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SECTION A: CHALCONES AS
POTENTIAL HSP90 INHIBITORS
IN CANCER THERAPY



1. Introduction

1.1. Flavonoids

Flavonoids are an extensive group of about 6000 naturally occurring compounds
that are ubiquitous in all vascular plants and important constituents of the
human diet. On the average the
daily diet contains approximately
1 g of different flavonoids but the
uptake of specific compounds
may vary greatly depending on
the  food source.l2 They
contribute to the brilliant shades
of blue, scarlet and orange in

leaves, flowers and fruits.3

Fig. 1. Flavonoids in fruits

These polyphenolic compounds are found in fruits, vegetables, olive oil, nuts,
seeds, nuts, grains, spices as well as in beverages like red wine, green tea, coffee
and beer.

More specifically, flavones are common in cereal grains and aromatic herbs
(parsley, rosemary, thyme), while their hydrogenated analogues are almost
exclusively present in citrus fruits.3#4 The flavonols quercetin and kaempferol are
predominant in vegetables and fruits, where they are found mainly in the skin,
with the exception of onions. Isoflavones are found most often in legumes,

including soybeans, black beans, green beans, and chickpeas. Alfalfa and clover



sprouts and sunflower seeds also contain isoflavones. The flavan-3-ols and their
gallate esters are widely distributed in plants, although they are very rich in
tealeaves. Flavan oligomers (proanthocyanidins) are present in apples, grapes,
berries, persimmon, black currant, and sorghum and barley grains.>
Anthocyanidins and their glycosides (anthocyanins) are natural pigments and

are abundant in berries and red grape.3

1.1.1. Nomenclature and Classification

The term “flavonoid” is generally used to describe a class of the polyphenols,
which are characterized as containing two or more aromatics rings, each bearing
at least one aromatic hydroxyl and connected with a carbon bridge. This class
includes a C¢-C3-Ce carbon framework, composed of a chroman (Ce¢-C3) nucleus
(the benzo ring A and the heterocyclic ring C), with a phenyl (the aromatic ring
B) substitution usually at the 2-position. Depending on the position of the linkage
of the aromatic ring to the chromano moiety, this group of natural products may
be divided into three classes:

Flavonoids (2-phenylbenzopyrans) 1 (Fig. 2).

Isoflavonoids (3-benzopyrans) 2 (Fig. 2).

Neoflavonoids (4-benzopyrans) 3 (Fig. 2).

Fig. 2. Flavonoids structure

These groups usually share a common chalcone precursor, (Fig. 3) which is the

basic skeleton and therefore are biogenetically and structurally related.”
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Fig. 3. The main classes of flavonoids

The biological activities of flavonoids and their metabolites depend on their
chemical structure and relative orientation of various moieties on the molecule.?
The basic structure of the flavonoid nucleus allows for a multitude of
substitution patterns in the A, B, and C rings, resulting in various subgroups. The
flavonoids are further divided into subclasses according to their oxidation level
on the C-ring, placement of the B ring, hydroxylation patterns, and C-
glycosylation of the carbon skeleton.1? They include anthocyanidins, flavanols
(catechins), flavones, flavonols, flavanones and Isoflavonoids among others (Fig.
3). Flavones and flavonols have been identified in almost all plants, the ones
found most frequently being those with B-ring hydroxylation in the C-3 and C-
4 positions.1!

In plants, they are relatively resistant to heat, oxygen, dryness, and moderate
degrees of acidity but can be modified by light.11 Photostability of the flavonoid
molecule depends on the nature of the hydroxyl group attached to C-3 of ring C.



The absence or glycosylation of this hydroxyl group results in high photostability
of the molecule.1?

Most flavonoids are present in nature as glycosides and other conjugates
(flavanols are an exception), which contribute to their complexity and the large
number of individual molecules that have been identified (>5000).13

Many flavonoids in foods are polymerized into large molecules, which are called
tannins. There are several subclasses of tannins, three of which are important to
foods and perhaps health.14

Condensed tannins or proanthocyanidins consist of monomeric units of flavans
linked through carbon-carbon and ether linkages. Tannins can range from
dimers through large polymers and are found in a wide variety of foods, e.g.,
apples, berries, chocolate, red wines and nuts.6

The derived tannins are formed primarily under oxidative enzymatic and
atmospheric conditions during the manipulation of plants and subsequent
processing into foods, e.g., oolong and black teas, red wines and coffee.1#

Another class of common food tannins is the hydrolysable tannins, which consist
of gallic acid or ellagic acid to which are linked to a non aromatic polyol, such as
a sugar or quinic acid, is esterified.!> Although hydrolysable tannins are
widespread in some plant foods, e.g., grapes and wines, and contribute important
organoleptic qualities, they have received little attention in terms of their impact

on human health.6

1.1.2. Biochemical and Pharmacological Effects

Flavonoids play different roles in the ecology of plants. Due to their attractive
colors, flavones, flavonols, and anthocyanidins may act as visual signals for
pollinating insects.? Because of their astringency, catechins and other flavanols
can represent a defense system against insects harmful to the plant.1¢ Flavonoids
act as catalysts in the light phase of photosynthesis and/or as regulators of iron
channels involved in phosphorylation.!” They can also function as stress
protectants in plant cells by scavenging ROS produced by the photosynthetic
electron transport system.!® Furthermore, because of their favorable UV-

absorbing properties, flavonoids protect plants from UV radiation of sun and



scavenge UV-generated ROS.3.1°

Flavonoids are important components in the human diet and they are capable of
modulating the activity of many enzymes and possess a remarkable spectrum of
biochemical and pharmacological activities, some of which interfere with control
processes in carcinogenesis.12921 These include anti-inflammatory (against
ulcers, viruses, inflammation, arthritis, osteoporosis and diarrhea) and
antioxidant activities,?223 the scavenging effect on activated carcinogens and

mutagens,24 the action on cell cycle progression?> and altered gene expression.!

1.1.2.1. Antioxidant Effect

The best-described and most useful property of almost every group of flavonoids
is their capacity to act as antioxidants. The flavones and catechins seem to be the
most powerful flavonoids for protecting the body against reactive oxygen species
(ROS). Free radicals, including the superoxide radical (0z-), hydroxyl radical
(‘OH), hydrogen peroxide (H202), and lipid peroxide radicals have been
implicated in a number of disease process, since they can attack lipids in cell
membranes, proteins in tissues or enzymes, carbohydrates, and DNA, to induce
oxidations, which cause membrane damage, protein modification (including
enzymes), and DNA damage. This oxidative damage is considered to play a
causative role in aging and several degenerative diseases associated with it, such
as cardiovascular disease, cataracts, macular degeneration, cognitive
dysfunction, cancer, asthma, diabetes, gastrointestinal and liver inflammatory
diseases.?6: 27

Flavonoids can prevent injury caused by free radicals in various ways. One way
is the direct scavenging of free radicals. Flavonoids are oxidized by radicals,
resulting in a more stable, less-reactive radical, according to the following

reaction.3
FOH+R' ___ 5 FO'+ RH
Where FOH is flavonoid and R' is free radical and FO' is less reactive free

radical.?8



1.1.2.2. Antiatherosclerotic Effect

Physiological function of plant polyphenols has attracted much attention in
relation to the prevention of vascular diseases. Flavonoids containing
diphenylpropane structure are major polyphenols present in vegetables and
fruits.2? In 1936, Szent-Gyoigi3? first claimed that citrus flavonoids (hesperidin
ad rutin) reduced capillary fragility and permeability in human blood vessel, as
similarly to vitamin C. In 1993, Hertog et al3! found that flavonoid intake was
inversely correlated with cardiovascular heart disease (CHD) mortality in elderly
men. Nowadays, epidemiological studies strongly suggest that the intake of
flavonoids from diet is helpful in the prevention of atherosclerosis and its related
events including CHD.28 Oxidative modification of low-density lipoproteins (LDL)
is believed to be an initial step for the development of atherosclerosis and
coronary disease. Flavonoids seem to exert the antioxidant effect against LDL

oxidation.?®

1.1.2.3. Antiulcer and Hepatoprotective Effects

Many flavonoids possess antiulcerogenic activity. Oral treatment with the ether
fraction of the flavonoid extract demonstrated a good level of gastric protection.
Quercetin, kaempferol, rutin produced an inhibitory effect on intestinal
functions, and that their actions are mediated through az-adrenergic and calcium
systems. This result may show the beneficial effects in diarrhea (cocoa beans)
and other intestinal secretions.32 Besides, many flavonoids possess hepato-

protective activity through normalizing cell phospholipid synthesis.

1.1.2.4. Antimicrobial Effect

Flavonoids and esters of phenolic acids show antibacterial, antifungal and anti

viral effects against herpes simplex virus, respiratory syncytial virus,

parainfluenza virus, adenovirus and immuno-deficiency virus infection.32



1.1.2.5. Anti-Inflammatory Effect

Many flavonoids can inhibit the cyclooxygenase pathway. This inhibition reduces
the release of arachidonic acid, the starting point for a general inflammatory

response.28

1.1.2.6. Effect on Blood Vessel

Flavonoids are used for treatment of capillary fragility and phlebosclerosis. They
reduce cell aggregation and protect capillary against various traumas and

stresses.32

1.1.2.7. Antineoplastic Effect

Quite number of flavonoids has exhibited antineoplastic activity. Detailed studies
have revealed that quercetin exerted a dose dependent inhibition of cell growth

and colony formation.32

1.1.2.8. Effect on Heat Shock Proteins

Heat shock proteins function as molecular chaperones, guiding the transport,
assembly and degradation of intracellular polypeptides. Under the influence of
non-physiological conditions heat shock protein synthesis is accelerated to aid
cell survival. Elevated expression of the members of the hsp70 family has been
reported in high-grade malignant tumors.32 Quercetin and several other
flavonoids inhibit the synthesis of hsps including hsp90, hsp70s, hsp47 and
hsp28 induced by heat shock, sodium arsenite, and L-azetidine 2-carboxylic acid

(Azc) in human cell lines.33



1.2. Chalcones

Chalcones are 1,3-diphenyl-2-propene-1-one, in which

two aromatic rings are linked by a three-carbon «, 8-

unsatured carbonyl system (Fig. 4), that assume linear
Fig. 4. Chalcone or near planar structure.

They possess conjugated double bounds and a completely delocalize m-electron
system on both benzene rings. 27

Chalcones are readily synthesized in the laboratory and the literature is replete
with references to structural modifications of the chalcone template. Some
examples are introducing different substituents on the phenyl rings A and B,
replacing the phenyl rings with heterocyclic and polyaromatic rings, saturation
or substitution of the enone linking the two rings, and cyclisation of the chalcone
to give conformationally restricted analogues.3#

In the plant arena, chalcones play a pigmentation role due to their intense yellow

color. The biological activities of chalcones are equally wide ranging.

1.2.1. Biochemical and Pharmacological Effects

1.2.1.1. Chemoprotective Effect

Chemoprotection is an approach that seeks to arrest or reverse the process of
carcinogenesis through the use of pharmacological agents. It may occur by
various mechanism, such as inhibition of an enzyme involved in carcinogenesis
(for example COX-2), inhibition of receptors that play an integrative role in
modulating the activity of other receptors, induction of phase 2 enzymes like
glutathione S-transferase, and scavenging of reactive oxygen species.

Chalcone bear a structural similarity to stilbene, a synthon found in several
selective estrogen receptor modulators, to curcumin, a naturally occurring
antioxidant and chemoprotective agent, as well as in antioxidant flavonoids like

quercetin (Fig. 5).34
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Fig. 5. Chemoprotective agents

The chemoprotective role of chalcones is usually discussed in term of their
antioxidant properties that are related to different mechanisms:

Free radical scavenging;

Hydrogen donation singlet oxygen quenching;

Metal ion chelation;

Acting as substrate for free radicals.

Cytotoxic effects of antioxidant chalcones are associated with their pro-oxidant
effects. Especially, the hydroxyl substituent is one of the key groups to enhance
greatly the antioxidant activity of chalcone mainly due to its easy conversion to
phenoxy radicals through the hydrogen atom transfer mechanism. The ortho-
(i.e. catechol structure) and para-dihydroxilated benzene ring system are
generally known to delocalize electrons, while meta-dihydroxilated ring is
converted to unstable quinone structure (Fig. 6).2”

Structure Activity Relationship:

* Two hydroxyl groups on ring B are very important structural factors for the
radical scavenging activity:

* 2,3’-, 34’- (ortho-) and 2’5’- (para) substitutions show an excellent
antioxidant activities (as ascorbic acid and a-tocopherol);

* 2°4’- and 3’,5’- (meta) substitutions show a very dramatic decrease in

activity.

10
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Fig. 6. Mechanism of antioxidant activity of chalcones

1.2.1.2. Anti-Inflammatory Effect

Non-steroidal anti-inflammatory drugs (NSAIDs) are therapeutically important
in the treatment of rheumatic arthritis and various types of inflammatory
conditions but found to be limited because of their frequently observed
gastrointestinal side effects.

Being a natural origin, chalcones may be devoid of toxicity and hence beneficial
for drug discovery as active compound.

Macrophages are active secretory cells, releasing nitric oxide (NO), which plays
an important role in biologic activity. NO is a potent vasodilator, responsible for
induction of cell growth, cytotoxicity, formation of edema leukocyte migration
and cytokines production.3¢ Thus, through their abundance, distribution,

motility, and responsiveness, macrophages can influence almost every aspect of

11



immune and inflammatory responses.3”

NO reacts with a very high rate constant with superoxide radicals to give
peroxynitrite. It can be directly cytotoxic and it can also decompose to give a
range of products, including hydroxyl radical (OH-) and nitronium ion (NO2*).
Addition of peroxynitrite to biological fluids leads to nitration of aromatic
aminoacid residues, and the presence of these may be a ‘marker’ of peroxynitrite
mediated damage in vivo.38

Compounds that inhibit excess production of NO by macrophages might be of
benefit for the prevention and the treatment of autoimmune diseases, septic
shock and different inflammatory pathologies.?”

