs 16.07 16.13 16.13 16.11
CH:> 33.44 33.42 33.40 33.39
C(X’)YCHs 21.29 55.70 - -
116.52
C(3’), C(5") n.d. nd. nd.
(d, J=21.5Hz)
C(5) 114.18 114.28 114.25 114.17
127.71
C(1°) n.d. n.d. n.d.
(d,J=3.1Hz)
129.67
C(2’), C(6") n.d. nd. nd.
(d, J=8.1Hz)
C(7) 144.07 143.70 144.93 144.51
162.30
C(4) n.d. n.d. n.d.
(d, J = 225 Hz)
C(4a), C(3), C(9),
C(5a), C(4), C(9a), n.d. n.d. n.d. n.d.
C(8a), C(2), C(6)
171.99 171.98 171.95 171.97

COOH

n.d. — non defined
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Table 25. *3C and DEPT NMR data from EMAC10164g-h and j-m (solvent: DMSO).

EMAC EMAC EMAC EMAC EMAC
Compound )
101649 10164h 10164j 10164k 10164m
C(9)CHs 8.69 8.68 8.66 8.68 8.69
C(4)CHs 16.10 16.07 16.08 16.12 16.08
CH> 34.03 33.42 33.47 3341 33.42
C(X’)YCHs - - - - 55.67
n.d. 105.30
C(3) nd. n.d. n.d.
(t, J = 26.2 Hz)
112.74
C(5’) n.d. (dd, 3=21.3,35 nd. n.d. n.d.
Hz)
114.48
C(5) 114.17 114.19 114.24 n.d.
(d,J=3.1Hz)
115.36
Cc(1’) n.d. (dd, J = 14.6, 3.2 n.d. n.d. n.d.
Hz)
159.91
C(2) n.d. nd. nd. n.d.
(d, J=237.2 Hz)
131.96
C(6’) nd. n.d. n.d. nd.
(dd, J = 9.8, 5.3 Hz)
146.16
C(7) 144.60 144.50 144.95 144.77
(d, J =5.5Hz)
162.38
c@4) n.d. n.d. n.d. n.d.
(d, J = 235.7 Hz)
C(4a), C(3), C(9).
C(5a), C(4), C(9a), n.d. n.d. n.d. n.d. n.d.
C(8a), C(2), C(6)
COOH 172.01 171.93 172.00 171.95 171.97
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3.3.4. Phenylethanone compounds (EMAC10168 series)

This series was characterized by 'H, *C and DEPT NMR spectrometry (spectra on

Appendix).

On Table 26 and Table 27 are highlighted the *H NMR chemical shifts of the EMAC10168
series, indicating chemical shifts (8), in ppm, the number of protons (I), the signal
multiplicity (M) and the coupling constants (J) in Hz. From the obtained *H NMR spectrum

was possible to identify characteristic signals of some protons.

The protons H (3) and H (6) showed doublet multiplicity with chemical shifts between 66.38
and 67.68 ppm and coupling constants between 2.5 and 2.6 Hz for H (3) (in -meta position
related to H (5)) and 8.9 Hz for H (6) (in -ortho position related to H(5)) [312] , in all
compounds. The proton H (6) is an exception on compound EMAC10168c and 10168g
since the signs were identified as multiplets.

It was possible to identify the proton H (5) as a double doublet with chemical shifts between
06.53 and 66.56 ppm and coupling constants of 2.6 and 8.9 Hz, since H (5) is in -ortho
position related to H (6) and -meta position related to H (3) [312].

The benzenic ring protons showed as multiplets, for all compounds.

The protons from the CHz and CH: groups were identified as singlets, for all compounds,
at chemical shifts between 62.55 and 85.35 ppm, integrating for 3 H and 2 H, respectively,
thus confirming the identity of these groups.

The proton of the hydroxyl group showed singlet multiplicity at chemical shifts between
012.68 and 812.70 ppm, characteristic zone for this group [312], in all compounds.

On Table 28 are highlighted the *C and DEPT NMR data (underlined values) of the
EMAC10168 series, indicating the chemical shifts (8) in ppm. From the *C and DEPT

spectra it was possible to identify some signals.

The carbons from the CHs and CHg, present in the *C and DEPT NMR spectrum, were
identified with chemical shifts between $21.80 and 670.41 ppm, for all compounds.

For the compound EMAC10164d the carbons of the benzene ring were identified as
doublets. C (1') and C (4’) are present in the *3C NMR spectra with chemical shifts 5130.68
and 6166.30 ppm and coupling constant of 3.1 and 254 Hz, respectively. C (2’) and C (6'),
and C (3') and C (5') are present in the *C and DEPT NMR spectrum with chemical shifts
of $130.88 and 6116.23 ppm and coupling constant of 9.5 and 22.0 Hz, respectively. All

these data are in agreement with the literature for fluorinated compounds [312].
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Table 26. *H NMR data from EMAC10168a-d (solvent: CDCls).
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Table 27. *H NMR data from EMAC10168g, k, and m (solvent: CDCls).
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The carbon of the ketone group was identified with chemical shifts between $191.49 and

0192.80 ppm, for all compounds.

The carbon of the acetyl group was identified with chemical shifts between $202.69 and
0202.73 ppm, for all compounds.

For carbons to which it was not possible to assign a signal it is necessary to obtain two-
dimensional NMR spectra. However, the number of signals present agrees with the
number of carbon atoms in the molecule and the set of analyzes performed confirms the

identity of the compounds.

Table 28. *3C and DEPT NMR data from the EMAC10168 series (solvent: CDCls).

G d EMAC EMAC EMAC EMAC EMAC EMAC EMAC
ompoun
P 10168a 10168b 10168c 10168d 101689 10168k 10168m
C(X)YCHs 21.80 55.58 - - - - 55.54
C(1)OCHs 26.27 26.27 26.30 26.28 26.28 26.29 26.28
CH, 70.27 70.22 70.35 70.33 70.41 70.37 70.35
116.23
C(3), C(5) n.d. n.d. n.d. nd. n.d. nd.
(d, J=22.0 Hz)
130.68
C(1’) n.d. n.d. n.d. n.d. n.d. n.d.
(d,J=3.1Hz)
130.88
C(2’), C(6’) n.d. n.d. n.d. n.d. nd. nd.
(d,J=9.5Hz)
166.30
C@4) n.d. n.d. n.d. n.d. n.d. n.d.
(d, J =254 Hz)
C(3), C(5),
n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C(6)
C(1), C(2),
n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C@4)
Cco 192.58 191.49 192.39 191.69 192.63 192.16 192.80
COCHj; 202.70 202.69 202.74 202.73 202.71 202.73 202.71

n.d. — non defined
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3.3.5. 4H-chromene compounds (EMAC10169 series)

This series was characterized by *H, 3C, DEPT NMR (spectra on Appendix).and ESI/MS

spectrometry

On Table 29 and Table 30 are highlighted the *H NMR chemical shifts of the EMAC10169
series, indicating chemical shifts (8), in ppm, the number of protons (I), the signal
multiplicity (M) and the coupling constants (J) in Hz. From the obtained *H NMR spectrum

was possible to identify characteristic signals of some protons.

The protons H (8), H (6) and H (5) showed doublet, double doublet, and doublet multiplicity,
respectively, in all compounds. The chemical shifts for H (8) are between ©6.91 and 67.39
ppm and the coupling constant is 2.4 Hz, since this proton is in -meta position related to H
(6). The peak for H (6) was shown at chemical shifts between 67.09 and 67.24 ppm with
coupling constants of 8.9 and 2.4 Hz since this proton has the H (5) in -ortho position and
the H (8) in -meta position. The proton H (5) showed chemical shifts between 68.06 and
08.23 ppm and coupling constant 8.9 Hz, expected due to the H (6) in -ortho position [312].
The proton H (2) was identified, in all compounds, as singlet at chemical shifts between
08.44 and 68.84 ppm.

The benzenic ring protons showed as multiplets, for all compounds.

The protons from the CHs; and CH; groups were identified as singlets, for all compounds,
at chemical shifts between 62.45 and 85.82 ppm, integrating for 3 H and 2 H, respectively,
thus confirming the identity of these groups.

The proton from the aldehyde group showed singlet multiplicity at chemical shifts between

010.11 and 810.37 ppm, characteristic zone for this group, in all compounds.

Table 31 highlights the **C and DEPT NMR data (underlined values) of the EMAC10169
series, indicating the chemical shifts (3) in ppm. From the *C and DEPT spectra it was

possible to identify some signals.

The carbons from the CHs and CHg, present in the *C and DEPT NMR spectrum, were
identified with chemical shifts between 621.84 and &71.30 ppm, for all compounds.