From the structure-activity study, the following trends can be deduced: the
trimethoxychalcone derivatives with a fluoro substituent at position C-4’" were
found to be better inhibitors of nitrite production than with a trifluoromethyl
substituent at the same position. The presence of a trifluoromethyl group at C- 2,
in dimethoxychalcone as well as in trimethoxy- chalcone derivatives, is
associated with a very potent inhibition of nitrite accumulation.36
Anti-inflammatory activity of 3,4,5-trimethoxychalcones is also evaluated in
terms of TNF-a and IL-6 inhibitory activity.

Interestingly, several studies have demonstrated endogenous TNF-a as a tumor
promoter and metastatic factor. Significant levels of TNF-a are found in tumor
microenvironment of various human cancers, including those of breast, ovarian,
prostate, lymphoma, melanoma and leukemia. Chalcones have dual activity as
anti-inflammatory as well as more effective against cancer treatment since, it can
act by two mechanisms, directly by Kkilling tumor cells and indirectly, resolving

the inflammatory environment that supports tumor development.3>

1.2.1.3. Hypoglycemic Effect

Non-insulin dependent diabetes mellitus (NIDDM, type-II diabetes) is a chronic
metabolic disease characterizes by insulin resistance, hyperglycemia and
hyperinsulinaemia.?’ This chronic disease is often associated with obesity,
dyslipidemia, hypertension and cardiovascular risk.

Chalcones with dimethoxy and methylenedioxy groups show an important

12



antihyperglycemic activity. They seem to inhibit enzymes like protein tyrosine

phosphatase 1B and aldose reductase, that are involved in glucose metabolism.3°

1.2.1.4. Cytotoxic Effect

Most of the chalcones exhibit cytotoxic activity against a variety of human cancer
cell line (PC-3, MCF-7, KB and KB-VIN) in the low micromolar range. Mannich
bases analogues with morpholine substitution at C3 or Cs and pyridyl or phenyl
at Cz substitution are found to possess good cytotoxic effect.4?

A greater effort has been made to understand how chalcones exert their effects:
they can be angiogenesis inhibitors: the formation of new blood vessels from
endothelial cells is a prerequisite for solid tumor growth and proliferation.
Chalcones can also interfere at the transcription level by inhibiting the p-53-
MDM2 interaction. The MDM2 oncogene is over-expressed in human breast
cancer. It inhibits the tumor suppressor protein p53 by binding the
transactivation site, leading to disregulation of the cell cycle. Many 2’-
hydroxychalcones induce G2/M block and caused fragmentation of DNA that is
suggestive of apoptosis.

A large number of methoxylated chalcones shows antimitotic activity against a
variety of tumor cell line, in fact they interact strongly with tubulin, preventing it
from polymerizing into microtubes.

Conformational restraint of chalcones generally lead to a decrease in cytotoxic

activity.34

1.2.1.5. Antihepatotoxic Effect

Chalcone derivatives possessing 1,4-dioxane ring system exhibit a good

antihepatotoxic activity.?”

1.2.1.6. Antimicrobial Effect

Chalcone derivatives possessing electron releasing groups, like methoxy and

hydroxy, show antibacterial activity, while compounds with dichloro and fluoro

13



groups show better antifungal activity.2”

1.2.1.7. Antimalarial Effect

Over 1,000,000 people die annually due to malaria, typically young children of
resource-poor families in Africa. Increased mortality has partly been attributed
to the emergence of chloroquinine-resistant strains of Plasmodium falciparum.
Chalcone derivatives interact with parasite enzyme cysteine protease, one of the
key enzymes involved in hemoglobin degradation within the acid food vacuole of
the intra-erythrocytic parasite. Inhibition of this enzyme proves fatal for the
parasite.*1

For antimalarial activity, the size characteristics of ring B (large, alkoxylated)
and the electronic characteristic of ring A (electron deficient) are important.*?
Compound containing triazole and chloro substituents, was found to be the most
potent antiplasmodial derivative evaluated, suggesting that small lipophilic
groups containing single or multiple nitrogen can enhance antimalarial activity

in vitro.2?

1.2.1.8. Antileishmanial Effect

The antileishmanial activity of several chalcones has been reported in the
literature. The most promising member to date is licochalcone A (Fig. 7), an
oxygenated chalcone, isolated from the roots of Chinese liquorice, that inhibits

fumarate reductase.*?

Fig. 7. Licochalcone A

Conventional structure activity relationships show that antileishmanial activity

is favoured by chalcones with more hydrophilic character, with the most active

14



members found among 4’-hydroxychalcones. 27
1.2.1.9. Anti-Trypanosoma Cruzi Effect

Chagas’ disease or American trypanosomiasis, caused by the vector-borne
flagellate protozoan parasite Trypanosoma Cruzi, is an endemic tropical disease
that has infected 20 million people in Central and South America and
approximately between 50000 and 100000 people in the United States.
Responsible for around 20000 deaths per year, Chagas’ disease manifests itself
as potentially fatal cardiopathy or dilations in the digestive tract. The only
control intervention is chemotherapy. The antiprotozoal activity, the low toxicity
and the economical, facile, and rapid synthesis of chalcones make them attractive

as potential drug candidates to fight Chagas’ disease.*3
1.2.2. Synthesis of Chalcones

There are a number of methods for the synthesis of chalcones including the

classical methods of Claisen-Schmidt, Wittig Reaction and Friedel-Craft acylation.
1.2.2.1. The Claisen-Schmidt Reaction

Chalcones are readily synthetized by the base-catalyzed Claisen-Schmidt
condensation of an aldehyde and an acetophenone in a polar solvent like
methanol (Fig. 8). The enolate ion from acetophenone reacts with carbonyl of
aldehyde to form the B-hydroxyketone, followed by dehydration to give a
conjugated enone. The method is versatile and convenient, although yields may
be variable, ranging from 5% to 90%.3* Improved conditions using either
organolithium bases in apolar solvent* or solid catalyst have been also

described.*5

0]

(0]
o”- base Z
R + RN — R R'

Fig. 8. The Claisen-Schmidt Reaction

15



1.2.2.2. The Suzuki Reaction

Eddarir and co-workers delighted that Suzuki coupling between benzoyl chloride
and phenylvinylboronic acid, catalyzed by zerovalent palladium in anhydrous

toluene gives the chalcones in near quantitative yield (Fig. 9). 4¢

0] (0]

@ )k/\@» (I 3)4 d O = G .
R R' R R
E/O

- Cs,COg3 toluene
OH

Fig. 9. The Suzuki coupling

This reaction is not affected by substituents on the acyl chloride or the

phenylboronic acid.

1.2.2.3. Synthesis of Chalcone via Ultrasound and Microwave-Assisted

Methods

Ultrasound and microwave-assisted methods are investigated. Claisen-Schmidt
condensation in the presence of KOH or KF supported on alumina under
ultrasound gives good yields under mild conditions and shorter reaction times.3#

The utility of microwave-assisted synthesis is investigated for 2’
hydroxychalcones, the synthesis of which is generally impeded by cyclisation to
flavanones. Unfortunately, protecting the 2’ hydroxyl group is not a viable option
because of the ortho position of the substituent. The microwave irradiation of
the reactants in 20% KOH/ethanol in a closed pressure tube gives excellent
yields of 2’-hydroxylchalcones, without side products (Fig. 10).#” The closed tube
permits temperature to reach 132°C, which is presumably optimal for reaction.
When the reaction is repeated in an oil bath with a temperature of about 130°C,

identical yields are obtained.3#

OH O

OH O
=
2 mw
R4©)J\ + O/\©>R' RR'

Fig. 10. Microwave-assisted synthesis
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1.2.3. Physico-chemical Properties of Chalcones

Conformational analyses and X-ray structure of chalcones have confirmed the
overall planarity and rigidity of the m-system. The ring A have a greater
rotational flexibility, this may imply that it deviates from planarity to a greater
extent than ring B. For this reason the delocalization of electrons occurs between
ring B and the a,3-unsatured double bound.

The effect of ring substituents on the planarity of the system has been also
investigated. A 2’-hydroxyl group on ring A forms an intramolecular bound with
the carbonyl oxygen and rises to a stable planar conformation.34

The Ca-CB double bound in the enone can adopt Z or E configuration. The
Claisen-Schmidt preparation of chalcones predominantly generates the E-isomer,
thermodynamically more stable. The Z-isomer is obtained by exposing a
methanolic solution of the chalcone to normal light.48 The Z-isomer shows more
potent antitumourigenic activity than the E form.

The carbon-oxygen and carbon-carbon double bounds are in s-cis, but the
introduction of a methyl group to the Ca position alters the disposition in s-trans,
leading to the lost of planarity between ring A and the enone. The a-
methylchalcone has shown a greater cytotoxic activity against a human leukemia
cell line than the unsubstitued analogue.

Electron delocalization along the a,-unsatured chain would render the (3-carbon
electron deficient and more susceptible to attack by weak nucleophile, like thiol,
but it is too soft to interact with amino and hydroxyl groups on nucleic acids and
it doesn’t show mutagenic properties.

The hydroxyl substituent is widespread among chalcones from natural and
synthetic sources. The hydroxyl group is a weak acid and its pKa value is
dependent on its location on the chalcone. Rastelli et al. have determined the pKa
values of 2’-hydroxyl, 4’-hydroxyl (ring A) and 4-hydroxyl (ring B) by a
spectrophotometric method and concluded that 4’-hydroxyl is the most acidic
(pKa 7.5) while 2’-hydroxyl (pKa 10.1) is the least acidic (Fig. 11). The greater
acidity of the 4’-hydroxyl group is attributed to the stabilization of the phenolate

anion by delocalization of its charge to the carbonyl oxygen.344°
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Fig. 11. pKa values of hydroxyl group in chalcones
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1.3. Heat Shock Proteins

Heat shock proteins (Hsps), act as molecular chaperones, guiding nascent
polypeptides through the process of folding and maturation into three-
dimensional structures.>?

Hsps have been classified into six major families according to their molecular
size: Hsp100 (100-110 kDa), Hsp90 (83-90 kDa), Hsp70 (66-78 kDa), Hsp60,
Hsp40, and small heat shock proteins (15-30 kDa). Hsp100 (Clp family) proteins
have been studied for their ability to target and unfold tagged and misfolded
proteins. Hsp70 has a high-affinity bound state to unfolded proteins when bound
to ADP, and a low-affinity state when bound to ATP. Hsp70s crowd an unfolded
substrate stabilizing and preventing aggregation until the unfolded molecule and
diffuse away. Hsp70 also acts as a mitochondrial and chloroplastic molecular
chaperone in eukaryotics. Hsp60 and Hsp40 compete in the pathway of
misfolding and aggregation. Within each gene family are members that are
constitutively expressed, inducibly regulated, and/or targeted to different

compartiments.5!

1.3.1. Hsp90

Hsp90 is one of the most abundant proteins in eukaryotic cells, comprising 1-2%
of cellular proteins under homeostatic conditions. Cells exposed to heat shock
and other stressed conditions, such as in the case of cancer, overexpress Hsp90.
The full functional activity of Hsp90 is gained in concert with other co-
chaperones and various “client” proteins, playing an essential role as molecular
chaperones and being responsible for the conformational maturation of nascent
polypeptides and the refolding of denatured proteins.>?2 This multicomponent
complexes are integrally involved in cell signaling, proliferation and survival. The
number of identified Hsp90 client proteins is over 100 and is still quickly
increasing. They include protein Kkinases, transcription factors, and other
signaling proteins. Many of the client proteins, such as steroid hormone

receptors, epidermal growth factor receptor (EGF-R) family members, the MET
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oncogene, Raf-1 kinase, AKT kinase, BCR-ABL fusion proteins in leukemia,
mutant p53, cyclin dependent kinase 4 (CDK4), hypoxia-inducible factor 1a (HIFI
a), and matrix metalloproteinase 2 (MMP2), are known to be involved in cancer
signaling pathways.53 Thus, Hsp90 has emerged as a promising target for cancer
chemotherapy. Moreover, this molecular chaperone has exhibited exceptional
neuroprotective properties due to its ability to refold aggregated proteins
associated with several neurodegenerative diseases.

The Hsp90 family of chaperones is composed of four isoforms: Hsp90a
(inducible/major form) and Hsp90f (constitutive/minor form) are found
predominately in the cytosol, the 94 kDa glucose-regulated protein (GRP94) is
localized to the endoplasmic reticulum, and Hsp75/tumor necrosis factor
receptor associated protein 1 (TRAP-1) resides in the mitochondrial matrix.5*

An important difference between Hsp90a and Hsp90f is that the a form
dimerizes with more efficiency. In addition they differ in the amino acid
sequence of client proteins binding site.

In humans, Hsp90 exists as a homodimer, which contains three highly conserved
domains:

a 25 kDa N-terminal ATP-binding domain;

a 35 kDa middle domain;

a 12 kDa C-terminal dimerization domain (Fig. 12).

Inhibitors block the ability of Hsp90 to stabilize and/or fold client proteins,
leading to an unproductive heteroprotein complex that is degraded by the
ubiquitin-proteasome pathway. The N-terminal domain contains an ATP-binding
site that also binds the natural products, as geldanamycin (GDA) and radicicol.
Hsp90 function depends upon the ability of the N-terminal domain to bind and
hydrolyze ATP. While the solution structure of Hsp90 exists as a continuum of C-
terminally dimerized conformations, the ATP-bound state is a highly constrained
structure. The formation of this structure involves coupled conformational
switches to position the catalytic apparatus for ATP hydrolysis. An unstructured,
highly charged linker joins the N-terminus to the middle domain.