For the compound EMAC10169d the carbons of the benzene ring were identified as
doublets. C (1') and C (4’) are present in the *3C NMR spectra with chemical shifts 5131.40
and 6165.90 ppm and coupling constants of 2.8 and 252.6 Hz, respectively. C (2’) and C
(6", and C (3') and C (5') are present in the *C and DEPT NMR spectrum with chemical
shifts 6131.51 and ©116.41 ppm and coupling constants of 9.6 and 18.7 Hz, respectively.

All these data agree with the literature for fluorinated compounds [312].
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Table 29. *H NMR data from EMAC10169a-d (solvents: CDCl; — a, DMSO - b, ¢, d).

paulep uou — 'p'u

- - - 68 v'z'6'8 vz - -
s S - p pp p s -
P69TOTOVINT
T T - T T T r4 -
Z10T 58'8 pu 908 vZL 8¢e’L 28'S -
- - - 68 v'2'6'8 vz - -
s s - p pp p s -
269TOTOVINT
T T - T T T r4 -
TT0T 58'8 pu 90'8 vZL 6€°L 18'S -
- - - 68 v'z'6'8 vz - -
S S - P pp P S S
g69TOTOVINT
T T - T T T r4 €
9€°0T vi'8 pu 0z'8 oT’L 16'9 6€'G 06°€
- - - 68 v'z'6'8 vz - -
s s - p pp p s s
©69TOTOVINT
T T - T T T 4 €
9€°0T Sv'8 pu 128 0T'L 169 s S’z
OHD (@H (QHC SH( H( 2D (SH (9H (8)H °HO fHOX( )0 punodwod

118




CHAPTER 3

Table 30. *H NMR data from EMAC 10169g, k, and m (solvent: CDCls).
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The carbon of the aldehyde group, present in the *C and DEPT NMR spectra, was
identified with chemical shifts between $188.71 and 6189.02 ppm, for all compounds.

The carbon of the ketone group was identified with chemical shifts between $191.14 and
0193.24 ppm, for all compounds.

For carbons to which it was not possible to assign a signal it is necessary to obtain two-
dimensional NMR spectra. However, the number of signals present agrees with the
number of carbon atoms in the molecule and the set of analyzes performed confirms the

identity of the compounds.

Table 31. 3C and DEPT NMR data from the EMAC10169 series (solvent: CDCl; — a, g, k, m; DMSO - b, ¢, d).

5 4
6 a ‘3 o
8a
7 5 o7
EMAC EMAC EMAC EMAC EMAC EMAC EMAC
Compound
10169a 10169b 10169c 10169d 101699 10169k 10169m
C(X’)YCHs 21.84 55.63 - - - - 55.57
CH; 70.65 70.58 71.30 71.25 70.79 70.72 70.73
Cc(3) n.d. n.d. n.d. 116.41 n.d. nd. n.d.
C(5") nd. nd. nd. (d, J=18.7 Hz) n.d. nd. nd.
131.40
C(1’) n.d. n.d. n.d. n.d. n.d. n.d.
(d,J=2.8Hz)
131.51
C(2’), C(6’) n.d. n.d. n.d. n.d. nd. nd.
(d, J=9.6 Hz)
165.90
Cc4) n.d. n.d. n.d. n.d. n.d. n.d.
(d, J =252.6 Hz)
C(8), C(6), nd. n.d. n.d. nd. n.d. n.d. n.d.
C(5), C(2)
C(4), C(4a),
n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C(7), C(8a)
CHO 188.78 188.78 189.01 189.02 188.77 188.71 188.77
coO 192.24 191.14 193.24 192.56 192.28 192.76 192.47

n.d. — non defined
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Table 32 reports the mass spectrometry data for EMAC10163, EMAC10164 and
EMAC10169 series.

Table 32. Mass spectrometry data.

Compound MislcaulEr Rl Mass Theoretical Mass Experimental Mass Accuracy

[M+H] [M+H'] (ppm)
EMAC10163a Ca23H2206 394.42 395.1495 395.1487 -2.0
EMAC10163b Ca23H2207 410.42 411.1444 411.1436 -1.9
EMAC10163c C22H10BrOs 459.29 459.0443 459.0435 -1.7
EMAC10163d C22H19FOs 398.39 399.1244 399.1235 -2.2
EMAC10163e C2H19NOg 425.39 426.1189 426.1181 -1.9
EMAC10163f C22H10NOg 425.39 426.1189 426.1182 -1.6
EMAC10163g C28H2406 456.49 457.1652 457.1643 -2.0
EMAC10163h C2H18F206 416.38 417.1150 417.1142 -1.9
EMAC10163j C22H2006 380.40 381.1338 381.1330 -2.1
EMAC10163k C22H15ClOs 414.84 415.0949 415.0940 -2.2
EMAC10163m Ca3H2207 410.42 411.1444 411.1436 -1.9
EMAC10164a C2H180s 362.38 363.1233 363.1226 -1.9
EMAC10164b C22H1806 378.38 379.1182 379.1174 -2.1
EMAC10164c C21H15BrOs 427.25 427.0181 427.0173 -1.9
EMAC10164d C21H1sFOs 366.34 367.0982 367.0974 -2.2
EMAC101649g C27H2005 424.13 425.1389 425.1382 -1.6
EMAC10164h C21H14F205 384.33 385.0888 385.0880 2.1
EMAC10164j C21H1605 348.35 349.1076 349.1069 -2.0
EMAC10164k C21H15ClOs 382.80 383.0687 383.0679 2.1
EMAC10164m C2H1806 378.38 379.1182 379.1174 2.1
EMAC10169a C19H1405 322.32 323.0920 323.0912 -2.5
EMAC10169b C19H1406 338.32 339.0868 339.0860 -2.4
EMAC10169c Ci18H11BrOs 387.19 386.9868 386.9861 -1.8
EMAC10169d C1gH11FOs 326.28 327.0669 327.0661 -2.4
EMAC101699g Ca24H1605 384.10 385.1076 385.1068 -2.1
EMAC10169k C18H1:CIOs 342.03 343.0374 343.0366 -2.3
EMAC10169m Ci19H1406 338.32 339.0868 339.0860 -2.4
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3.4. Carbonic anhydrases inhibition

3.4.2. 2H-chromen compounds (EMAC10163 series)

The inhibition activity of human CAs I, I, IX and Xll for the EMAC10163 series was
measured and is reported on Table 33.

Accordingly, all the active compounds show less potency than the reference, AAZ.
Nevertheless, regarding the selectivity some compounds must be highlighted.
EMAC10163a — e and EMAC10163h are selective towards CAs IX and XII. EMAC10163f,
g, J, k, and m are selective towards CA Xll. The compound with better inhibition activity
and selectivity towards CAs I1X and XII, in this series, is EMAC10163b (Ki = 0.53 pM and
0.47 pM, respectively), with a methoxy group on the C4 of the benzene ring. The position
change of this group in compound EMAC10163m within the benzene ring (precisely to C3)
decreases the inhibition potency of the compound towards CA IX and XlI (Ki = >100 uM
and 4.86 UM, respectively). The second best compound within this series is EMAC10163a
with a methyl group on the C4 of the benzene ring. Significantly, in contrast with what can
be observed for non-specific inhibitors such as AAZ, none of the investigated compounds

exhibit activity towards CA | and CA Il isoforms.

Table 33. Inhibition data of hCA I, II, IX and XII for the EMAC10163 series and AAZ (used as reference).

Ki (uM)’
Compound R
hCA | hCA Il hCA IX hCA XiIi
EMAC10163a 4’-CHs > 100 > 100 2.98 2.52
EMAC10163b 4’-OCHs > 100 > 100 0.53 0.47
EMAC10163c 4’-Br > 100 > 100 4.16 5.43
EMAC10163d 4'-F > 100 > 100 2.39 6.04
EMAC10163e 4’-NO2 > 100 > 100 4.64 7.84
EMAC10163f 3’-NO2 > 100 > 100 > 100 7.82
EMAC10163g 4’-Phenyl > 100 > 100 > 100 8.88
EMAC10163h 2, 4-F > 100 > 100 4.51 5.56
EMAC10163j - > 100 > 100 > 100 5.25
EMAC10163k 4’-Cl > 100 > 100 > 100 241
EMAC10163m 3’-OCHs > 100 > 100 > 100 4.86
AAZ - 0.250 0.0125 0.026 0.0057

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of + 5-10 % of the reported values).
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3.4.3. 7H-furo-chromen compounds (EMAC10164series)

Table 34 lists the results from the inhibition activity of hCAs I, I, IX and XlI for the
EMAC10164 series.