The middle domain exhibits high affinity for co-chaperones as well as client
proteins. Structural and functional analyses have demonstrated that the middle

domain of Hsp90 contains a catalytic loop, which may serve as an acceptor for
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the y-phosphate of ATP, when it is bound to the N-terminus.55

Initial studies by Csermely and co-workers suggested a second ATP-binding site
located in the Hsp90 C-terminus. This C-terminal nucleotide binding pocket has
been shown to not only bind ATP, but also novobiocin, cisplatin,

epilgallocatechin-3-gallate (EGCG) and Taxol.>6

N-terminal
domain

Middle
domain

C-terminal
domain

Fig. 12. Hsp90 domains

1.3.1.1. Hsp90 Folding Mechanism

After the synthesis of single-stranded polypeptides by the ribosome, the nascent
polypeptides have the propensity to aggregate via interactions between amino
acid side chains, unless other proteins are present to prevent this process.
Aggregation is prevented by the expression of chaperones, which bind to newly
formed peptides and prevent deleterious interactions. In addition to their role as
protein stabilizers, chaperones also facilitate the folding of nascent polypeptides
into biologically active three-dimensional structures.>455

The Hsp90 chaperon complex cycles between two major conformational state:
the “open” state, where Hsp90 is nucleotide-free and able to capture client
proteins, and the “closed” state. Co-chaperone, such as Hsp70, Hsp40, Hop
(Hsp70-Hsp90 organizing protein) and Hip (Hsp70 interacting protein), bind to
Hsp90 and are important in helping to bind client proteins. Another group of co-
chaperones, Cdc37, p23 and immunophilins help Hsp90 in the process of
maturation and of maintaining client proteins in their active state. The first steps

of these conformational changes were elucidated recently in detail: upon ATP
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binding, a short segment of the N-domain called the “ATP lid” changes its
position and flaps over the binding pocket (Fig. 13, steps 2 and 3). This releases a
short N-terminal segment from its original position. After lid closure, the first 24
aminoacids of each Hsp90 monomer dimerize, and the first 3-strand and a-helix
swap to associate with the N-domain (ND) of the other monomer. The proto-
oncogenic protein Cdc37 is present in Hsp90 complexes containing protein
kinase clients, but rather than being released, it remains associated with the
kinase client after Hsp90’s ATP-dependent N-terminal clamping. (step 3).

These N-terminal rearrangements result in further conformational changes
throughout the entire Hsp90 dimer leading to a twisted and compacted dimer, in
which N- and M-domains associate and the distance between M-domains is
shortened by 40 A. The association of N- and M-domains completes the active
site of this “split ATPase” (step 4). The co-chaperone p23 is also recruited to
Hsp90 at this stage, which promotes ATP hydrolysis (that provides the energy
necessary for conformational changes and folding of the client) and stabilization
of Hsp90’s “clamped” high- affinity client-bound conformation. The ensemble of
Hsp90 and its cohorts promote the folding of the bound client into its three-
dimensional structure, and subsequently release the protein through an as yet

uncharacterized process that appears to be stimulated by p23.50
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Fig. 13. ATPase cycle of Hsp9057
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After hydrolysis, the N-domain dissociates; both monomers separate N-
terminally; the ATP lid opens; and after release of ADP and P;, Hsp90 returns to
the initial state (steps 5 and 6).

Interestingly, the unusual way in which Hsp90 binds ATP is perfectly mimicked
by some natural compounds, such as geldanamycin and radicicol. These are
highly specific and potent inhibitors of the Hsp90 ATPase, blocking the
maturation of substrate proteins and eventually resulting in their degradation.
As several Hsp90 substrate proteins are kinases, which can be deregulated in the
development of cancer, derivatives of Hsp90 inhibitors are currently being
investigated as anticancer therapeutics at the stage of clinical trials.5”

Cellular stresses, such as elevated temperatures, abnormal pH, nutrient
unavailability, and malignancy, result in the denaturation of folded proteins as
well as the increased synthesis of new proteins. Under these conditions, heat
shock proteins (Hsps) are overexpressed to refold denatured proteins back into
their biologically active conformation.

Hsp90 expression is upregulated in tumor cells and mutational analyses of
Hsp90 have demonstrated eukaryotic organisms to be dependent upon Hsp90
for survival. Moreover, cancer cells have been shown to be particularly sensitive
to molecules that inhibit Hsp90 function. Consequently, Hsp90 has emerged as

an exciting target for the development of cancer chemotherapeutics.>*

1.3.2. Hsp90-Dependent Client Proteins

Of the more than 100 reported client proteins dependent upon the Hsp90
machinery, 48 are directly associated with oncogenesis. These Hsp90 clients rely
on Hsp90 for maturation and/or stabilization and are required for continued
growth in hostile tumor microenvironments resulting from hypoxia, nutrient
deprivation, acidosis, and mutated/overexpressed proteins. In general, these
Hsp90-dependent proteins can be separated into three main groups:

(1) Transcription factors,

(2) Kinases,

(3) Other proteins that participate in multiple signal transduction cascades that

ultimately contribute to cancer progression and “oncogene addiction” (Tab.1)
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Under normal conditions, Hsp90 is bound to heat shock factor 1 (HSF1), which is
a transcription factor responsible for induction of heat shock response. Upon
incubation with Hsp90 inhibitors, the complex formed between HSF1 and Hsp90
is dismantled, and HSF1 is able to initiate the transcription of the heat shock
genes that encode for Hsps, specifically Hsp70 and Hsp90. Thus, increased levels
of these Hsp’s are observed as concentration of drug is increased and is
commonly used as a hallmark of Hsp90 inhibition.

A number of Hsp90 client proteins are used as negative controls in determining
whether an inhibitor is selectively inhibiting the Hsp90 protein folding process
or causing the degradation of unrelated proteins. PI3 kinase (p85 unit), b-actin,
and tubulin are three commonly used protein controls to verify that inhibitors of
the Hsp90 process are not affecting the levels of non-Hsp90 dependent

proteins.>*

Hsp90-dependent Kinases ErbB2 (Her2), AKT, Bcer-Abl, FAK, Cdk4, Cdke,
Cdk9, RIP (Death domain kinase), MAK, MRK,
MOK, c-MET, MEK, Raf-1, B-Raf, Stel, VEGFR2,
pp60v-Src, c-Src, Yes, Fps, Fes, Fgr, Lck, PDK1,
Pim-1, PIk1, trkB, Weel, Swel

Hsp90-dependent Transcription Factors AR (Androgen receptor), ER (Estrogen
receptor), PR (Progesterone receptor), GR
(Glucocorticoid receptor), MR

(Mineralcorticoid receptor), HSF-1, mutant

p53, Stat3
Other Hsp90-dependent Proteins Proteasome, Telomerase, Survivin, Apaf-1,
Associated with Oncogenesis Mdm?2, SV40 large T-antigen, Ral-binding
protein 1

Tab. 1. Hsp90-Dependent Client Proteins Associated With Oncogenesis>*

1.3.3. The Hallmarks of Cancer

Several lines of evidence indicate that tumor genesis in humans is a multistep
process and that these steps reflect genetic alterations that drive the progressive
transformation of normal human cells into highly malignant derivatives. Many

types of cancers are diagnosed in the human population with an age-dependent
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incidence implicating four to seven rate-limiting, stochastic events. Pathological
analyses of a number of organ sites reveal lesions that appear to represent the
intermediate steps in a process through which cells evolve progressively from
normalcy via a series of premalignant states into invasive cancers.>8

The vast catalog of cancer cell genotypes is a manifestation of six essential

alterations in cell physiology that collectively dictate malignant growth (Fig. 14):

Self-sufficiency in growth signals;

Insensitivity to growth-inhibitory (antigrowth) signals;

Evasion of programmed cell death (apoptosis);

Limitless replicative potential;

Sustained angiogenesis;

Tissue invasion and metastasis.

Each of these physiologic changes represents the successful breaching of an

anticancer defense mechanism hardwired into cells and tissues.

Self-sufficiency in
growth signals

Evading Insensitivity to
apoptosis anti-growth signals

Sustained Tissue invasion
angiogenesis & metastasis

Fig. 14. The Hallmarks of Cancer>8
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1.3.3.1. Self-Sufficiency in Growth Signals

Normal cells require mitogenic growth signals (GS) for moving from into an
active proliferative state. These signals are transmitted into the cell by
transmembrane receptors that bind distinctive classes of signaling molecules:
diffusible growth factors, extracellular matrix components, and cell-to-cell
adhesion/interaction molecules. Many of the oncogenes in the cancer catalog act
by mimicking normal growth signaling in one way or another.

The conclusion is that tumor cells generate many of their own growth signals,
thereby reducing their dependence on stimulation from their normal tissue
microenvironment. This liberation from dependence on exogenously derived
signals disrupts a critically important homeostatic mechanism that normally
operates to ensure a proper behavior of the various cell types within a tissue.
While most soluble mitogenic growth factors (GFs) are made by one cell type in
order to stimulate proliferation of another, many cancer cells acquire the ability
to synthesize GFs to which they are responsive, creating a positive feedback
signaling loop often termed autocrine stimulation.

GF receptors are overexpressed in many tumors and the cancer cells become
hyperresponsive to ambient levels of GF that normally would not trigger
proliferation. Additionally the overexpression can elicit ligand-independent

receptor activation.

1.3.3.2. Insensitivity to Growth-Inhibitory (Antigrowth) Signals

Normal tissues require multiple antiproliferative signals operate to maintain
cellular quiescence and tissue homeostasis (e.g. soluble growth inhibitors and
immobilized inhibitors embedded in the extracellular matrix and on the surfaces
of nearby cells).

Antigrowth signals can force cells out of the active proliferative cycle into the
quiescent (GO) state, alternatively, cells may be induced to permanently
relinquish their proliferative potential by being induced to enter into post-
mitotic states, usually associated with acquisition of specific differentiation-

associated traits.
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Cells monitor their external environment during cell cycle and, on the basis of
sensed signals, decide whether to proliferate, to be quiescent, or to enter into a
post-mitotic state. At the molecular level, many and perhaps all antiproliferative
signals are funneled through the retinoblastoma protein (pRb) and its two
relatives, p107 and p130. When in a hypophosphorylated state, pRb blocks
proliferation by sequestering and altering the function of E2F transcription
factors that control the expression of banks of genes essential for progression
from G1 into S phase.

Disruption of the pRb pathway liberates E2Fs and thus allows cell proliferation,
rendering cells insensitive to antigrowth factors that normally operate along this
pathway to block advance through the G1 phase of the cell cycle.

The pRb signaling circuit, as governed by TGF and other extrinsic factors, can be

disrupted in a variety of ways in different types of human tumors. 58

1.3.3.3. Evasion of Programmed Cell Death (Apoptosis)

The ability of tumor cell populations to expand in number is determined not only
by the rate of cell proliferation but also by the rate of cell attrition. The apoptotic
machinery can be broadly divided into two classes of components—sensors and
effectors. The sensors are responsible for monitoring the extracellular and
intracellular environment for conditions of normality or abnormality that
influence whether a cell should live or die. These signals regulate the second
class of components, which function as effectors of apoptotic death. Many of the
signals that elicit apoptosis converge on the mitochondria, which respond to
proapoptotic signals by releasing cytochrome C, a potent catalyst of apoptosis.
Members of the Bcl-2 family of proteins, whose members have either pro-
apoptotic (Bax, Bak, Bid, Bim) or antiapoptotic (Bcl-2, Bcl-XL, Bcl-W) function,
act in part by governing mitochondrial death signaling through cytochrome C
release. The p53 tumor suppressor protein can elicit apoptosis by upregulating
expression of proapoptotic Bax in response to sensing DNA damage; Bax in turn
stimulates mitochondria to release cytochrome C.58

Tumor cells evolve a variety of strategies to limit or circumvent apoptosis. Most

common is the loss of TP53 tumor suppressor function, which eliminates this
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critical damage sensor from the apoptosis-inducing circuitry. Alternatively,
tumors may achieve similar ends by increasing expression of antiapoptotic
regulators (Bcl-2, Bcl-xL) or of survival signals (Igf1/2), by downregulating
proapoptotic factors (Bax, Bim, Puma), or by short-circuiting the extrinsic ligand-

induced death pathway.5°

1.3.3.4. Limitless Replicative Potential

Telomerase, the specialized DNA polymerase that adds telomere repeat
segments to the ends of telomeric DNA, is almost absent in non-immortalized
cells but expressed at functionally significant levels in the vast majority of
spontaneously immortalized cells, including human cancer cells. By extending
telomeric DNA, telomerase is able to counter the progressive telomere erosion
that would otherwise occur in its absence. The presence of telomerase activity,
either in spontaneously immortalized cells or in the context of cells engineered
to express the enzyme, is correlated with a resistance to induction of both
senescence and crisis/apoptosis; conversely, suppression of telomerase activity
leads to telomere shortening and to activation of one or the other of these
proliferative barriers.>?

The eventual immortalization of rare variant cells that proceed to form tumors
has been attributed to their ability to maintain telomeric DNA at lengths
sufficient to avoid triggering senescence or apoptosis, achieved most commonly
by upregulating expression of telomerase or, less frequently, via an alternative

recombination-based telomere maintenance mechanism.

1.3.3.5. Sustained Angiogenesis

The oxygen and nutrients supplied by the vasculature are crucial for cell function
and survival. During tumor progression the angiogenesis is almost always
activated, causing the tumor growth. Almost all angiogenic regulators are
signaling proteins that bind to stimulatory or inhibitory cell-surface receptors
displayed by vascular endothelial cells. The well-known prototypes of

angiogenesis inducers and inhibitors are vascular endothelial growth factor-A
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1.
2.

(VEGF-A), members of fibroblast growth factor (FGF) family and
thrombospondin-1 (TSP-1), respectively.

The blood vessels produced within tumors by chronically activated angiogenesis
and an unbalanced mix of proangiogenic signals are typically aberrant: tumor
neovasculature is marked by precocious capillary sprouting, convoluted and
excessive vessel branching, distorted and enlarged vessels, erratic blood flow,
microhemorrhaging, leakiness, and abnormal levels of endothelial cell

proliferation and apoptosis.>®

1.3.3.6. Tissue Invasion and Metastasis

The multistep process of invasion and metastasis has been schematized as a
sequence of discrete steps, often termed the invasion-metastasis cascade. This
depiction envisions a succession of cell-biologic changes, beginning with local
invasion, then intravasation by cancer cells into nearby blood and lymphatic
vessels, transit of cancer cells through the lymphatic and hematogenous systems,
followed by escape of cancer cells from the lumina of such vessels into the
parenchyma of distant tissues (extravasation), the formation of small nodules of
cancer cells (micrometastases), and finally the growth of micrometastatic lesions

into macroscopic tumors, this last step being termed “colonization.”>?