Accordingly, all the active compounds show higher values when compared with the
reference, AAZ. Nevertheless, concerning the selectivity, some compounds must be
emphasized. EMAC10164d, h, and j, k, and m are selective towards CAs IX and XII.
EMAC10164g, with a phenyl group in C4 of the benzene ring, is inactive only in CA I.
EMAC10164a, b, and c are selective to CA XlI. The compound with better inhibitory activity
and selectivity towards CAs IX and XIlI, in this series, is EMAC10164d, with a fluorine in
the C4 of the benzene ring. None of the tested compounds was active toward the CA | and
CA 1l isoforms with the exception of compound EMAC10164g. However, this latter
compound could also be considered as CA I1X and CA XIlI selective as its Ki concentrations
towards CA |l isozyme are 34 and 29 folds higher than the Ki concentrations towards CA
IX and CA XII, respectively.

Table 34. Inhibition data of hCA I, II, IX and XII for the EMAC10164 series and AAZ (used as reference).

Ki (uM)*

Compound R hCAl  hCAIl  hCAIX hCAXI
EMAC10164 a 4-CHs >100 >100 >100  4.09
EMAC10164b 4-OCHs >100 >100 >100 459
EMAC10164c 4-Br >100 >100 >100  4.44
EMAC10164d 4F >100 >100  0.46 0.80
EMAC10164g 4-Phenyl >100 243 0.71 0.82
EMAC10164h 2, 4-F >100 >100  4.27 6.37
EMAC10164; ; >100 >100  3.18 3.38
EMAC10164k 4-Cl >100  >100  3.22 7.86
EMAC10164m 3-OCHs >100 >100  4.16 3.66

AAZ | 0250 00125 0026  0.0057

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of + 5-10 % of the reported values).
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3.4.4. 4H-chromene compounds (EMAC10169 series)

The results from the inhibition activity of human CAs |, Il, IX and XIlI for the EMAC10169

series are listed on Table 35.

Accordingly, all the active compounds show higher values when compared with the
reference, AAZ. However, as for the previous compounds, concerning the selectivity,
some of them must be highlighted. The compounds EMAC10169a, g, k, and m are
selective towards CAs IX and XII. The compounds with better inhibitory activity, in this
series, are EMAC10169k, with chlorine in the C4 of the benzene ring, and EMAC10169m,
with a methoxy in the C3 of the benzene ring. The position of the methoxy group within the
benzene ring is important, since EMAC10169b, with the methoxy group in the C4, turns
the compound inactive. The introduction of a phenyl group in the C4 of the benzene ring
showed the worse result within the active compounds, but the selectivity was maintained.
As well as in the series EMAC10163 also in this series none of the investigated compounds
was active toward the CA | and CA Il isoforms.

Table 35. Inhibition data of hCA I, 11, IX and XII for the EMAC10169 series and AAZ (used as reference).

Ki (uM)*

Compound R hCAl  hCAIl  hCAIX hCAXI
EMAC10169a 4-CHs >100 >100  0.44 0.33
EMAC10160b 4-OCHs >100 >100 >100 > 100
EMAC10169¢ 4-Br >100 >100 >100 > 100
EMAC10169d 4F >100 >100 >100 > 100
EMAC10169g 4-Phenyl >100 >100  0.86 0.69
EMAC10169k 4-Cl >100 >100  0.42 0.28
EMAC10169m 3-OCHs >100 >100 031 0.24

AAZ , 0250 00125 0026  0.0057

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

As described in section 2.6, to estimate the drug-likeness of the compounds, we carried
out in silico ADMET prediction [313]. In particular, here we report a selection of the
predicted properties, the most significant investigated, using the QikProp software [314],
for the series EMAC10163, 10164 and 10169.

The analysis of the predicted properties revealed the good drug-likeness of the
compounds. However, the enormous quantity of data collected does not allow to insert all
the properties values calculated.

For each series of compounds two tables are reported. One containing the structural
properties under Lipinski's rule of five (RO5) and other physicochemical properties, and
another with other properties that could affect the pharmacokinetics and the toxicity of the

compounds.

As it is shown in all the tables, most of the predicted properties are within the ranges

specified with only few exceptions.

Table 36. Predicted properties for the series EMAC10163.

#stars mol_MW donorHB accptHB QPlogPo/w #rotor PSA QPlogS
Compound

0-5 130 - 725 0-6 2-20 -2-6.5 0-15 7-200.0 -6.5-0.5
fol\fg?f; 1 394.42 0 7 3.3 6 106.7 -5.0
E)hfé;) 0 410.42 0 8 3.0 7 115.0 -5.0
fo'\:/g:c 0 459.29 0 7 35 6 106.7 6.4
E)'\fgs% 0 398.39 0 7 3.2 6 106.7 5.1
fol\fg?i 1 425.39 0 8 2.2 7 151.7 5.2
i’;ﬁ:; 2 425.39 0 8 2.2 7 151.6 -5.2
]I_EOI\]/_IQ\:; 2 456.49 0 7 4.6 7 106.7 -6.7
E)'\fg;] 0 416.38 0 7 3.3 6 106.6 55
iﬂ:g 0 380.40 0 7 2.9 6 106.7 -4.8
]I-EOI\:Q;I( 0 414.84 0 7 3.4 6 106.7 -5.5
1%'\1/?3% 1 410.42 0 8 3.0 7 114.9 -5.0
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Table 37. Predicted properties for the series EMAC10164.

#stars mol_MW donorHB accptHB QPlogPo/w  #rotor PSA QPlogS
Compound
0-5 130 -725 0-6 2-20 -2-6.5 0-15 7-200.0 -6.5-0.5
fol\fgfa 0 362.38 1 5 9.8 2 93.0 5.7
fol\fgi) 0 378.38 1 6 10.3 3 101.3 -5.8
fol\:GA:(:: 0 427.25 1 5 9.8 2 93.0 7.0
fol\fg\ij 0 366.34 1 5 9.8 2 93.0 5.8
fol\fg:; 1 424.45 1 5 11.0 3 93.0 74
fol\:gj] 0 384.34 1 5 9.7 2 93.0 6.2
fgﬁi 0 348.35 1 5 10.0 2 93.0 5.4
fol\fgj( 0 382.80 1 5 9.8 2 93.0 6.1
1%'\1/2(; 0 378.38 1 6 10.3 3 101.3 -5.8
Table 38. Predicted properties for the series EMAC10169.
#stars mol_MW  donorHB accptHB QPlogPo/w  #rotor PSA QPlogS
Compound
0-5 130-725 0-6 2-20 -2-6.5 0-15 7-2000 -6.5-0.5
Ehf?g;l 0 322.32 0 7 4.0 5 106.9 -3.5
E)ng; 0 338.32 0 8 3.8 6 115.2 -3.5
E)hﬁg\;c 0 387.19 0 7 4.3 5 106.9 -4.9
ETQ; 0 326.28 0 7 4.0 5 106.9 -3.6
1EOT29C(; 1 384.39 0 7 54 6 106.9 -5.2
lEO’TQSI:( 0 342.74 0 7 4.1 5 106.9 4.0
l%’\l/l‘g(r:n 0 338.32 0 8 3.7 6 115.2 -3.5
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Regarding the pharmacokinetics properties calculated considering 95% of drugs, the

recommended ranges are listed on Table 39, and the predicted values for the three series

are comprised in the tables that follow.

Table 39. Ranges of pharmacokinetics properties calculated considering 95% of drugs.

Property Recommended range
< 25 poor
QPPCaco
>500 great
< 25 poor
QPPMDCK
>500 great

PercentHumanOralAbsorption

>80 % is high

(%0A) < 25 % is poor
QPlogHERG >.5
CNS - 2 (inactive) to +2 (active)
QplogBB -3.0-1.2
QplogKhsa -1.5-15

Table 40. Predicted pharmacokinetics properties for the series EMAC10163.

Compound QPPCaco QPPMDCK  %OA  KPlogHERG ~CNS QPIogBB  QPlogKhsa
E"f?; 314.0 141.4 90.8 6.0 2 -15 0.1
E)TGA; 314.2 141.6 89.2 -6.0 2 -1.6 01
o 314.2 374.2 922 6.1 2 13 0.1
i 314.5 254.4 90.2 6.0 2 1.4 0.0
:ILEOI\:ALQ; 37.3 14.2 67.9 6.1 2 2.6 0.1
1E(;\A12?§ 37.7 14.3 68.0 6.0 2 2.6 0.1
E)TQ?Z 313.5 141.2 100.0 -7.3 2 -1.7 0.6
1'50";2,; 316.8 341.9 91.0 5.9 2 13 0.0
i;vllAegj 314.0 1415 88.8 6.1 2 -15 -0.0
1Eo'\feAs$|:< 314.4 348.8 91.8 6.0 2 13 0.1
o 314.7 1418 89.2 6.0 2 16 0.1
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Table 41. Predicted pharmacokinetics properties for the series EMAC10164.

Compound QPPCaco QPPMDCK  %OA  KPlogHERG CNS QPlogBB  QPlogKhsa

EMAC

101642 101.1 52.8 86.5 -3.8 -2 -1.0 0.5
]I_Eol\fgi) 101.0 52.8 85.2 -3.8 -2 -1.1 0.3
fol\fgzﬁ: 101.0 139.6 88.0 -3.9 -1 -0.9 0.4
1EO|\1|6A:; 101.0 94.8 86.0 -3.8 -1 -0.9 0.4
E)“fg:; 101.0 52.8 81.2 5.1 -2 1.2 0.9
E)'\fgj] 101.2 130.4 86.8 3.7 -1 -0.8 0.4
fx/gi:j 101.0 52.8 84.7 -3.9 -2 -1.0 03
fohfgﬁ( 101.1 130.1 87.6 -3.8 -1 -0.9 0.4
1%'\1A6A4$n 101.1 52.8 85.2 -3.8 -2 1.1 0.3

Table 42. Predicted pharmacokinetics properties for the series EMAC10169.

Compound QPPCaco QPPMDCK  %OA  KPlogHERG CNS QPlogBB  QPlogKhsa

EMAC

101694 238.8 105.2 78.9 -5.8 -2 -1.4 -0.6
1Eol\fggcb 238.7 105.2 773 5.8 2 -15 0.8
fo'\:/ggcc 238.9 278.2 81.2 6.2 2 13 05
L 239.0 189.0 78.4 5.8 2 13 0.7
E)“{'g; 238.7 105.2 86.8 7.1 2 1.6 0.1
fo'\:/ggck 238.9 259.2 79.9 5.8 2 1.2 0.6
1%';"(%% 239.2 105.4 773 5.8 2 -15 0.8

All compounds showed from 0 to 2 stars, which indicates that most of them did not exceed
the ranges allowed for the following properties: MW, dipole, IP, EA, SASA, FOSA, FISA,
PISA, WPSA, PSA, volume, #rotor, donorHB, accptHB, glob, QPpolrz, QPlogPC16,
QPlogPoct, QPlogPw, QPlogPo/w, logS, QPLogKhsa, QPlogBB, and #metabol.
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In this respect for the g derivatives the biphenyl substitution influences slightly the

solubility. The other properties out of range are borderline values.

Additionally, we reported in Table 40, Table 41, and Table 42 few more ADME properties
such as: QPPCaco, QPPMDCK, %0A, and QPlogHERG, that contribute to depict a more
complete picture.

In fact, tissue distribution is an important element of a drug pharmacokinetic profile united

with knowledge of the in vitro activity.

The Caco-2 cell monolayer resembles the human intestinal barrier also considering their
characteristic in terms of morphology, the monolayer is used routinely to predict drug
permeability in the intestine and the fraction of dose absorbed. QSAR models have been
developed to predict bioactive compound's passive permeability of gut blood-barrier using
data collected experimentally studying these cells, these data do not consider the Pgp
efflux [315].

While QSAR models based on data of compounds able to cross the membrane of MDCK
(Madin-Darby Canine Kidney) cells can help to understand the ability of the compounds to
reach the CNS [316, 317].

In general, all the synthesized compounds have a high predicted oral absorption, and a
good gut absorption, except for the nitro- derivatives. The permeability values are lower
for the predicted MDCK cells crossing, which indicates a predicted difficulty by these
compounds to reach the central nervous system (CNS). This is also shown by the value

of -2 of almost all compounds for CNS property and the values of QPlogBB.

The only worrying property is the predicted ICso for human Ether-a-go-go-Related Gene
(HERG) K* Channel Blockage in EMAC10163 and EMAC10168 series, and EMAC10164g
compound. The HERG potassium channel plays an important role in cardiac action
potential. Many drugs have been withdrawn from the market due to serious HERG-related
cardiotoxicity [318]. In certain cases, the value is borderline, in others, requires more

attention and should be further experimentally investigated.

Finally, predicted binding to human serum albumin (QPlogKhsa) are within -0,1 — 0.8
ranges, while the reported drugs range is between -1.5 — 1.5. Therefore, we can be
confident that, considering these data, all the synthesized compounds may not extensively
bind the plasmatic proteins. This should be favorable for the duration and distribution

process.

To conclude, the study of the physical-chemical and pharmacokinetic properties is

encouraging, emphasizing that these data should be confirmed in vitro. Nevertheless, from
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the data obtained and eventually by means of some optimization rounds, we are confident

that in due course some pharmacokinetic problems can be solved.

Furthermore, other strategies like proper formulations or nanotechnology applications
could ultimately help to overcome their limitation to address the tumor localization.
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3.6. Molecular docking

Before docking the best compounds of the synthesized series, cross docking experiments
were carried out, in order to validate the protocol. In Table 11, section 2.7 are reported the
RMSD values between experimental binding mode and best three docking poses of each
ligand of selected best protocol. The validation considered twelve ligands for the 1X and
twenty-three for the Xll isoform. Most of the ligands were correctly docked (RMSD < 2.5
A). However, it was observed that the protocol failed with some ligands co-crystallized in
IX isoform i.e pdb code 6G98 and 6G9U. In these complexes the ligand shows a
benzosulphonamide moiety in orto position substituted with a bulky group. At the same
time these ligands are provided of a p-benzoic moiety. Hence, the docking program
selected, as preferred pose, the orientation with the benzoic group chelating the Zn?*.
Furthermore, the side chain of GIn90 residue, is slightly rotated compared to the crystal
chosen (5FL4). The protocol failed also in reproducing the experimental binding mode of
6TL5. In this case the docking pose orientation was correct, but the sulphonamide moiety
was slightly shifted and not able to correctly chelate the Zn?*. Within the tested compounds,
the two compounds that showed the highest potency towards hCA IX and XlI isoforms of
each series were selected and their mechanism of action was investigated in more detail

by docking experiments.

Concerning the XlI, the ligands whose binding was not fully reproduced are the ones co-
crystallized in pdb 4QJW and 4KP8 . In both cases, the benzosulphonamide moiety
position is correctly predicted, while the external portion substituents is flipped. However,
the electro density map of both crystal is not well defined, revealing that this portion is not
fixed. In fact, being exposed to the solvent it can easily rotate. Therefore, the docking
suggested binding mode is plausible.

Overall, the validation of the docking protocol was extensive and positive. Hence, can be

applied to predict the binding mode of the new synthesized compounds.

Within the tested compounds, the two compounds that showed the highest potency
towards hCA IX and Xll isoforms of each series were selected and their binding mode was
investigated in more detail by docking experiments to have more information that could be

exploited for future compounds optimization.
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3.6.1. CA IX docking

Docking experiments of the two compounds of each series were performed to hCA IX
considering 5FL4 [303] CA IX conformation.

Considering the docking experiments of EMAC10163a and EMAC10163b, represented in
Figure 73, we obtained two different proposed docking for each compound. One of the
proposed binding modes is characterized by the chromene ring orientated toward the zinc.
On the contrary, in the second proposed mode, the substituted benzene ring is pointing

toward the zinc.

In Figure 74 are represented the docking experiments of EMAC10164d and EMAC10164g.
For these compounds the proposed docking were always with the chromene ring

orientated to the zinc.

Regarding the EMAC10169 series the selected compounds were EMAC10169k and
EMAC10169m, which docking experiments are represented in Figure 75. Similarly to the
compounds of EMAC10164 series, the only proposed bindings for these compounds were
with the chromene ring orientated to the zinc.

The docking experiments that consider the IX isoform, highlighted that the rigidity of the
last two series helps to orientate the compounds in the binding pocket with the chromene
portion toward the Zn?*. This lead also to a general better activity of the last two series.
The influence of the substituents in the phenyl ring is not clear among the different series.
Compared to the previous synthesized compounds the introduction of methyl in position
C8 and C9 instead of the propyl moiety (in EMAC10157 and EMAC10160 series,
respectively) lead to similar activity [238, 239], while the introduction of a second methyl
group in the series EMAC10151 and EMAC10152 series was detrimental for the activity.
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Figure 73. Representation of the putative binding mode of the most potent compounds from EMAC10163 series obtained
by docking experiments to hCA 1X. (A) 3D depiction of EMAC10163a and its respective interactions with CA IX residues;
(B) 2D depiction of interactions; (C) 3D depiction of EMAC10163a and its respective interactions with CA IX residues
considering a different orientation of the compound; (D) 2D depiction of interactions; (E) 3D depiction of EMAC10163b and
its respective interactions with CA IX residues; (F) 2D depiction of interactions; (G) 3D depiction of EMAC10163b and its
respective interactions with CA IX residues considering a different orientation of the compound; (H) 2D depiction of

interactions.
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Figure 74. Representation of the putative binding mode of the most potent compounds from EMAC10164 series obtained

by docking experiments to hCA IX. (A) 3D depiction of EMAC10164d and its respective interactions with CA IX residues;

(B) 2D depiction of interactions; (C) 3D depiction of EMAC10164g and its respective interactions with CA IX residues; (D)
2D depiction of interactions.
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Figure 75. Representation of the putative binding mode of the most potent compounds from EMAC10169 series obtained
by docking experiments to hCA IX. (A) 3D depiction of EMAC10164k and its respective interactions with CA IX residues;
(B) 2D depiction of interactions; (C) 3D depiction of EMAC10164m and its respective interactions with CA IX residues; (D)

2D depiction of interactions.
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Considering the interesting hCA esterase mediated inhibition mechanism (Figure 76)
reported for coumarin derivatives [153, 238-240], the compounds from EMAC10163 and
EMAC10164 series were submitted to docking experiments also in their open forms.