1.3.4. Hsp90 Inhibitors

Cytotoxic inhibitors of Hsp90 are the only cancer chemotherapeutic agents
known to impact all six hallmarks of cancer simultaneously, in fact the inhibition
of Hsp90 function disrupts the complex and leads to degradation of client
proteins in a proteasome-dependent manner. This results in simultaneous
interruption of many signal transduction pathways pivotal to tumor progression
and survival.

Hsp90 inhibitors may be classified by their mechanism of binding:

Inhibitors of the N-terminal ATP binding domain;

Inhibitors of the C-terminal domain.
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1.3.4.1. Inhibitors of the N-terminal ATP Binding Domain
Based on the unique and therapeutically attractive action of Hsp90 inhibitors as
potent anti-cancer agent and on well-tolerated side effects, extensive studies in

developing Hsp90 inhibitors is rapidly increasing.

GELDANAMYCIN AND ANSAMYCIN

Geldanamycin is naturally occurring benzoquinone ansamycin that was first
isolated as an antibiotic in 1970 through fermentation of Streptomices
hygroscopicus.®® Its structure includes a benzoquinone ring fused to a

macrocyclic ansa ring (Fig. 15).

1 Geldanamycin X =OMe
2 17-AAG X = CH,CHCH,NH
3 17-DMAG X = Me,NCH,CH,NH

Fig. 15. Structure of Geldanamycin and related derivatives

The antitumor properties of GDA were first reported in 1986, and were initially
attributed to its ability to inhibit v-Src phosphorylation in whole cells via Src
tyrosine kinase.>? In 1994, Whitesell and Neckers proved this relationship as a
downstream effect of GDA’s ability to specifically bind and antagonize Hsp90.6162
Further investigation proved that GDA specifically binds to the N-terminal ATP
binding domain of, facilitating destabilization and degradation of many client
proteins.

The co-crystal structure of GDA with yeast Hsp90 (Fig. 16) shows that it binds
tightly to the ATP pocket of the N-terminal domain. The benzoquinone ring is
found near the entrance of the binding pocket and the ansa ring is directed

towards the bottom of the pocket. When bound to Hsp90, GDA adopts a C-shaped
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conformation similar to that of ADP, that forms five hydrogen bonding
interaction with the protein.®3 SAR studies have shown that modifications to the
carbamate group of GDA substantially decrease the potency of newly formed
derivatives, as it serves to mimic the exocyclic amino and imino nitrogens of
adenine. A similar loss in activity can be observed upon reduction of the 2-3
double bond, as the target-specific conformation of the macrocycle is

compromised.5?
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Fig. 16. Co-crystal structure of GDA (yellow) bound to yeast Hsp9054

GDA exhibits severe hepatotoxicity, which has been associated with the benzo-
quinone ring and imposes strict dosing limitations. Secondly, it is metabolically
and chemically unstable. Also, it has very low solubility in aqueous media
resulting in formulations requiring DMSO. As a result, a substantial effort has
been made in modifying its structure to improve safety, stability, potency and
water solubility. Fortunately, modification of the 17-methoxy group keeps the
excellent biological activity, the substitution with an electron donating group
decreases toxicity by stabilizing the quinone moiety and retarding formation of
the semiquinone, which is capable of reacting with molecular oxygen, and
producing superoxide radicals.

The derivative 17-allylamino-17-desmethoxy-geldanamycin (17- AAG; 2; Fig. 15)
has potent in vivo activity and is less toxic than GDA. 17- AAG binds to Hsp90 in
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cancer cells with about 100-fold higher affinity than it does in normal cells,
probably because the tumor Hsp90 is mostly in multi-protein complexes with
high ATPase activity. Despite its promising activity in clinical studies, 17-AAG has
several limitations that restrict its optimal clinical development. A lack or
reduced activity of this agent in certain cells has been observed due to drug
efflux by multidrug resistance elements or metabolic inactivation of these agents
by nucleophiles, such as glutathione, or its low solubility in water which makes it
difficult to formulate for high absorption and bioavailability.63

A second-generation  analogue of GDA, the diamine 17-(2-
dimethylaminoethyl)amino-17-demethoxygeldanamycin (17-DMAG; 3; Fig. 15)
is quantitatively metabolized much less and is slightly more potent in the cellular
assay than 17-AAG. 17-DMAG is water-soluble and orally bioavailable and widely
distributed to tissues. Clinical studies with 17-DMAG are currently underway

and preliminary results are expected.>*

RADICICOL AND DERIVATIVES

Radicicol is a 14-member macrolide antibiotic isolated first from the fungus
Monosporium bonorden. It is the most potent natural product inhibitor of Hsp90
and inhibits several oncogenic signaling pathways in mammalian cells: it
depletes K-ras effector kinase, Raf-1, and intercepts k-ras dependent signal down
to MAPK cascade. Radicicol also depletes v-Src kinase and inhibits v-Src
dependent tyrosine phosphorylation of cellular proteins.t4

Radicicol binds the N-terminal ATP pocket, but it interacts differently when
compared with GDA.
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Fig. 17. Co-crystal structure of Radicicol (magenta) bound to yeast Hsp905+

The co-crystal structure of RD with yeast Hsp90 shows that it binds tightly to the
N-terminal ATP-pocket in a C-shaped conformation similar to ADP (Fig. 17). The
aromatic ring is directed towards the bottom of the pocket whereas the
macrocycle is at the top. The 2-hydroxyl group and 2-carbonyl bind to Asp79,
primarily through a molecule of bound water and the epoxide interacts with
Lys44. Occupancy of this pocket by RD disrupts its chaperone function resulting
in an inactive Hsp90-protein complex, which is then degraded in a ubiquitin-
dependent manner. It has cellular effects similar to ansamycins but lacks
hepatotoxicity.63

However, it does not manifest selectivity for the activated heteroprotein complex
over the inactive form, as is the case for GDA. This can be attribute to the more
rigid structure of Radicicol. No activity has been demonstrated in vivo, as
Radicicol is rapidly converted to inactive metabolites due to the electrophilicity
of the epoxide ring and «,(3,y,6-unsaturated carbonyl.

Several analogues of Radicicol have been synthesized that minimize in vivo

metabolism by decreasing its electrophilic nature.6566.67
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Fig. 18. Analogues of Radicicol

One approach towards enhancing in vivo activity has been to synthesize oxime
derivatives in an effort to reduce the electrophilicity of the Michael acceptor. The
oxime KF25706 (Fig. 18) is more potent than RD in inhibiting v-Src and K-Ras
and it also depletes the Hsp90 client proteins Raf-1, v-Src, Her2, Cdk4 and
mutated p53 in tumors. In addition, it exhibits more potent antiproliferative
activity against various human tumor cell lines in vitro and in vivo and less liver
toxicity than does the parent compound, Radicicol.

Efforts at further optimizing the oxime group to increase both in vivo antitumor
activity and water solubility through the introduction of carbamoylmethyl
groups result in several derivatives with enhanced activity. Generally, the
introduction of hydrophobic carbamoylmethyl groups leads to enhanced activity
whereas the introduction of hydrophilic groups or an aromatic ring decreases
activity. 64

Another approach in enhancing in vivo activity of RD involves modifications to
its epoxide ring. In cycloproparadicicol (c-RDC, Fig. 18) the epoxide is replaced
by cyclopropane. Cycloproparadicicol degrades the oncogenic proteins Raf-1 and
Her2 and retains potent cytotoxicity.®

Isolation of the structurally similar pochonin family of natural products from
Pochonia chlamydosporia has also shown promise in Hsp90 inhibition,
particularly with Pochonin A and Pochonin D (Fig. 18). They have been shown to
directly inhibit Hsp90.6°

PURINE-SCAFFOLD DERIVATIVES

Chiosis and colleagues designed and synthesized small ATP analogues, using

purine as a scaffold.”®7! Originally, the molecule was designed to place the purine
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moiety into the same spatial orientation as the adenine ring of ATP. Instead of
incorporating a ribose and triphosphate appendage, they attached a 3,4,5-
trimethoxy benzyl substituent at the 8-position of the adenine ring and a butyl
group at the 9-position. The first molecule reported by the Chiosis laboratory
was PU372 (Fig. 19) and in 2004 researchers at Ribotargets reported co-crystal
structures of the adenine derived inhibitors bound to Hsp90 as expected, the

purine nucleus bound in the region that binds the normal substrate, ATP.73
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Fig. 19. Structure of PU3

Although the activity of PU3 was lower than the natural product inhibitors, its
structure is amenable to extensive chemical modification in an effort to improve
both potency and physical/chemical properties. Efforts were focused on probing
the structure-activity relationship of the aromatic moiety on the purine at C8-
position and on investigating the effects of various chains at N9-position.
Additionally, the nature of the linker between the purine-scaffold and the
substituted aromatic ring has also been investigated. In total, 72 compounds
were prepared and upon biological testing more potent inhibitors of the purine

scaffold were identified.

PYRAZOLE DERIVATIVES

From high-throughput screening against a library of 50000 compounds,
Workman and co-workers identified CCT018159 as a potent Hsp90 inhibitor
(Fig. 20).

It contains a dihydroxyphenylpyrazole attached to 3,4-ethylendioxybenzene.
Crystal structure shows that CCT018159 binds yeast Hsp90 in the N-terminal
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ATP pocket, the resorcinol ring binds the protein similar to the same moiety
present in Radicicol and the pyrazole forms hydrogen interactions. It inhibits the
growth of colon, ovarian and melanoma tumor cells, depletes Hsp90 client

proteins Raf-1 and Cdk4 in cancer cells and induces the expression of Hsp70.74

CCT018159 VER-52296/NVP-AUY92259

Fig. 20. Structure of pyrazole derivatives

Recently new 3, 4-diarylpyrazole class analogues have been reported.

A significant reduction of tumor growth in HCT116 colon cancer xenografts was
observed with the potent Hsp90 inhibitor VER-52296 /NVP-AUY92259 (Fig. 20).
This compound has excellent potency against Hsp90 and inhibits proliferation in
a wide range of human cancer cell lines. Treated cells show the characteristic
molecular signature of Hsp90 inhibition, namely, elevation of Hsp72 and
degradation of oncogenic client proteins. In addition, this compound shows
excellent efficacy in a range of subcutaneous and orthotropic human tumor

xenograft models covering major cancer types and diverse oncogenic profiles.”>
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1.3.4.2. Other Hsp90 Inhibitors

00 0% 0.0 0_0
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Novobiocin A4
OH
OH
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’i‘Hs ° O OH
CI>P£t"CI 0
NH, OH 4 OH
OH
OH
Cisplatin Epigallocatechin-3-gallate Taxol

Derrubone Curcumin

Fig. 21. Structure of other Hsp90 inhibitors

NOVOBIOCIN

Novobiocin is a coumarin antibiotic isolated from Streptomyces species and is
recently found to be an Hsp90 inhibitor (Fig. 21). Novobiocin can competitively
displace immobilized GDA bound to Hsp90, a phenomenon that is not reciprocal
with N-terminal inhibitors. Further studies revel that novobiocin binds to a
previously unrecognized C-terminal binding pocket, and induce degradation of
ErbB2, mutant p53 and Raf-1 in a concentration-dependent manner.>% Yu and co-
workers reported that a synthetic novobiocin derivative, A 4, has dramatically

improved potency over the parent compound.”®
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CISPLATIN

Cisplatin (Fig. 21) is an antineoplastic drug that coordinates to DNA bases,
resulted in cross-linked DNA, thereby inhibiting cell division and tumor growth.
It binds near the C-terminal domain and disrupt function of Hsp90. Cisplatin
treatment of neuroblastoma cells leads to the degradation of the androgen and
glucocorticoid steroid receptors, but does not affect other Hsp90-regulated
proteins. The steroid-receptor-specific-proteolysis induced by cisplatin suggests
that the compound specifically inhibits steroid receptor-Hsp90 complexes.

Acquired resistance can limit its therapeutically potential.””

EPIGALLOCATECHIN-3-GALLATE

Epigallocatechin-3-gallate (EGCG, Fig. 21) is a naturally occurring polyphenol
extract from the green tea. It binds to the C-terminal ATP-binding site of the
Hsp90. EGCG does not appear to prevent Hsp90 from forming heteroprotein
complexes. It is also a potential neuroprotective agent in Parkinson’s and

Alzheimer’s diseases.”8

TAXOL

Taxol (Fig. 21) is a clinically used chemotherapeutic agent for the treatment of
cancer and is responsible for the stabilization of microtubules and block of
mitosis.” However, Taxol has also been shown to induce the activation of
kinases and transcription factors and mimic the effects of bacterial
lipopolysaccharide (LPS), which is unrelated to its binding of tubulin. Rosen and
co-workers studies suggest that in contrast to typical Hsp90-binding drugs,
Taxol exhibits a stimulatory response, mediating the activation of macrophages
and exerting the LPS-mimetic effects.80 Recently it was reported that 17-AAG

behaves synergistically with Taxol-induced apoptosis.

DERRUBONE

Derrubone, a prenylated isoflavones (Fig. 21), was originally isolated and
characterized from the Indian tree Derris robusta in 1969. High-throughput
screening of a library of diverse molecules identified it as a low micromolar

inhibitor of Hsp90. Its analogues exhibit modest improvement in inhibitory
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activity. Preliminary structure-activity trends demonstrate the importance of an
electron-deficient core in the form of an isoflavones and of the 6-prenyl and 3-
aryl sidechains for manifesting improved anti-proliferative activity.8!