Hence, the configurations E and Z of the four compounds were subjected to docking
experiments to predict the putative binding mode of the hydrolyzed forms.

|
o 2 o EMAC10163-open-Z series
0

o o Yo R %
% (0] OH
, - |
EMAC10163 series S
[ o
(0]
(l) (@]

EMAC10163-open-E series

EMAC10164 series

EMAC10164-open-E series

Figure 76. Formation of the open EMAC10163 and EMAC10164 series by the CA-mediated hydrolysis of coumarins.
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In the open compounds what seems important is the Zn?* chelation and the interactions

between the newly formed carboxylate moiety in the catalytic site.

The representation of the docking experiments for the EMAC10163 and EMAC10164
series compounds can be seen in Figure 77 and Figure 78. For each compounds
configurations E and Z are considered.

In particular, the complexes are stabilized by some common interaction residues close to
the Zn?* such as His119, Thr200 and Thr201.
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Figure 77. Representation of the putative binding mode of the most potent compounds from EMAC10163-open series
obtained by docking experiments to hCA IX. (A) 3D depiction of EMAC10163a-open-E and its respective interactions with
CA IX residues; (B) 2D depiction of interactions; (C) 3D depiction of EMAC10163a-open-Z and its respective interactions

with CA IX residues; (D) 2D depiction of interactions; (E) 3D depiction of EMAC10163b-open-E and its respective
interactions with CA IX residues; (F) 2D depiction of interactions; (G) 3D depiction of EMAC10163b-open-Z and its
respective interactions with CA IX residues; (H) 2D depiction of interactions.
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Figure 78. Representation of the putative binding mode of the most potent compounds from EMAC10164-open series
obtained by docking experiments to hCA IX. (A) 3D depiction of EMAC10164d-open-E and its respective interactions with
CA IX residues; (B) 2D depiction of interactions; (C) 3D depiction of EMAC10164d-open-Z and its respective interactions

with CA IX residues; (D) 2D depiction of interactions; (E) 3D depiction of EMAC10164g-open-E and its respective
interactions with CA IX residues; (F) 2D depiction of interactions; (G) 3D depiction of EMAC10164g-open-Z and its

respective interactions with CA IX residues; (H) 2D depiction of interactions.
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3.6.2. CA XIl docking

Docking experiments of the two best compounds of each series were also performed to
hCA XII considering 5SMSA [304] CA XII conformation.

EMAC10163a and EMAC10163b docking experiments are represented in Figure 79.
Regarding EMAC10163a only one binding pose was obtained with the chromene ring
orientated to the zinc. On the contrary, for EMAC10163b two orientations were obtained.
One with the chromene ring positioned toward the zinc and another with the substituted

benzene ring orientated toward the zinc.

In Figure 80 are represented the docking experiments of EMAC10164d and EMAC10164g.
For these compounds the docking predicted binding modes were always with the

chromene ring orientated toward the zinc.

Regarding the EMAC10169 series the docking experiments are represented in Figure 81.
For these compounds two binding modes were obtained for each. As described before, in
one of the binding modes the chromene ring is orientated toward the zinc, and in the other
the substituted benzene ring is orientated toward the zinc.

139




CHAPTER 3

A B &
@m')"

& Charged (negative) Polar Distance ~— Pi-cation

& Charged (positive) @ Unspecified residue -+ H-bond — Salt bridge
Glycine Water + Halogen bond Solvent exposure
Hydrophobic Hydration site -~ Metal coordination

& Metal X Hydration site (displaced) e—e Pi-Pi stacking

Figure 79. Representation of the putative binding mode of the most potent compounds from EMAC10163 series obtained
by docking experiments to hCA XII. (A) 3D depiction of EMAC10163a and its respective interactions with CA XII residues;
(B) 2D depiction of interactions; (C) 3D depiction of EMAC10163b and its respective interactions with CA Xl residues; (D)
2D depiction of interactions; (E) 3D depiction of EMAC10164b and its respective interactions with CA XII residues
considering a different orientation of the compound; (F) 2D depiction of interactions.
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Figure 80. Representation of the putative binding mode of the most potent compounds from EMAC10164 series obtained

by docking experiments to hCA XII. (A) 3D depiction of EMAC10164d and its respective interactions with CA XlI residues;

(B) 2D depiction of interactions; (C) 3D depiction of EMAC10164g and its respective interactions with CA XI| residues; (D)
2D depiction of interactions.
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Figure 81. Representation of the putative binding mode of the most potent compounds from EMAC10169 series obtained
by docking experiments. (A) 3D depiction of EMAC10169k and its respective interactions with CA XII residues; (B) 2D
depiction of interactions; (C) 3D depiction of EMAC10169k and its respective interactions with CA XlI residues considering
a different orientation of the compound; (D) 2D depiction of interactions;(E) 3D depiction of EMAC10169m and its
respective interactions with CA XII residues; (F) 2D depiction of interactions; (G) 3D depiction of EMAC10169m and its
respective interactions with CA XII residues considering a different orientation of the compound; (H) 2D depiction of

interactions.
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As already performed for CA IX, also for CA Xll the hCA esterase mediated inhibition
mechanism was considered, and the docking experiments were submitted to EMAC10163
and EMAC10164 series in their open forms, in both configurations, trans and cis, to predict
the putative binding mode of the hydrolyzed forms.

In these four compounds only the binding modes obtained for the E configuration were
reasonable and are represented in Figure 82 and Figure 83. In fact, the proposed binding
modes for Z configurations showed the compounds orientated with the substituted
benzene ring facing the zinc. This pose is not likely because the chromene ring should be
orientated toward the Zn?* in order to be hydrolyzed.

« Charged (negative) Polar Distance —e Pi-cation

« Charged (positive) @ Unspecified residue -+ H-bond — Salt bridge
Glycine Water * Halogen bond Solvent exposure
Hydrophobic Hydration site ~— Metal coordination

& Metal X Hydration site (displaced) e—e Pi-Pi stacking

Figure 82. Representation of the putative binding mode of the most potent compounds from EMAC10163-open series
obtained by docking experiments to hCA XII. (A) 3D depiction of EMAC10163a-open-E and its respective interactions with
CA Xll residues; (B) 2D depiction of interactions; (C) 3D depiction of EMAC10163b-open-E and its respective interactions
with CA XlI residues; (D) 2D depiction of interactions.
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Figure 83. Representation of the putative binding mode of the most potent compounds from EMAC10164-open series
obtained by docking experiments to hCA XII. (A) 3D depiction of EMAC10164d-open-E and its respective interactions with
CA Xll residues; (B) 2D depiction of interactions; (C) 3D depiction of EMAC10164g-open-E and its respective interactions

with CA XII residues; (D) 2D depiction of interactions.

The docking poses are often characterized by the interaction with common residues such
as Lys69, His117, Thr198 or Thr199. Also for the Xll isoform the open compounds are

stabilized by an array of hydrogen bonds involving the residues in the catalytic cavity.
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The experimental results obtained within the scope of this thesis led to the following

conclusions:

e Coumarins and chromone based libraries were successfully synthesized.
Using straightforward synthetic methodologies and cost-effective materials led to
overall satisfactory yields. Twenty-seven compounds were synthesized, seventeen

of which novel and unreported in literature.

e A valuable characterization of the libraries was attained. Structural elucidation

was performed by 'H and ¥ C NMR and mass spectrometry.

e The inhibitory activity towards hCAs |, II, IX and Xll was evaluated.

e The majority of the coumarin and chromone-based compounds displayed
good drug-likeness requirements. The predicted properties of the compounds
were calculated, and the theoretical parameters were encouraging.

e Compound EMAC10163b proved to be the most potent and selective
compound, within the EMAC10163 series. EMAC10163b acted as selective
inhibitor toward hCA 1X and XII (Ki = 0.53 uM and 0.47 uM, respectively).

¢ Compound EMAC10164d proved to be the most potent and selective
compound, within the EMAC10164 series. EMAC10164d acted as selective
inhibitor toward hCA 1X and XII (Ki = 0.46 uM and 0.80 uM, respectively).

e Compound EMAC10169m proved to be the most potent and selective
compound, within the EMAC10169 series. EMAC10169m acted as selective
inhibitor toward hCA 1X and XII (Ki = 0.31 uM and 0.24 uM, respectively).

e Chromone and coumarin are valuable scaffolds for the selective inhibition of
the tumor associated CA isoforms IX and XIl. Moreover, both scaffolds allow

the synthesis of potential therapeutic agents with a favorable drug-like profile.
e Therigidity of the EMAC10164 and EMAC10169 series helps to orientate the

compounds in the binding pocket with the chromene portion toward the Zn?*.

The docking experiments that consider the I[X isoform, highlighted this
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characteristic, and showed that the influence of the substituents in the phenyl ring

is not clear among the different series.

e Importance of the Zn?" chelation and the interactions between the newly
formed carboxylate moiety in the catalytic site in the open compounds,
regarding the IX isoform. Accordingly, we must assume that also the esterase

activity was selective between the different isozymes.

e Interaction with common residues such as Lys69, His117, Thr198 or Thr199,

considering the Xll isoform.

e Stabilization of the open compounds by an array of hydrogen bonds
involving the residues in the catalytic cavity in the Xll isoform.

Overall, the results obtained under the current Thesis endorsed coumarin and chromone
as valid scaffolds for the development of selective carbonic anhydrases IX and Xli
inhibitors. More importantly, the findings of this project encourage the development of
future projects, mainly regarding lead optimization and the detailed pharmacological
characterization of the most promising coumarin and chromone analogs. The evaluation
of these compounds and derivatives in other cancer-associated targets is also viewed as

a consistent step towards a multi-target profiling of these interesting scaffolds.

148




CHAPTER 5. Other Projects






CHAPTER 5

5.1. Studies on synthetic route optimization

This section describes the results that contributed for the following two communications in

poster:

Lisa Sequeira, Tiago Silva, and Fernanda Borges. Development of COMT inhibitors and
iron chelators: studies on synthetic route optimization. MuTaLig COST Action CA15135,
Annual Meeting 2018. 18-19 October 2018, Valletta, Malta.

Lisa Sequeira, Tiago Silva, Elias Maccioni, Fernanda Borges. Development of Dual
COMT Inhibitors and Iron Chelators. 26th Young Research Fellows Meeting. 20-22

February 2019, Paris, France.

5.1.1. An overview on Parkinson’s disease

Parkinson’s disease (PD) is globally widespread and is the second most common
neurodegenerative disease after Alzheimer’s disease, [319] with a prevalence of about 1-
2% in the elderly population [320]. Due to the increasing of the life expectancy, it is safe
to conclude that this number will continue to follow an upwards trend [321], causing an
even bigger social and economic burden on the general population and healthcare
systems. Diagnosis of PD is based on symptoms and signs observation which can include
prodromal features, that can occur for a long period of time (e.g. sleep disfunction, olfactory
loss, autonomic disfunction), classical PD motor symptoms (e.g. bradykinesia, rigidity,
tremor, postural instability), typically the disease is diagnosed in this stage, and
psychological or cognitive symptoms (e.g. mild cognitive impairment or dementia,
depression, anxiety) in an advanced stage of PD [321-323]. Pathologically, the disease is
characterized by the death of dopaminergic neurons in the substantia nigra [322]. Loss of
dopaminergic neurons results in dopamine (DA) deficiency, triggering the motor symptoms
associated with PD [322, 323]. Most cases are apparently sporadic and old age remains
the most significant risk factor [319, 321].

5.1.2. Parkinson’s disease therapy

Presently, the therapies for PD allow symptomatic relief and are based in the enhancement

of DA levels [320-322]. Levodopa, a DA precursor, is still considered the best effective PD
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treatment, regarding life quality enhancement [320, 321, 324]. However, levodopa has a
short half-life in vivo, being extensively metabolized, after oral administration, by enzymes
such as catechol-O-methyltransferase (COMT) which requires co-administration of drugs
to inhibit the enzymes responsible for levodopa inactivation [320, 321, 325]. In mammals,
the COMT enzyme is present in a soluble cytosolic form (S-COMT) that occurs mainly in
peripheral tissues, and a membrane-bound form (MB-COMT) present predominantly in the
brain [324]. Hence, COMT inhibitors increases plasma half-life of levodopa, allowing the
orally administered precursor to cross the blood-brain barrier (BBB) into the brain, where
it is locally converted to DA. Nitrocatechol-based derivatives are the currently marketed
COMT inhibitors (tolcapone, entacapone and opicapone - Figure 84) [326]. Despite its
potency and BBB permeability, tolcapone is associated with fatal hepatoxicity via
mitochondrial impairment and is administered only in specific clinical cases under strict
liver function monitoring [320, 321, 327]. Entacapone is a safer and widely used peripheral
COMT inhibitor, but its low bioavailability decreases its clinical efficacy and requires
repeated dosing [328]. Opicapone, a long-acting peripheral COMT inhibitor [325, 328],
displays improved safety over tolcapone and higher bioavailability compared to
entacapone, but the inhibition of peripheral COMT has been associated with hepatic and
intestinal side effects and tolcapone remains the only available centrally-active COMT
inhibitor [325]. Therefore, the search for safe and centrally active COMT inhibitors is still

extremely important.

cl
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Tolcapone Entacapone Opicapone

Figure 84. Chemical structures of nitrocatechol-based COMT inhibitors: tolcapone, entacapone and opicapone.

Albeit the nitrocatechol pharmacophore yields potent tight-binding COMT inhibitors, it
raises toxicological concerns, particularly with increased lipophilicity [324]. Non-
nitrocatechol COMT inhibitors may thus provide a safer alternative. Encouraging
preliminary results have been reported, unveiling noteworthy bioactivity for heterocycle
catechol mimics (HetCAMs) [324, 329-331]. Additionally, 3-hydroxy-4-pyridinones also
acted as chelators of redox-active metals [332]. Given the central role of brain iron

accumulation in dopamine-deficiency neurodegenerative diseases, the combination of a
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dopaminergic therapy (COMT inhibition) with iron chelation in a single bioactive molecule
might be a valid therapeutic strategy to develop drug candidates for these diseases. The
aim of this project is to develop HetCAM libraries as smart dual acting COMT inhibitors
and iron chelators, designed to meet the structural and pharmacokinetic requirements to
interact with COMT and accumulated iron within the brain, while mitigating the toxicological

risks of currently available nitrocatechols.

5.1.3. Project’s synthetic strategy

Two main groups of HetCAMs have been purposed to develop from a naturally-occurring,
cheap and commercially available starting material: kojic acid (compound 1, Figure 85).
The main sites of derivatization are the position C2 and the heteroatom. Briefly,
hydroxypyridinones will be easily obtained from kojic acid by microwave-assisted heating
with the appropriate amines under mild acidic conditions. This strategy will yield a variety
of differently substituted nitrogen heterocycles. The chemical versatility of the C2 position
is also interesting from a synthetic point of view. By oxidation of the 2-hydroxymethyl
moiety (e.g., Jones reagent/acetone) the corresponding carboxylic acid can be obtained,
which can be eliminated by heat-induced decarboxylation, leading to C2-unsubstituted
derivatives, or further derivatized to the corresponding esters, amines, and thioesters. This
synthetic strategy can thus provide two groups of HetCAMSs: N-substituted (compound 6)
and NH- or O-containing HetCAMSs substituted at the C2 position (compounds 8 and 10).

0 o] o)
Bnoﬁ 5 Bnofﬁ e Hofﬁ
o) N N
R R
0 o] 0 4) (5) (6)
Hofﬁ\/ A, BnO B, BnO 0 o]
| | | F
OH OH OH BnO D BnO
° 0 0 (. =T,
0 "R H “R
o]
(7) ©) o

C

(1 (2 3 o
El El
O 0}
HO HO
| | Y< | | Y<
(6) R H R
® © (10) ©
Figure 85. Schematic representation of the synthetic pathway used for the obtention of the HetCAMs libraries. Reaction
conditions: (A) methanol, NaOH 1M, benzyl chloride, 100 °C, 7 — 8 h; (B) acetone, Jone’s reagent 2.5 M, 0 °C, overnight;

(C) diphenyl ether, 250 °C, 8 — 10 min; (D) ethanol, 3,4-dimethoxyaniline or 4-chloroaniline, HCI 0.38 M, 100 °C, 1.5 h; (E)
anhydrous dichloromethane, BBr3, -80 °C, 2 h; (F) DMF, POClIs, room temperature, 24 h.
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5.1.4. Synthesis of 5-(benzyloxy)-2-(hydroxymethyl)-4H-pyran-4-one (compound
2)

OH

Figure 86. Structure of compound 2.