It can possibly act by stabilizing Hsp90-client interactions and preventing the
progression of Hsp90/co-chaperone complex containing bound client through its
reaction cycle. It inhibits Hsp90-dependent refolding of luciferase and
antagonizes the ability of the Hsp90-specific inhibitor geldanamycin to disrupt
complexes formed between Hsp90, Cdc37, and their client kinase, HRI.
Furthermore, it exhibits potent antiproliferative effect and Her2 degradation in
human breast cancer cell lines. The identification of Derrubone as an Hsp90
inhibitor provides a new natural product scaffold upon which the development

of improved Hsp90 inhibitors can be pursued. 2

CURCUMIN

Curcumin (Fig. 21), is a natural polyphenol derivated from the plant Curcuma
longa, which is commonly used as a yellow coloring and flavoring agent in foods.
This natural compound can both prevent and treat cancer. The chemopreventive
efficacy of curcumin has been ascribed to the modulation of signal-transduction
pathways associated with malignant transformation and tumor promotion,
through interaction with a variety of proteins implicated in cell proliferation,
invasion, and angiogenesis. In addition, it has been described to exhibit effects on
signaling pathways, leading to induction of apoptosis. Curcumin inhibits Hsp90
activity, causing depletion of many client proteins implicated in survival
pathways (EGFR, Raf-1, Akt, and survivin).83

As compared with 17-AAG, the potency of curcumin was substantially lower and
the binding with Hsp90 is weaker. A lack of up-regulation of Hsp70 suggests a
mechanism of interaction different from that of geldanamycin. However, in
preliminary limited proteolysis experiments, the proteolysis pattern observed on
HSP90a indicated a protection of the N-terminal domain from the enzymatic
hydrolysis.

Based on this observation, Giommarelli and co-workers studied the cellular
effects of curcumin in combination with the pan-HDAC (histone deacetylase)

inhibitors, which induce hyperacetylation of Hsp90, resulting in inhibition of its
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chaperone function. The results have showed that, at subtoxic concentrations,
curcumin markedly sensitizes tumor cells to HDAC inhibitors and induces
growth inhibition and apoptosis. The sensitization is associated with persistent
depletion of Hsp90 client proteins.84

Recently a series of curcumin analogues including new 4-arylidene curcumin
analogues were synthesized. Cell growth inhibition assays reveal that most 4-
arylidene curcumin analogues can effectively decrease the growth of a panel of

lung cancer cells at submicromolar and low micromolar concentrations.85
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2. Aim of the Thesis

Hsp90 has emerged as a promising drug target for the development of anti-
cancer drugs, based upon its unique activity to function as a mediator of client
protein conformation. “Client” proteins are involved in signal transduction, cell
cycle regulation and hormone responsiveness. Several of these include a number
of known over-expressed or mutant oncogenic proteins, associated with the six
cancer hallmarks, as cell proliferation and tumor progression. Consequently,
Hsp90 has evolved into promising anticancer target: multiple oncogenic proteins
can be simultaneously degraded as consequence of Hsp90 inhibition.

Our group has been involved, for several years, on the design and synthesis of
molecules related to flavonoids. These naturally occurring compounds exert a
wide range of biological activities, including antiproliferative and antimitotic
effects, but currently they have not yet been tested as potential Hsp90 inhibitors.
We have selected chalcones as primary scaffolds, and functionalized their

structures aiming to obtain radicicol-related derivatives.

A431 STO
OH O
[ ctrl 1 ctrl I
- 1
s G e - Cdk 4
Antiproliferative activitv It ——— - Tubulin
IC; A431 = 1.22 yM
ICs, STO = 0.38 M Lt EGFR
wrerv - R
e - v - AKT
. ’ — ” Survivin
5ug/mL

Fig. 22. Effect of chalcone I on antiproliferative assay and on Hsp90 protein levels in A431
(epidermoid carcinoma) and STO (mouse embryonic fibroblast) cell lines
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In particular, the compound I showed an interesting antiproliferative activity
and the ability to modulate Hsp90 client proteins expression (Fig. 22).

With the aim of continuing this work and to establish structure-activity
relationships for this promising new class of Hsp90 inhibitors, alkyl- and aryl-
amines were introduce at the para- and meta- positions of B ring, based on the

results reported for well known derivatives (Fig. 23).

»

Cl

5[0 s N x
o)
A|
OH O CHjg ©
Radicicol VER-52296/NVP-AUY92259
(0]
D0
Small substituents: -OR Small substituents: -OCH3, F

Fig. 23. Rationale representation

Afterwards, we introduced a cyclisation to reduce overall flexibility, 8, and
another hydroxyl group on A ring to restore the radicicol core. Moreover, double

molecules 16, 17 were also synthesized (Tab. 2).
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Tab. 2. Summary of synthesized compounds
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Besides, with the aim of studying the chemical space, we introduced small

substituents as methoxy, fluoro and ether chains at different positions (Tab. 3).

Compound Structure Compound Structure
OH O OH O
19 29 OCHa
L HO_~o OCHg
oH 0 OH ©O
20 T3 30
E HO -~
cl ©
OH O OH O
21 O = O 31 OCHa
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OH O H .
_ OCH, OH QO
22 0 . A
H;CO e HO\/\O xn
Hy
OH O OH O
N0 X HOL~¢
OH O OH O
2 s 3
z 0 SF HO~o F
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OH ©O P E
25 =Y 35
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HO N
F
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OH O o
y OCHj .
27 ) @ 37 Z
HO\/\O HO\/\O
OCHj
OH O o
- OCH,q - OCH
28 7 38
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Tab. 3. Summary of synthesized compounds
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3. Results Discussion and Conclusion

3.1. Drugs and Treatment Conditions

All the compounds tested were freshly prepared dissolving powder in
dimethylsulfoxide (DMSO) (BDH Prolabo, Milan, Italy) and following dilution in
culture medium. Cells were incubated with drugs for 24 or 72 h (depending on
the assay), at 37 °C in culture medium supplemented with 10% (v/v) heat-
inactivated fetal bovine serum; drug concentrations used for each assay are
reported in Figures.

The human epidermoid carcinoma A431 and the peritoneal mesothelioma STO
cell lines were used in this study. A431 and STO cells were routinely grown in
RPMI 1640 or in 50/50 DMEM/Ham’s F12 medium (Lonza, Switzerland),
respectively, supplemented with 10% (v/v) heat-inactivated fetal bovine serum

(Gibco®, Invitrogen, Segrate, Italy) at 37°C in a 5%/95% CO/air atmosphere.
3.1.1. Antiproliferative Assay

Cell sensitivity to drug treatment was determined by growth inhibition assay.
Briefly, cells were seeded in 12-well plates (40,000 cells/well), 24 h before
experiments. Cells were exposed to the drugs for 72 h and then adherent cells
were trypsinized and counted by a cell counter (Beckam Coulter, Fullerton, CA,
USA). ICso values, derived from dose-response curves, were defined as drug

concentrations required for 50% inhibition of cell growth.
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3.1.2. Western Blot Analysis

Twenty-four hour after seeding (100,000 cells/mL) on Petri dishes, cells were
treated with drugs for 24 h and then processed to obtain whole-cell extracts.
Cells were rinsed twice with ice-cold PBS supplemented with 0.1 mM sodium
orthovanadate and then lysed in hot sample buffer. After determination of the
protein concentration by BCA Protein Assay (Thermo Scientific, Rockford, IL,
USA), cellular extracts (40 mg) were separated by sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
nitrocellulose membranes. Immunoreactive bands were revealed by enhanced
chemiluminescence detection (Amersham Biosciences, Rockford, IL, USA) using
anti-Raf-1 and anti-Cdk4 (Santa Cruz Biotechnology Inc., CA, USA), anti-EGFR
(Upstate Biotechnology, Millipore Corporate, Billerica, MA, USA), anti-Survivin
(Abcam, Cambridge, UK), anti-Akt (Transduction Laboratories, Lexington, USA),
anti-Actin and anti-Tubulin antibodies (Sigma Chemical Co., St. Louis, MO, USA).

3.2. Results and Conclusion

3.2.1. Antiproliferative Assay

OH O Antiproliferative activity
O 7 O IC,, A431=1.22uM
cl I IC, STO = 0.38 uM

Fig. 24. Antiproliferative activity of |

The introduction of alkyl or cyclic amine in para or meta position of B ring and
the cyclisation in dihydropirazole did not afford any enhancement of the
antiproliferative activity compared to the lead compound I (Tab. 4).

Accordingly, and bearing in mind the experience gained from data, we focused on
modification of A ring: we introduced another hydroxyl, mimicking the radicicol,

we have doubled the scaffold and synthesized a retro chalcone.
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Tab. 4. Antiproliferative effects of synthesized compounds
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With the aim of studying the chemical space, we have introduced small

substituent in different positions (Tab. 5).

N. Compound ICs0 (M) N. Compound ICs0 (LM)
OH O OH O
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s as ¢ N Il ' I o g o W -
Cl Cl
OH O
OH O
21 AN A431: - 29 O 7 O octs A431:1.26
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2 w0, |
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23 50 %) e JTTT | e
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Tab. 5. Antiproliferative effects of synthesized compounds

Regarding antiproliferative activity, with these modifications any significant

improvement could be observed with respect to the lead compound, only 22 and

26 showed an antiproliferative activity comparable to I.

In the further series of molecules, the hydroxyethoxy chain was set in para-

position on the A ring of the chalcone and small substituents, such as methoxy

and fluorine, have been introduced in different positions on the B ring (Tab. 6).
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In detail, the introduction of two meta-methoxy groups on B ring, 27, maintained
the antiproliferative activity. The substitution with a fluorine atom in different
positions gave compounds with an interesting cytotoxic effect, in particular in

meta-position, 33, except for the difluoro-derivative, 35, which is the less active.
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OH O OH O
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Tab. 6. Antiproliferative effects of synthesized compounds

3.2.2. Western Blot Analysis

The aptitude of molecules to inhibit Hsp90 has been related to its ability to
interfere with the expression of specific client proteins.

In order to investigate the ability to directly inhibit Hsp90 function, the most
interesting compounds 27, 33 and 34 were examined by western blot analysis

(Fig. 25).

OH O OH O OH O
OCHs O - O F A
HO_~ HO._~ HO_~ NN
27 Ot 33 34

Fig. 25. Selected molecules for western blot
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Fig. 26. Effect of 27, 33, 34 on cellular levels of Hsp90 client proteins

27, 33 and 34 were able to directly inhibit Hsp90 function, thereby promoting
the chaperone dissociation and the degradation of several Hsp90 client proteins.
As shown in Fig. 26, EGFR and Survivin protein expression were strongly
dowregulated by treatment in A431 cell line. In particular, 27 and 34 were able
to decrease also the Raf-1 expression. These client proteins are involved in cell

proliferation, invasion and antiapoptotic signals.

In conclusion selected compounds have been shown to modulate Hsp90
signaling pathways. The mechanism of Hsp90 interaction remains to be defined.
On the basis of these promising preclinical results, the most active compounds

were selected for optical biosensor analysis, with the aim of clarifying whether

these molecules bind to Hsp90 and, eventually, the involved binding domain.
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4. Experimental Section

4.1. Acetophenones Synthesis

OH OCOCH; OH
i) (i) COCHj;
cl cl cl
OH OH
/©/COCH3 i) COCH;
—
HO HO
cl
oH OoH
(iv)
— @
HO o)
(i) Ac;0, 120°C, 6h; (ii) AICl5, NaCl, 180°C, 4" (ii) Piperidine, H,0, H,SO,, NaOCl, 0°C,
rt. 28h; (iv) CHsCOCHs, K5COg, RoBY, 80°C, 8h

Scheme 1. Acetophenones synthesis
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4.2. Aldehydes Synthesis

(viii)

SO T

100°C, 1h; (vii) HCI 5%, THF, r.t, 3h; (vii) EtMgBr, THF, 0°C, r.t. 30'

(i) NBS, (PhCOO0),, CCly, reflux, 30"; (ii) Amine, toluene, 110°C, 20h; (iii) HCOOH, Raney's alloy, 100°C, 2h; (iv)
trimethylorthoformate, MeOH, H,SO,, r.t., 28h; (v) Et,O, LAH, Ar, 10', 0°C, r.t 12h; (vi) sulfone, Et3N, EtOH,

Scheme 2. Aldehydes synthesis

4.3. Aldol Condensation

H N KOH, EtOH
Ro + | R >
& rt., o.n.

Scheme 3. Aldol Condensation

4.4. Chalcone Cyclisation

N,H,, EtOH OH

reflux, 3h O
Cl

70
Cl

N-NH
/

Scheme 4. Chalcone cyclisation
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4.5. Experimental Section

General: All solvents were HPLC grade. Reactions were magnetically stirred and
monitored by thin-layer chromatography (TLC) with E. Merck silica gel 60-F254
plates. Flash column chromatography was performed with Merck silica gel (0.04
- 0.63 um, 240 - 400 mesh) under high pressure. NMR spectra were recorded
with a 400 MHz spectrometer. Unless otherwise stated, all NMR spectra were
measured in CDCI3 solutions and referenced to the CHCI3 signal. All 1H and 13C
shifts are given in ppm (s = singlet; d = doublet; t = triplet; dd = quadruplet; dt =
doublet of triplets, m = multiplet; br. = broad signal). Coupling constants ] are
given in Hz.

The commercially available reagents were used as received without further

purification.

4.5.1. Acetylation

OH OCOCH,4

Cl Cl

3-Chlorophenyl acetate

3-Chlorophenol (1 eq.) was dissolved in acetic anhydride (4.5 eq.). The
temperature raised to 120°C. After 6 hours, the mixture was cooled and poured
into an ice water and extracted with dichloromethane. The organic layer was
washed with a saturated sodium hydrogenocarbonate solution, and brine and
then dried over sodium sulfate and evaporated under reduced pressure. The oil
obtained didn’t need any further purification b.p. 116.deg.-118.deg. C. (2 mmHg),
quantitative yield.