To a solution of kojic acid (0.5 g, 3.54 mmol) in methanol (5 mL) was added NaOH 10 M
(0.360 mL) and the mixture was heated to reflux (100 °C). Benzyl bromide (0.410 mL, 3.56
mmol) was then added dropwise over 1 h and the mixture was stirred under reflux for 7
hours. The reaction mixture was cooled to room temperature, dissolved in the minimum
guantity of methanol, and added (dropwise) to cold water. The product was collected by
filtration, washed with cold water, recrystallized in ethyl acetate, and collected as a white

solid (structure of the desired compound on Figure 86).

Yield: 59.0 %

IH NMR (400 MHz, CDCls): = 4.45 (s, 2H, CHy), 5.07 (s, 2H, CH>), 6.51 (s, 1H, H(AI),
7.31—7.41 (m, 5H, H(Ar)), 7.52 (s, 1H, H(Ar)).

13C NMR (101 MHz, CDCls): & = 61.01 (CH), 72.00 (CH,), 112.52 (C(Ar)), 127.84 (2 X
C(Ar)), 128.46 (C(Ar)), 128.73 (2 x C(Ar")), 135.71(C(Ar)), 141.64 (C(Ar)), 147.07 (C(Ar)),
166.39 (C2), 174.93 (C4).

Melting point: [132 — 133] °C.
Molecular weight: 232.24 g/mol.

Rf (DCM/MeOH 9.5:0.5): 0.33.

5.1.5. Synthesis of 5-(benzyloxy)-4-oxo-4H-pyran-2-carboxylicacid (compound 3)

Figure 87. Structure of compound 3.

To a solution of compound 2 (1 g, 4.06 mmol) in acetone (20 mL) was added Jone’s
reagent 2.5 M (5 mL) at 0 °C. The reaction was stirred overnight. The liquid was drained
and concentrated. The concentrated residue was poured into water. The resulting white
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solid was collected by filtration, washed with water, and dried to obtain the desired

compound (structure on Figure 87).
Yield: 72.7 %

IH NMR (400 MHz, DMSO): 8= 4.99 (s, 2H, CHy), 6.94 (s, 1H, H(Ar)), 7.37 — 7.45 (m, 5H,
5 x H(Ar")), 8.37 (s, 1H, H(AN)).

13C NMR (101 MHz, DMSO): &= 71.15 (CH,), 117.65 (C(Ar)), 128.70 (2 x C(Ar)), 128.79
(C(Ar)), 128.96 (2 x C(Ar)), 136.30 (C(Ar)), 142.00 (C(Ar)), 148.71 (C(Ar)), 153.00 (C(Ar)),
161.26 (COOH), 173.51 (C4).

Melting point: [196 — 197] °C.
Molecular weight: 246.22 g/mol.

Rf (DCM/MeOH 9.5:0.5): 0.02.

5.1.6. Synthesis of 3-(benzyloxy)-4H-pyran-4-one (compound 4)

Figure 88. Structure of compound 4.

Compound 3 (0.4 g, 1.63 mmol) was dissolved in diphenyl ether (2.5 ml) and heated to
250°C in an open flask for 9 min. The mixture was cooled to room temperature and the
residue was purified by silica gel chromatography (dichloromethane/methanol 99:1 to
90:10) and recrystallized (DCM/ petroleum ether) to obtain the desired compound
(structure on Figure 88) as a yellowish solid.

Yield: 12.4 %

Due to the lower yield of the reaction, a bibliographic research was made to discover
different reaction conditions for decarboxylate compound 3. A microwave-assisted Cu-
catalyzed decarboxylation of aromatic carboxylic acids was found in the literature [333].
Considering this procedure, the reaction was optimized. In this reaction a catalyst is
generated in situ from copper(l) oxide and 1,10-phenanthroline. 1-Methyl-2-pyrrolidinone
(NMP) and quinoline are used as solvents. Several conditions were tried, with different

guantities of reagent, time, and workup, as detailed on Table 43.
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Table 43. Detailed reaction conditions for optimization purposes.

. Compound 3 Cu20 1,10-phenantroline NMP Quinoline Yield
Reaction Workup
(mg) (mg) (mg) (mL) (mL) (%)
acidification,
extraction,
1 247.2 8.4 18.4 1.5 0.5 chromatographic ~ 18.8
column,

recrystallization
chromatographic
2 246.3 7.5 18.2 15 0.5 column, 9.30
recrystallization
acidification,
extraction,
3 246.4 8.0 18.2 15 0.5 chromatographic ~ 18.7
column,
recrystallization
acidification,
extraction,
4 429.9 145 36.0 3.0 1.0 chromatographic .,
column (different
eluent),
recrystallization
acidification,
5 739.2 21.9 54.4 15 0.5 extraction, 57.3
recrystallization
acidification,
6 734.9 22.0 54.3 1.5 0.5 extraction, 58.2
recrystallization

After the optimization we arrived at the optimal procedure as follows: an oven-dried 10 mL
microwave vial was charged with compound 3 (0.7349 g, 2.98 mmol), Cu20 (22.0 mg, 0.15
mmol) and 1,10-phenanthroline (54.3 mg, 0.30 mmol). After the reaction mixture was
made inert, NMP (1.5 mL) and quinoline (0.5 mL) were added via syringe. The resulting
mixture was submitted to microwave irradiation at 190 °C for 35 min and subsequently air-
jet cooled to room temperature. The mixture was then acidified with HCI (5 M, 30 mL) and
extracted repeatedly with diethyl ether (10 x 5 mL). The combined organic layers were
washed with 50 mL of HCI 1 M and 50 mL of brine, dried over Na,SO. and filtered. The
residue was purified by recrystallization (DCM/ petroleum ether) to provide the desired
compound as a light-yellow solid.

Yield: 58.2 %

IH NMR (400 MHz, CDCls): & = 5.08 (s, 2H, CH>), 6.42 (d, J = 5.6 Hz, 1H, H3), 7.30 — 7.41
(m, 5 H, H(Ar")), 7.55 (d, J = 0.8 Hz, 1H, H6), 7.66 (dd, J = 5.6, 0.8 Hz, 1H, H2).
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13C NMR (101 MHz, CDCls): & = 71.93 (CHy), 116.81 (C(Ar)), 127.84 (2 x C(Ar)), 128.43
(C(Ar)), 128.70 (2 x C(Ar)), 135.73 (C(Ar)), 142.38 (C(Ar)), 147.95 (C(Ar)), 154.25 (C(Ar)),
174.18 (C(4)).

Melting point: [84 — 85] °C.
Molecular weight: 202.21 g/mol.

Rf (DCM/MeOH 9.5:0.5): 0.61.

5.1.7. Synthesis of 3-(benzyloxy)-4H-pyran-4-one (compound 5)

Figure 89. Structure of compound 5.

Compound 4 (0.2011 g, 0.98 mmol) and aniline (710 pL, 5.99 mmol) were dissolved in
EtOH: HCI 0.38M (1:1 V/V, 2 mL) and heated to 100°C for 1 hour and 30 minutes in a
sealed flask. Upon completion the solvents were removed under reduced pressure and
the residue was stirred with HCI 1M (20 mL) for 4 h at room temperature. The solution was
extracted 3 times with 10 mL of DCM and the organic layer was washed with HCI 1M (2 x
10 mL), water (2 x 10 mL) and brine (10 mL). The organic layer was dried over anhydrous
sodium sulfate, filtered, and concentrated under reduced pressure. The crude product was
purified over chromatographic column using AcOEt/Methanol 90:10 (V/V) as eluent, and
the fractions containing the product were collected and concentrated. The desired

compound (structure on Figure 89) was isolated as a light brown oil.
Yield: 89.1 %.

'H NMR (400 MHz, CDCls): 8 = 5.07 (s, 2H, CH>), 6.44 (d, J = 7.2 Hz, 1H, H3), 7.07 - 7.15
(m, 2 H, H(Ar)), 7.16 — 7.26 (m, 4 H, H(Ar)), 7.27 — 7.42 (m, 6 H, H(Ar)).

13C NMR (101 MHz, CDCls): & = 71.69 (CH), 117.32 (C(Ar)), 122.63 (2 x C(Ar)), 125.52
(C(Ar)), 127.89 (2 x C(Ar)), 128.11 (C(Ar)), 128.36 (C(Ar)), 128.55 (2 x C(Ar)), 130.16 (2 x
C(Ar)), 136.42 (C(Ar)), 136.47 (C(Ar)), 143.18 (C(Ar)), 148.64 (C(Ar)), 173.13 (C(4)).

Melting point: [215 — 217] °C.
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Molecular weight: 277.32 g/mol.

Rf (DCM/MeOH 9.5:0.5): 0.38.