1H NMR (400 MHz CDCl3) § 2.13 (s, 3 H) 6.97 - 6.99 (m, 1 H) 7.13 (t, 1 H) 7.17 -
7.21 (m, 1H) 7.25 - 7.29 (m, 1H).
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4.5.2. Fries Rearrangement

OCOCHS; OH

COCHg
—_—
cl cl

1-(4-chloro-2-hydroxyphenyl)ethanone

3-Chlorophenyl acetate (1 eq.) was heated together with aluminum chloride (3
eq.) and NaCl (1 eq.) at 180°C for 4’ (caution: vigorous evolution of gas). The
mixture was poured on ice-water and extracted with dichloromethane. The
combined organic extracts were washed with a saturated sodium
hydrogenocarbonate solution and then with brine, and dried over sodium
sulfate. The removal of the solvent gave yellow oil, quantitative yield.

1H NMR (400 MHz CDCl3) § 2.67 (s, 3 H) 6.87 (dd, J=8.4, 4.2 Hz, 1 H) 6.99 (s, 1 H)
7.65 (d, J=8.4 Hz, 1 H).

4.5.3. Chlorination

OH OH
COCH, COCH,

HO HO
Cl

1-(5-Chloro-2,4-dihydroxyphenyl)ethanone

2,4-Dihydroxyacetophenone (1 eq.) was dissolved at room temperature in a
solution of sulfuric acid (1.5 mL per mmol of acetophenone) and water (1.5 mL
per mmol of acetophenone) and then cooled to 0°C. Piperidine (1.6 eq.) was
added dropwise to a solution of aqueous sodium hypochlorite (1.14 eq.) at 0°C
and then added dropwise to the aqueous sulfuric acid mixture and stirred for 48
h at room temperature. The chlorinated product was collected by filtration and
washed with water. The product was a 1:2 mixture of 3- and 5-chloro isomers
and was purified by flash chromatography (cyclohexanes: ethyl acetate= 3:1) to
give a white solid (yield = 29%).
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1H NMR (400 MHz CDCl3) & 2.56 (s, 3 H) 6.04 (s, 1 H) 6.59 (s, 1 H) 7.26 (s, 1 H)
7.70 (s, 1 H).

4.5.4. Radical Bromination

NC NC
o — "Cr
B

r

A mixture of para or meta-tolunitrile (1 eq.), N-bromosuccinimide (1 eq.) and
benzoyl peroxide (0.01 eq.) was refluxed in tetrachloromethane for 30’. The
completion of reaction was detected by TLC. The warm mixture was filtered on
celite and the solvent was evaporated under reduced. After evaporation of

solvent, the product was used for the next step without any further purification.

4-(bromomethyl)benzonitrile

N

~
\©y8r

White solid. Yield = 94%. 1H NMR (400 MHz CDCls) & 4.46 (s, 2 H) 7.48 (d, J=8.8
Hz, 2 H) 7.62 (d, J=8.4 Hz, 2 H). 13C NMR (100 MHz, CDCI3) § 31.6 - 112.1 - 118.4 -
129.7 - 132.6 - 142.8.

3-(bromomethyl)benzonitrile
N

~
\©/\Br

White solid. Yield = 75%. H NMR (400 MHz CDCls) & 4.42 (s, 2 H) 7.47 (t, 1 H)
7.58 - 7.64 (m, 2 H) 7.69 (s, 1 H).
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4.5.5. Amination

NC
NC|\ 5 @
— L’jf‘

Br

The amine (2 eq.) was added into a solution of meta or para-cyanobenzyl
bromide (1 eq.) in toluene and the resulting mixture was stirred at 110°C for 20
hours. The reaction mixture was firstly cooled and then HCI (37%) was added to
mixture. The aqueous mixture was extracted with ethyl ether. Potassium
carbonate was added to the aqueous layer and they were extracted with
dichloromethane. The organic extracts were dried (NaSO4) and concentrated

under vacuum to give an oil that was used without any further purification.

4-(morpholinomethyl)benzonitrile

Pale oil. Quantitative yield. 1H NMR (400 MHz CDCl) & 2.43 (t, 4 H) 3.54 (s, 2 H)
3.71 (t, 4 H) 7.46 (d, J=8.4 Hz, 2 H) 7.61 (d, J=8.0 Hz, 2 H).

4-[(4-hydroxypiperidin-1-yl)methyl]benzonitrile

N OH
\©\/©/
Pale oil. Yield = 90%. 1H NMR (400 MHz CDC13) 61.56-1.62 (m, 2 H) 1.82 - 1.88

(m, 2 H) 2.16 (t, 2 H) 2.69 - 2.71 (m, 2 H) 3.53 (s, 2 H) 3.70 (m, 1 H) 7.43 (d, /=8.4
Hz, 2 H) 7.58 (d, J=8.0 Hz, 2 H).
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3-(morpholinomethyl)benzonitrile

hog?

Pale oil. Yield = 97%. H NMR (400 MHz CDCls) § 2.40 (t, 4 H) 3.54 (s, 2 H) 3.71
(t, 4 H) 7.39 (t, 1 H) 7.50 - 7.58 (m, 2 H) 7.61 (s, 1 H)

3-[(4-hydroxypiperidin-1-yl)methyl]benzonitrile

Na
\@/\’\O\
OH

Pale oil. Yield = 97%. 'H NMR (400 MHz CDCl3) 6 1.56 - 1.62 (m, 2 H) 1.82 - 1.88
(m, 2 H) 2.16 (t, 2 H) 2.69 - 2.71 (m, 2 H) 3.48 (s, 2 H) 3.68 (m, 1 H) 7.39 (t, 1 H)
7.49 - 7.57 (m, 2 H) 7.60 (s, 1 H).

3-([1,4'-bipiperidin]-1'-ylmethyl)benzonitrile

Pale oil. Yield = 96%. 1H NMR (400 MHz CDCl3) 8 1.42 - 1.63 (m, 10 H) 1.93 -
2.01 (m, 2 H) 2.24 - 2.30 (m, 1 H) 2.50 - 2.54 (m, 4 H) 2.85 - 2.88 (m, 2 H) 3.47
(s, 2 H) 7.38 (t, J=7.6 Hz, 1 H) 7.50 - 7.54 (m, 2 H) 7.61 (s, 1 H).

4-((4-benzylpiperazin-1-yl)methyl)benzonitrile
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Pale oil. Yield = 58%. 'H NMR (400 MHz CsDs) 6 2.14 (s, 4 H) 2.28 (s, 4 H) 2.97 (s,
2 H) 3.29 (s, 2 H) 6.85 (dd, J=8.0, 0.4 Hz, 2 H) 6.99 (dd, J=6.4, 1.6 Hz, 2 H) 7.07 -
7.17 (m, 3 H) 7.29 (dd, J=8.8, 0.8 Hz, 2 H).

3-((4-benzylpiperazin-1-yl)methyl)benzonitrile

A
N/\
LN
Pale oil. Yield = 97%. 'H NMR (400 MHz CsDs) § 2.15 (s, 4 H) 2.29 (s, 4 H) 2.99 (s,
2 H) 3.28 (s, 2 H) 6.76 (t, J=8.0 Hz, 1 H) 6.97 - 6.99 (m, 1 H) 7.05 - 7.17 (m, 4 H)

7.24 - 7.28 (m, 3H).

4.5.6. Reduction of Nitrile to Aldehyde

NC _
Ca —

Benzonitrile (1 eq.) was dissolved in formic acid (75percent) and Raney’s alloy

(1 g per 1g of starting material) is added. After 2 hours at 100 °C the reaction
mixture was filtered and neutralized with potassium carbonate. The aqueous
mixture was extracted with dichloromethane and the organic layers were dried
over sodium sulfate. The solvent was removed under pressure and the crude was
purified by flash chromatography (ethyl acetate: petroleum ether= 4:1). A pale

oil was obtained.
4-(morpholinomethyl)benzaldehyde
o¢\©v K\O
N

Pale oil. Yield = 90%. 'H NMR (400 MHz CDCls) & 2.44 (t, 4 H) 3.55 (s, 2 H) 3.70
(t, 4 H) 7.50 (d, J=8.0 Hz, 2 H) 7.82 (d, J=8.0 Hz, 2 H) 9.98 (s, 1 H).
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4-((4-hydroxypiperidin-1-yl)methyl)benzaldehyde

_ OH
(0)
O
Pale oil. Yield = 37%. 'H NMR (400 MHz CDCl3) & 1.70 - 1.79 (m, 2 H) 1.90 - 1.95
(m, 2 H) 2.30 (t, 2 H) 2.66 - 2.69 (m, 2 H) 3.57 (s, 2 H) 4.92 - 4.96 (m, 1 H) 7.49

(d,/=8.0 Hz, 2 H) 7.82 (d, J=8.0 Hz, 2 H) 9.98 (s, 1 H).

3-(morpholinomethyl)benzaldehyde

0~ N

(_o
Pale oil. Yield = 86%. 'H NMR (400 MHz CDCl3) § 2.40 (s, 4 H) 3.54 (s, 2 H) 3.69
(s, 4 H) 7.45 (t, 1 H) 7.58 (d, J=4.0 Hz, 1 H) 7.73 (d, J=4.0 Hz, 1 H) 7.81 (s, 1 H)

9.98 (s, 1 H).

3-((4-hydroxypiperidin-1-yl)methyl)benzaldehyde

OH
Pale oil. Yield = 85%. 'H NMR (400 MHz CDCI3) § 1.70 - 1.79 (m, 2 H) 1.88 - 1.95
(m, 2 H) 2.29 (t, 2 H) 2.62 - 2.70 (m, 2 H) 3.58 (s, 2 H) 4.88 - 4.97 (m, 1 H) 7.46 (t,
1 H) 7.59 (d, J=4.0 Hz, 1 H) 7.75 (d, J=4.0 Hz, 1 H) 7.81 (s, 1 H) 9.98 (s, 1 H).
p-toluilbenzaldehyde
O?\@\

Pale oil. Quantitative yield. TH NMR (400 MHz CDCls) 6 2.41 (s, 3 H) 7.30 (d, /=8.0
Hz, 2 H) 7.75 (d, J=8.4 Hz, 2 H) 9.94 (s, 1 H).
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3-([1,4'-bipiperidin]-1'-ylmethyl)benzaldehyde
O%\@A,\O\

O

Pale oil. Yield = 88%. 1H NMR (400 MHz CDCl3) 6 1.42 - 1.63 (m, 10 H) 1.93 -

2.01 (m, 2 H) 2.24 - 2.30 (m, 1 H) 2.50 - 2.54 (m, 4 H) 2.85 - 2.88 (m, 2 H) 3.47

(s, 2 H) 7.46 (t, 1 H) 7.59 (d, J=4.0 Hz, 1 H) 7.75 (d, J=4.0 Hz, 1 H) 7.81 (s, 1 H)

9.98 (s, 1 H).

4-[(4-benzylpiperazin-1-yl)methyl]benzaldehyde

0”7 N~ 3
N

Pale oil. Yield = 85%. 'H NMR (400 MHz CDCl3) & 2.50 (s, 8 H) 3.49 (s, 4 H) 7.18 -
7.42 (m, 5 H) 7.49 (d, J=8.0 Hz, 2 H) 7.82 (d, J=8.0 Hz, 2 H) 9.98 (s, 1 H).

3-[(4-benzylpiperazin-1-yl)methyl]benzaldehyde
0% N
LN
Pale oil. Yield = 38%. !H NMR (400 MHz CsDs) & 2.15 - 2.45 (s, 8 H) 3.15 (s, 2 H)
3.28 (s, 2 H) 6.98 (t, J=7.6 Hz, 1 H) 7.06 - 7.17 (m, 4 H) 7.28 (dd, J=7.2, 1.2 Hz, 2

H) 7.45 (d, J=7.2 Hz, 1 H) 7.67 (s, 1H) 9.68 (s, 1 H).

4.5.7. Aldehyde Protection
O4\©CN — \O)\E}CN
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3 or 4-Cyanobenzaldehyde (1 eq.), trimethylorthoformate (1.63 eq.), anhydrous
methanol and sulfuric acid (2 drops) were stirred at room temperature for 28 h.,
treated with saturated aqueous NaHCOs3, extracted three times with diethyl

ether, dried (NaSO4), the solvent was evaporated and distilled in vacuo.

4-(dimethoxymethyl)benzonitrile

\o)\©\
X

Colorless oil, b.p. 128 - 130°C/ 18 mbuar. Yield = 79%. 'H NMR (400 MHz CDCl3) &
3.31 (s, 6 H) 5.41 (s, 1 H) 7.56 (d, J=8.2 Hz, 2 H) 7.65 (d, J=8.4 Hz, 2 H). 13C NMR
(100 MHz, CDCI3) 6 52.9-101.9-112.5-118.8-127.8-132.2 - 143.4.

N

3-(dimethoxymethyl)benzonitrile

N

Colorless oil, b.p. 154 - 155°C/ 23 mbar. Yield = 94%. 1H NMR (400 MHz CDCI3) &
3.31 (s, 6 H) 5.39 (s, 1 H) 7.46 (t, J=7.6 Hz, 1 H) 7.58 - 7.61 (m, 1 H) 7.67 (dd,
J=7.6,1.2 Hz, 1 H) 7.75 (s, 1 H).

4.5.8. Reduction of Nitrile to Amine
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(4-(dimethoxymethyl)phenyl)methanamine

~o
NH,

4-Dimethoxymethyl)benzonitrile (1 eq.) in anhydrous diethyl ether was added
dropwise to a suspension of lithium aluminum hydride (2.0 eq.) in anhydrous
diethyl ether at 0°C under argon atmosphere within 10’, allowed to come to
room temperature, stirred for 12 h, cooled with ice, treated dropwise with
cooling 20% aqueous NaOH and extracted three times with diethyl ether. The
combined organic phases were dried (NaS0Q4), filtrated and evaporated in vacuo
to give a pale oil (yield = 89%).

1H NMR (400 MHz, CDCI3): § 1.51 (s, 2 H), 3.26 (s, 6 H), 3.78 (s, 2 H), 5.32 (s, 1
H), 7.25 (d, J=8.1 Hz, 2 H), 7.36 (d, J=8.0 Hz, 2 H). 13C NMR (100 MHz, CDCI3): &
46.4-52.8-103.2-127.1-136.8-143.7.

(3-(dimethoxymethyl)phenyl)methanamine

~o

\0)\©ANH2

3-Dimethoxymethyl)benzonitrile (1 eq.) in anhydrous tetrahydrofuran was
added dropwise to a suspension of lithium aluminium hydride (2.0 eq.) in
anhydrous diethyl ether at 0°C under argon atmosphere within 10 min, allowed
to come to room temperature, stirred for 12 h, cooled with ice, treated dropwise
with cooling 20% aqueous NaOH and extracted three times with diethyl ether.
The combined organic phases were dried (NaSO.), filtrated and evaporated in
vacuo to give a pale oil (yield = 84%).

1H NMR (400 MHz, CDCI3): § 1.62 (s, 2 H), 3.30 (s, 6 H), 3.84 (s, 2 H), 5.34 (s, 1
H), 7.24 - 7.26 (m, 1 H), 7.25 - 7.30 (m, 2 H) 7.37 (s, 1 H).
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4.5.9. Coupling with Sulfone

N-(4-(dimethoxymethyl)benzyl)-2-(methylsulfonyl)-N-(2-
(methylsulfonyl)ethyl)ethanamine

METHOD A: Triethylamine (17.6 eq.) was added to a solution of amine (1 eq.) in
EtOH. Divinyl sulfone (31.4 eq.) was added and the mixture was then heated at
100 °C for 1 h. The EtOH was removed in vacuo and dichloromethane was added.
The organic layers were washed twice with water and dried over sodium sulfate,
filtered and the filtrate solvents removed in vacuo to afford the crude product.
The residue was purified by flash chromatography (ethyl acetate: hexanes = 2:1)

to afford an oil, quantitative yield.

1H NMR (400 MHz CDCls) & 2.87 (s, 6 H) 3.00 (t, J=7.2 Hz, 4 H) 3.14 (t, J=6.8 Hz, 4
H) 3.29 (s, 6 H) 3.64 (s, 2 H) 5.34 (s, 1 H) 7.26 (d, J=8.4 Hz, 2 H) 7.39 (d, J=8.4 Hz,
2 H).

METHOD B: Triethylamine (3 - 15 eq.) was added to a solution of amine (1 eq.) in
EtOH. Sulphone (1 eq.) was added and the mixture was then heated at 100 °C for
1 h. The EtOH was removed in vacuo and dichloromethane was added. The
organic layers were washed twice with water and dried over sodium sulfate,
filtered and the filtrate solvents removed in vacuo to afford the crude product.
The residue was purified by flash chromatography (ethyl acetate: petroleum
ether = 5:1) to afford the desired compound.
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N-(4-(dimethoxymethyl)benzyl)-2-(methylsulfonyl)ethanamine

Colorless oil. Quantitative yield. 1H NMR (400 MHz CDCl3) 6 2.91 (s, 3 H) 3.07 (m,
4 H) 3.26 (s, 6 H) 3.68 (s, 2 H) 5.30 (s, 1 H) 7.26 (d, J=8.4 Hz, 2 H) 7.39 (d, J=8.4
Hz, 2 H).

N-(3-(dimethoxymethyl)benzyl)-2-(methylsulfonyl)ethanamine

Colorless oil. Quantitative yield. 1H NMR (400 MHz CDCl3) 6 2.97 (s, 3 H) 3.12 (s,
4 H)3.31(s,6H)3.80(s,2H)5.35(s,1H)7.24-7.30 (m,1H)7.32-7.36(m, 2
H) 7.39 (s, 1 H).
4-(3-(dimethoxymethyl)benzyl)thiomorpholine 1,1-dioxide

e

Mege”

Yellow oil. Yield = 82%. H NMR (400 MHz CDCls) § 2.91 - 3.01 (m, 8 H) 3.29 (s, 6
H) 3.61 (s, 2 H) 5.32 (s, 1 H) 7.22 - 7.34 (m, 4 H).

4-(4-(dimethoxymethyl)benzyl)thiomorpholine 1,1-dioxide

64



Yellow oil. Yield = 57%. *H NMR (400 MHz CDCl3) & 2.94 - 3.02 (m, 8 H) 3.31 (s, 6
H) 3.62 (s, 2 H) 5.33 (s, 1 H) 7.28 (d, J=8.0 Hz, 2 H) 7.39 (d, J=8.4 Hz, 2 H).

4.5.10. Aldehyde Deprotection

Oy Ty,

A solution of acetal (1 eq.) in tetrahydrofuran was stirred vigorously and
aqueous HCl 5% was added dropwise. The mixture was stirred for 3 hours at
room temperature and then solid K2CO3 was added slowly until CO evolution
ceased. The mixture was transferred to a separatory funnel with diethyl ether
and the organic phase was washed with water and a saturated NaCl solution. The
organic extract was dried over NaSO4 and the solvent was removed on a rotary

evaporator. The oil crude was used without further purification.
4-((bis(2-(methylsulfonyl)ethyl)amino)methyl)benzaldehyde

.
04,0

Pale oil. Yield = 49%. 'H NMR (400 MHz CDCl3) § 2.92 (s, 6 H) 3.05 (t, J=7.2 Hz, 4
H) 3.17 (t, J=6.8 Hz, 4 H) 3.64 (s, 2 H) 7.50 (d, J=8.4 Hz, 2 H) 7.84 (d, J=8.4 Hz, 2
H) 9.98 (s, 1 H).

4-(((2-(methylsulfonyl)ethyl)amino)methyl)benzaldehyde
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Pale oil. Quantitative yield. 1H NMR (400 MHz, CDCl3) § 1.90 - 2.07 (m, 1 H) 2.91 -
3.01 (m, 3 H) 3.04 - 3.23 (m, 4 H) 3.85 (s, 2 H) 7.44 (d, J=8.25 Hz, 2 H) 7.72 - 7.85
(m, 2 H) 9.93 (s, 1 H).

3-(((2-(methylsulfonyl)ethyl)amino)methyl)benzaldehyde

Pale oil. Yield = 50%. 'H NMR (400 MHz CDCl3) § 2.97 (s, 3 H) 3.14 - 3.19 (m, 4
H) 3.88 (s, 2 H) 7.48 (t, J=7.6 Hz, 1 H) 7.58 (d, J=7.6 Hz, 1 H) 7.76 (d, J=7.6 Hz, 1
H) 7.82 (s, 1 H) 9.97 (s, 1 H).

3-((1,1-dioxidothiomorpholino)methyl)benzaldehyde

O4\E>A | /\s‘o
0

Pale oil. Yield = 98%. 'H NMR (400 MHz CDCls) & 2.96 - 3.06 (m, 8 H) 3.71 (s, 2
H) 7.50 (t, J=7.6 Hz, 1 H) 7.58 (d, J=6.4 Hz, 1 H) 7.76 - 7.78 (m, 1 H) 7.82 (s, 1 H)
9.99 (s, 1 H).

4-((1,1-dioxidothiomorpholino)methyl)benzaldehyde

Pale oil. Quantitative yield. TH NMR (400 MHz CDCI3) § 2.96 - 3.06 (m, 8 H) 3.71
(s, 2 H) 7.48 (d, J=8.4 Hz, 2 H) 7.83 (d, J=8.4 Hz, 2 H) 9.97 (s, 1 H).
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4.5.11. 4-Chloro-2-Hydroxybenzaldehyde Synthesis

OH OH
CHO
Em—
Cl Cl

A stirred solution of ethyl magnesium bromide (0.95 eq.) in THF was cooled in an
ice-bath and 3-chlorophenol (1 eq.) was added batchwise. Upon completion of
addition, the reaction mixture was allowed to warm to room temperature where
it stirred for 30’. After this time, paraformaldehyde, HMPA and toluene were
added and the reaction mixture was heated to 80°C for 22 h. The solvent was
removed under reduced pressure. The residue was taken up in dichloromethane
and washed with HCI 0.1 N. The organic layer was dried and concentrated. The
crude was purified by flash chromatography (cyclohexanes: diethyl ether= 8:1)
and afforded a yellow solid (yield = 40%).

1H NMR (400 MHz CDCl3) & 6.97 - 7.00 (m, 2 H) 7.47 (d, J=8.8 Hz, 1 H) 9.84 (s, 1
H) 11.15 (s, 1 H).

4.5.12. Williamson Reaction

OH OH

Hoﬁjm - @O/@R1

To a solution of 2,4-dihydroxyacetophenone (1 eq.) in acetone at room
temperature was added K2COz (0.4 eq.), followed by alkyl bromide (1 eq.). The
reaction mixture was refluxed for 8 h at 80 °C. The reaction progress was
monitored by TLC. Upon reaction completion, the mixture was filtered, and the
solvent evaporated under reduced pressure. The resulting crude product was
purified by column chromatography over a silica gel column (hexane: ethyl

acetate = 9:1) to give the desired product.
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1-(2-hydroxy-4-((3-methylbut-2-en-1-yl)oxy)phenyl)ethanone
OH O

JSusn

Mp: 40-42 °C. Yield = 95%. H NMR (300 MHz, CDCI3) § 6.40 (d, J=2.0 Hz, 1 H)
6.44 (dd, j=8.0, 2.0 Hz, 1 H) 7.60 (d, J=8.0 Hz, 1 H) 12.74 (s, 1 H). 13C NMR (75
MHz, CDCI3) § 202.3 - 165.2 - 164.9 - 138.7 - 132.0 - 118.5- 113.5- 107.8 - 101.2
-64.9-25.8-255-17.9.

1-(2-hydroxy-4-(prop-2-yn-1-yloxy)phenyl)ethanone

ey

Mp: 64-66 °C. Yield = 93%. 'H-NMR (400 MHz, CDCl3) & 2.58 - 2.55 (m, 4 H) 4.72
(d, 2 H) 6.52 (m, 2 H) 7.66 (d, 1 H) 12.70 (s, 1 H).

1-(2-hydroxy-4-(2-hydroxyethoxy)phenyl)ethanone

OH O

HO\/\O

Mp: 64-66. Yield = 65%. 'H NMR (200 MHz CDCls) & 2.56 (s, 3 H) 3.95 - 4.01 (m,
2 H) 4.10 - 4.14 (m, 2 H) 6.42 - 6.50 (m, 2 H) 7.64 (d, J=8.6 Hz, 1 H).
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(E)-3-(4-fluorophenyl)-1-(4-(2-hydroxyethoxy)phenyl)prop-2-en-1-one
(36)

0]
HO\/\O F

Yellow solid. Yield = 75%. 'H NMR (400 MHz CDCls) & 3.81 - 3.88 (m, 2 H) 4.14 -
416 (m, 2 H) 7.04 - 7.07 (m, 2 H) 7.17 - 7.22 (m, 2 H) 7.72 (d, J=15.6 Hz, 1 H)
7.77 (d, J=15.6 Hz, 1 H) 7.85 - 7.89 (m, 2 H) 8.10 - 8.14 (m, 2 H).

(E)-3-(3-fluorophenyl)-1-(4-(2-hydroxyethoxy)phenyl)prop-2-en-1-one
(37)

0]
= F
HO\/\O

Yellow solid. Yield = 68%. 1H NMR (400 MHz CDCls) & 3.81 - 3.88 (m, 2 H) 4.14 -
4.16 (m, 2 H) 7.04 - 7.06 (m, 2 H) 7.14 - 7.18 (m, 1 H) 7.43 - 7.49 (m, 1 H) 7.58 -
7.72 (m, 3 H) 7.91 (d, J=15.6 Hz, 1 H) 8.12 - 8.15 (m, 2 H).

(E)-3-(3,5-dimethoxyphenyl)-1-(4-(2-hydroxyethoxy)phenyl)prop-2-en-1-
one (38

(0]
/ OCHj4
HO\/\O

OCH,
Yellow solid. Yield = 81%. 'H NMR (400 MHz CDCls) & 3.81 (s, 6 H) 3.88 (t, 2 H)

4.15 (t, 2 H) 6.53 (m, 1 H) 6.96 (m, 2 H) 7.02 - 7.05 (m, 2 H) 7.65 (d, J=15.6 Hz, 1
H) 7.83 (d, J=15.6 Hz, 1 H) 8.09 - 8.12 (m, 2 H).
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4.5.13. Aldol Condensation

0] o) o)
+ H AN =
R2 | = R > R2 R

Acetophenone (1 eq.) was dissolved ethanol, then 1 eq. of benzaldehyde was

added to solution, followed by an aqueous solution of KOH (50%, 6 eq.)
dropwise. The mixture was stirred at room temperature over night. The solvent
was removed under reduced pressure. A solution of aqueous HCl (2 N) was
added to the crude and then the aqueous mixture was extracted with
dichloromethane. The organic layers were dried over sodium sulfate and the
solvent was removed under pressure. The crude was purified by flash

chromatography (cyclohexanes: ethyl acetate).
(E)-1-(4-chloro-2-hydroxyphenyl)-3-phenylprop-2-en-1-one LEAD I
OH O

SRAe
Cl

Yellow solid. Yield = 53%. 'H NMR (400 MHz, CDCI3) & 7.00 (d, /=8.8 Hz, 1H) 7.44
~7.47 (m, 4 H) 7.58 (d, J=15.6 Hz, 1 H) 7.68 - 7.71 (m, 2 H) 7.88 (d, J=2.4 Hz, 1 H)
7.96 (d,J=15.2 Hz, 1 H).

(E)-1-(4-chloro-2-hydroxyphenyl)-3-(4-(morpholinomethyl)phenyl)prop-
2-en-1-one (1)

OH O

Yellow solid. Yield = 25%. 'H NMR (400 MHz CDCls) § 2.02 - 2.21 (m, 4 H) 3.14 (s,
2 H) 3.47 - 3.61 (m, 4 H) 4.23 (s, 1 H) 6.57 (dd, J=8.61, 2.02 Hz, 1 H) 7.01 - 7.15
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(m, 7 H) 7.89 (d, J=15.40 Hz, 1 H). 13C NMR (100 MHz, C¢Ds) 6 192.95 - 165.14 -
145.61 - 142.12 - 133.80 - 130.87 - 129.64 - 128.97 - 127.56 -119.70 - 119.21
-119.02-118.89 - 67.01 - 63.16 - 53.99.