5.1.8. Final remarks

A synthetic pathway was optimized to obtain N-substituted HetCAMs, particularly the
decarboxylation step which yield rose from 10 to 60 %. With this synthetic revision, several
new N-substituted HetCAMs can be synthesized as well as NH- or O-containing HetCAMs
substituted at the C2 position. All compounds were characterized by H, *C and DEPT
NMR. The work herein present comprises the first steps on the development of dual acting

COMT inhibitors and iron chelators.
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5.2. Investigation on potential anti-HIV multi-target agents

This section describes a general introduction about HIV infection that contributed for the

following publication:

Rita Meleddu, Angela Corona, Simona Distinto, Filippo Cotiglia, Serenella Deplano, Lisa
Sequeira, Daniela Secci, Alessia Onali, Erica Sanna, Francesca Esposito, Italo Cirone,
Francesco Ortuso, Stefano Alcaro, Enzo Tramontano, Péter Matyus and Elias Maccioni.
Exploring New Scaffolds for the Dual Inhibition of HIV-1 RT Polymerase and Ribonuclease
Associated Functions. Molecules, 2021. 26 (13).

5.2.1. HIV — an overview

Human immunodeficiency virus (HIV) was identified as the cause of the acquired
immunodeficiency syndrome (AIDS) in 1983, and further accepted by the scientific and
medical community in 1984 [334, 335]. Since then, several research groups pursued the
solid establishment of a linkage between agent and disease. The blood test for HIV was
developed and become available in blood-transfusion centers producing the undoubted
evidence of the association between HIV infection and AIDS. This test also helped in the
cloning and molecular characterization of the virus genetic material, which proved that the
new virus belong to the subfamily of lentivirus [334]. In 2020 there were around 36.8 million
people living with HIV worldwide [336], reason why this disease continues to be a burden
in economies, health systems and patients [335, 337]. In less than 30 years an impressive
drug discovery rush was seen and led to the identification of several HIV-targeted antiviral
agents [338, 339].

5.2.2. HIV targets and their inhibitors

HIV is a single-stranded RNA retrovirus. The virus particle contains two identical RNA
strands along with enzymes such as integrase, reverse transcriptase, and protease in the
capsid core. The nucleocapsid protein stabilizes the RNA of the virus and the mature virion
particle is conical in shape. It is surrounded by a lipid envelope embedded with
transmembrane proteins. The drugs to control the infection in the patients use several

proteins in HIV as targets [340].

Along the years, with the HIV treatment improvement, a better life quality of HIV-infected
patients was accomplished. The future is even more promising as an increased

understanding of the immunopathogenesis of HIV and global public health initiatives are
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driving novel treatment approaches with objectives of prevent, control and, ultimately,
eradicate HIV. Nowadays there is a wide array of drugs acting against HIV taking into
account each patient case [341].

5.2.2.1. Nucleoside and nucleotide reverse transcriptase inhibitors (NRTIS)

The first NRTI introduced was azidothymidine [342], in 1987 [341]. These drugs inhibit the
enzyme reverse transcriptase to prevent the transcription of viral RNA to proviral DNA by
getting incorporated into the replicating DNAs and terminate the elongation prematurely.
The nucleoside reverse transcriptase inhibitors include the compounds on Figure 90.

Tenofovir is the only nucleotide reverse transcriptase inhibitor [340].
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Figure 90. Structure of nucleoside reverse transcriptase inhibitors and the nucleotide reverse transcriptase inhibitor.
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5.2.2.2. Non-nucleoside reverse transcriptase inhibitors (NNRTIS)

It is 25 years since NNRTIs were identified as a new class of antiretroviral drugs for the
treatment of HIV-1 infection [339, 341]. This type of inhibitors binds to p66 subunit of the
reverse transcriptase and induces conformational changes that inhibit the catalytic
activities of this enzyme [339, 340]. The approved NNRTIs are represented on Figure 91.
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Figure 91. Structure of the approved NNRTIs.

5.2.2.3. Protease inhibitors (PIs)

In 1995 the first Pl was approved [341]. These inhibitors competitively inhibit the enzyme
aspartyl protease in a virus with cleavage at the N-terminal side of proline residues. These
inhibit the cleavage of large polyprotein into structural proteins and enzymes [340]. The
main action of Pls is to prevent subsequent waves of infection [343, 344]. Figure 92 shows
the approved PIs [340].

161




CHAPTER 5

Ritonavir Saquinavir
NH
HN 2 S \>
h ; e 0
—/ \ 0O HO -3-0 O/'?\ H 0 5\_&:\

< o= :
I HNb - )\/N it O, HN
O P O
o} N
N

Indinavir Fosamprenavir Lopinavir
NH,
N 7
o—/{ - |
\i/ HN N
NH OH —
o S OYNH g \_<_ )\O/—S—O OH H
HO R N N o N N O, o
N N H HN S
H on NH o H
H (0]
O \
Nelfinavir Atazanavir Darunavir

Tipranavir

Figure 92. Structure of approved Pls.

5.2.2.4. Integrase inhibitors (INIs)

In 2008, the first INI, raltegravir, was approved [341]. INIs are potent and well-tolerated
drugs that inhibit the integration of viral DNA into the human DNA via catalytic activity of
integrase enzyme inhibition [345]. These agents are active in the virus which has become
resistant to other antiretrovirals [340]. The drugs available as INIs are represented on
Figure 93.
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Figure 93. Structure of the marketed INIs.

5.2.2.5. Entry inhibitors (Els)

Enfuvirtide was the first approved El, in 2003 [341]. These type of inhibitors have different
mechanisms of action [340]. Enfuvirtide binds to a region of transmembrane glycoprotein
gp41 and disrupts the conformational changes associated with membrane fusion, hence
blocking virus entry and inhibiting viral replication [346]. Maraviroc (Figure 94) blocks the
binding of glycoprotein gp120 to CCR5 chemokine receptors which is an important step in
the entry of the virus into the host cell [347]. Ibalizumab is a monoclonal antibody that
binds the glycoprotein CD4 and inhibits HIV from entering in the host cells [348].
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Figure 94. Structure of the marketed El, maraviroc.
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5.2.3. Therapy in the management of HIV

Nowadays, the general recommendation for all patients with HIV, who have detectable
viremia, is to start antiretroviral therapy as soon as possible [338]. The most effective
approach in the treatment of infected patients comprises a combination of two or more
drugs with different mechanisms of action, accordingly with the presence of viral
coinfections and therapy response to the different agents [338, 340, 349]. Although very
efficient in the management of the infection, the existing therapeutic strategies are not
capable of eradicating the virus from the patient and exhibit several disadvantages.

Particularly, drug resistance and poly-drug-related toxicities [340, 350].

5.2.4. New approaches for HIV treatment

The complexity of diseases such as AIDS showed that the traditional one-target drugs are
inadequate to achieve the best therapeutic effect. In fact, along the years we have learned
that multi-target molecules may possess in principle a safer profile when compared with
single-target ones [351]. In particular, a multi-target approach on the case of HIV could be
a way to surpass the drawbacks of the current therapies. A multi-target strategy could
reduce both the daily nhumber of pills and the additive toxicity of different agents and

overcome the drug resistance development [335, 352].
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1H, 3C and DEPT NMR spectra of EMAC10164c
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o5z
0s m\\_

POE—

vEY
bEL
o
B
g&y
vaL
60—

P'8—

02|

=202 |
g1t

0T

660

120 115 1L0 105 100

125

98—

91—

6E'EE—

P0'60T4
£TPTT
ety
9911
STLTT
SEBIT~
60721~
veezl
69421
erezt
STy
L8621

1SPbT—
80'8pT—
00051~
TH'SST~
66097

81191

Cr'eEsT—

LETLT—

C(d)
129.67

160 150 140 130 120 110 100 90 80
1 (ppm)

170

1191

B6EEE—

LTTT~
ZH9T T~y
EEI S

E€9'6LT
14621

18P T—

i

T
130 120 115 110 105

T

145 140 135

95 90 85 80 75 70 65
1 (ppm)

100

125



'H, 13C and DEPT NMR spectra of EMAC10164g
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'H, 13C and DEPT NMR spectra of EMAC10164h
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'H, 13C and DEPT NMR spectra of EMAC10164;
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'H, 13C and DEPT NMR spectra of EMAC10164k
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H, 13C and DEPT NMR spectra of EMAC10168a
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'H, 13C and DEPT NMR spectra of EMAC10168b
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'H, 13C and DEPT NMR spectra of EMAC10168c
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'H, 13C and DEPT NMR spectra of EMAC10168k
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1H, 13C and DEPT NMR spectra of EMAC10168m
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H, 13C and DEPT NMR spectra of EMAC10169a
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'H, 13C and DEPT NMR spectra of EMAC10169b
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'H, 13C and DEPT NMR spectra of EMAC10169c
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'H, 13C and DEPT NMR spectra of EMAC10169d
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'H, 13C and DEPT NMR spectra of EMAC10169k
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