(E)-1-(4-chloro-2-hydroxyphenyl)-3-(3-(morpholinomethyl)phenyl)prop-
2-en-1-one (2)

OH O
joRaoae
Cl 0

Yellow solid. Yield = 11%. H NMR (400 MHz, CsDs) § 2.04 - 2.22 (m, 4 H) 3.14 (s,
2 H) 3.41 - 3.60 (m, 4 H) 6.54 (dd, J=8.61, 2.02 Hz, 1 H) 7.00 - 7.11 (m, 5 H) 7.19
(d, J=7.33 Hz, 1 H) 7.37 (s, 1 H) 7.89 (d, J=15.40 Hz, 1 H). 13C NMR (100 MHz,
CDCl3) § 192.97 - 165.12 - 145.81 - 142.12 - 139.63 - 134.99 - 131.81 - 130.90 -
129.62 - 129.00 - 128.63 - 120.15 - 119.25 - 118.98 - 118.84 - 66.96 — 63.21 -
53.98.

(E)-1-(4-chloro-2-hydroxyphenyl)-3-(4-((4-hydroxypiperidin-1-
yl)methyl)phenyl)prop-2-en-1-one (3)

OH O
OH
J
Cl

Yellow solid. Yield = 9%. H NMR (400 MHz, CsDe) & 1.39 - 1.50 (m, 2 H) 1.55 -
1.65 (m, 2 H) 1.88 (t, J=9.44 Hz, 2 H) 2.46 - 2.56 (m, 2 H) 3.21 (s, 2 H) 3.34 (dt,
J=8.39, 4.33 Hz, 1 H) 4.17 - 4.31 (m, 1 H) 6.57 (dd, /=8.52, 2.11 Hz, 1 H) 7.00 -
7.05 (m, 2 H) 7.07 (s, 1 H) 7.13 (s, 1 H) 7.15 - 7.20 (m, 2 H) 7.20 - 7.25 (m, 2 H)
7.88 (d, J=15.40 Hz, 1 H). 13C NMR (100 MHz, CsDs) & 192.88 - 165.03 - 145.64 -
143.08 - 141.96 - 133.53 - 130.78 - 129.33 - 128.91 - 128.52 - 127.65 - 127.43
~127.25-119.02 - 118.90 - 118.80 - 67.43 - 62.70 - 51.15 - 34.75.
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(E)-1-(4-chloro-2-hydroxyphenyl)-3-(p-tolyl)prop-2-en-1-one (4)

OH O

/

Cl

Yellow solid. Yield = 17%. 'H NMR (400 MHz CDCls) & 2.41 (s, 3 H) 6.92 (d, J=8.0
Hz, 1 H) 7.02 (s, 1 H) 7.25 (d, /=8.0 Hz, 2 H) 7.75 (s + d, J=8.4 Hz, 3 H) 7.86 (d,
J=8.0 Hz, 1 H) 7.92 (d, J=15.6 Hz, 1 H). 13C NMR (100 MHz, CDCl3) § 193.00 -
164.28 - 146.19 - 142.00 - 141.89 - 131.71 - 130.56 - 129.85 - 128.81 - 119.45
~118.67 - 118.64 - 21.61.

(E)-3-(3-([1,4'-bipiperidin]-1'-ylmethyl)phenyl)-1-(4-chloro-2-
hydroxyphenyl)prop-2-en-1-one (5)

Yellow solid. Yield = 9%. 1H NMR (400 MHz, CDCl3) § 1.33 - 1.51 (m, 2 H) 1.51 -
1.70 (m, 6 H) 1.78 (d, J=12.10 Hz, 2 H) 1.89 - 2.07 (m, 2 H) 2.28 (ddd, J=11.41,
8.02, 3.48 Hz, 1 H) 2.40 - 2.63 (m, 4 H) 2.94 (d, J=11.55 Hz, 2 H) 3.46 - 3.58 (m, 2
H) 6.93 (dd, /j=8.61, 2.02 Hz, 1 H) 6.99 - 7.10 (m, 1 H) 7.31 - 7.44 (m, 2 H) 7.48 -
7.66 (m, 3 H) 7.80 - 7.99 (m, 2 H). 13C NMR (100 MHz, CDCl3) § 192.94 - 164.25 -
146.19 - 142.07 - 139.85 - 134.35 - 131.92 - 130.63 - 129.14 - 128.91 - 127.52
- 119.62 - 119.47 - 118.57 - 62.76 - 62.67 - 53.53 - 50.20 - 27.81 - 26.34 -
24.75.
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(E)-3-(3-((4-benzylpiperazin-1-yl)methyl)phenyl)-1-(4-chloro-2-
hydroxyphenyl)prop-2-en-1-one (6)

Jeoaacaeve

Yellow solid. Yield = 5%. 'H NMR (400 MHz, DMSO-ds) § 2.45 - 2.52 (m, 12 H)
7.04 (dd, J=8.61, 2.20 Hz, 1 H) 7.13 (d, J=2.02 Hz, 1 H) 7.35 - 7.47 (m, 3 H) 7.48 -

7.69 (m, 4 H) 7.78 (d, J=15.58 Hz, 1 H) 7.86 - 7.94 (m, 1 H) 7.98 (d, J=15.58 Hz, 1
H) 8.18 (d, J=8.61 Hz, 2 H).

(E)-3-(4-((4-benzylpiperazin-1-yl)methyl)phenyl)-1-(4-chloro-2-
hydroxyphenyl)prop-2-en-1-one (7)

JoaaoUshe

Yellow solid. Yield = 8%. H NMR (400 MHz, C¢Ds) § 2.45 - 2.52 (br, 8 H) 3.50 (s,
2 H) 3.53 (s, 2 H) 6.89 (dd, J=8.8, 2.0 Hz, 1 H) 7.02 (d, J=1.6 Hz, 1 H) 7.22 - 7.29
(m, 5 H) 7.38 (d, J=6.4 Hz, 2 H) 7.52 - 7.60 (m, 2 H) 7.80 - 7.84 (m, 2 H) 7.90 (d,
J=15.6 Hz, 1 H). 3C NMR (100 MHz, C¢D¢) & 192.95 - 165.14 - 145.74 - 142.06-

133.65 - 130.89 - 129.57 - 129.23 - 128.99 - 128.52 - 127.30 - 127.06 - 119.56
-119.18-118.99 - 63.26 - 63.84 - 53.63 - 53.49.

(E)-3-(4-((bis(2-(methylsulfonyl)ethyl)amino)methyl) phenyl)-1-(4-chloro-
2-hydroxyphenyl)prop-2-en-1-one (9)

gy
OH O Osg20
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Yellow solid. Yield = 25%. H NMR (400 MHz, CDCl3) § 2.93 - 2.97 (m, 6 H) 3.06 -
3.13 (m, 4 H) 3.16 - 3.25 (m, 4 H) 3.69 - 3.77 (m, 2 H) 6.90 - 6.96 (m, 1 H) 7.05 (d,
J=2.20 Hz, 1 H) 7.40 (d, J=8.06 Hz, 2 H) 7.57 (d, J=15.40 Hz, 1 H) 7.65 (d, /=8.25
Hz, 2 H) 7.85 (d, J=8.61 Hz, 1 H) 7.91 (d, J=15.58 Hz, 1 H). 13C NMR (100 MHz,
CDCl3) § 192.84 - 164.29 - 145.21 - 142.25 - 140.26 - 134.15 - 130.58 - 130.43
- 129.57 - 129.07 - 126.25 - 120.07 - 119.56 - 118.73 - 118.55 - 64.18 - 58.65
~52.17 -47.13 - 42.16

(E)-1-(4-chloro-2-hydroxyphenyl)-3-(3-(((2-
(methylsulfonyl)ethyl)amino)methyl)phenyl)prop-2-en-1-one (10)

0]

OH O C
F N/\/§\
H (0]
Cl

Yellow solid. Yield = 53%. H NMR (400 MHz, CDClz) & 1.75 - 2.03 (m, 1 H) 3.00
(s, 3 H) 3.12 - 3.26 (m, 4 H) 3.86 (s, 2 H) 6.86 - 6.96 (m, 1 H) 7.01 (d, J=2.02 Hz, 1
H) 7.33 - 7.44 (m, 2 H) 7.53 (dt, J=6.37, 2.04 Hz, 1 H) 7.60 (d, /=15.40 Hz, 1 H)
7.64 (s, 1 H) 7.83 - 7.95 (m, 2 H). 13C NMR (100 MHz, CDCl3) §192.85 - 164.15 -
145.73 - 142.05 - 140.38 - 134.62 - 130.75 - 130.70 - 129.20 - 127.90 - 127.80
~119.90 - 119.46 - 118.52 - 118.49 - 54.71 - 53.14 - 42.49 - 42.04.

(E)-1-(4-chloro-2-hydroxyphenyl)-3-(4-(((2-
(methylsulfonyl)ethyl)amino)methyl)phenyl)prop-2-en-1-one (11)

OH O
=
OhADUPK:
cl ~">g”

o

Yellow solid. Yield = 34%. H NMR (400 MHz, CDCl3) § 1.66 (br. s., 1 H) 3.00 (s, 3
H) 3.12 - 3.27 (m, 4 H) 3.87 (s, 2 H) 6.93 (dd, J=8.61, 2.02 Hz, 1 H) 7.05 (d, J=2.02
Hz, 1 H) 7.39 (d, J=8.25 Hz, 2 H) 7.57 (d, J=15.40 Hz, 1 H) 7.64 (d, J=8.06 Hz, 2 H)
7.85 (d, J=8.80 Hz, 1 H) 7.92 (d, J=15.40 Hz, 1 H). 13C NMR (100 MHz, CDCl3) &
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192.89 - 164.27 - 145.62 - 142.14 - 133.49 - 130.56 - 128.99 - 128.69- 119.53
-119.51-118.70 - 118.58 - 54.85 - 53.31 - 42.62 - 42.10.

(E)-1-(4-chloro-2-hydroxyphenyl)-3-(4-((1,1-
dioxidothiomorpholino)methyl)phenyl)prop-2-en-1-one (12)

Yellow solid. Yield = 22%. H NMR (400 MHz, CDCls) & 2.96 - 3.15 (m, 8 H) 3.71
(s, 2 H) 6.92 (dd, J=8.4, 2.0 Hz, 1 H) 7.03 (d, J=2.0 Hz, 1 H) 7.39 (d, J=8.0 Hz, 2 H)
7.56 (d, J=15.6 Hz, 1 H) 7.61 (d, J=8.0 Hz, 2 H) 7.83 (d, J=8.0 Hz, 1 H) 7.91 (d,
J=15.6 Hz, 1 H). 13C NMR (100 MHz, CDCl3) § 192.80 - 164.25 - 145.36 - 142.18 -
140.74 - 133.92 - 130.53 - 129.33 - 128.97 - 119.77 - 119.50 - 118.69 - 118.52
- 61.15 - 51.49 - 50.70.

(E)-1-(4-chloro-2-hydroxyphenyl)-3-(3-((4-hydroxypiperidin-1-
yl)methyl)phenyl)prop-2-en-1-one (13)

OH O
L
Cl OH

Yellow solid. Yield = 9%. 'H NMR (400 MHz, CsDs) § 1.42 - 1.70 (m, 4 H) 1.88 (m,
2 H) 2.46 - 2.56 (m, 2 H) 3.26 (s, 2 H) 3.40 (m, 1 H) 6.63 (dd, J=8.4, 2.02 Hz, 1 H)
6.82 (s, 1 H) 6.96 (d, J=7.6 Hz, 1 H) 7.08 - 7.12 (m, 3 H) 7.20 (d, J=7.6 Hz, 1 H)
7.28 (s, 1 H) 7.79 (d, J=8.40 Hz, 1 H).
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(E)-1-(4-chloro-2-hydroxyphenyl)-3-(3-((1,1-
dioxidothiomorpholino)methyl)phenyl)prop-2-en-1-one (14)

o

Yellow solid. Yield = 16%. 'H NMR (400 MHz, CDCl) & 2.97 - 3.13 (m, 8 H) 3.70
(s, 2 H) 6.94 (dd, J=8.61, 2.20 Hz, 1 H) 7.06 (d, J=2.02 Hz, 1 H) 7.38 - 7.47 (m, 2 H)
7.54 - 7.64 (m, 3 H) 7.85 (d, J=8.61 Hz, 1 H) 7.92 (d, J=15.58 Hz, 1 H). 13C NMR
(100 MHz, CDClz) § 192.81 - 164.31 - 145.58 - 142.30 - 138.44 - 134.86 -
131.43 - 130.57 - 129.41 - 129.09 - 127.97 - 120.15 - 119.56 - 118.77 - 118.52
-61.23 -51.47 - 50.72.

(E)-1-(5-chloro-2,4-dihydroxyphenyl)-3-phenylprop-2-en-1-one (15)

OH O

ieaae

Cl

Yellow solid. Yield = 42%. 'H NMR (400 MHz, CDCls) § 6.56 - 6.72 (m, 1 H) 7.36 -
7.55 (m, 4 H) 7.60 - 7.74 (m, 2 H) 7.84 - 7.98 (m, 2 H). 13C NMR (100 MHz, CDCls)
§ 191.36 - 165.00 - 157.75 - 145.63 - 134.45 - 131.03 - 130.01 - 129.05 -
128.91 - 128.88 - 128.70 - 119.57 - 115.03 - 104.82.

(2E,2'E)-1,1'-(1,4-phenylene)bis(3-(5-chloro-2-hydroxyphenyl)prop-2-en-
1-one) (16)

OH 0] Cl
2 | n
¥Z x
Cl ) OH
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Yellow solid. Yield = 62%. 'H NMR (400 MHz, DMSO-ds) & 6.94 (d, J=8.80 Hz, 2 H)
7.30 (dd, /=8.80, 2.57 Hz, 2 H) 7.93 - 8.06 (m, 6 H) 8.27 (s, 4 H). 13C NMR (100
MHz, DMSO-de) & 189.73 - 157.05 - 141.48 - 139.19 - 132.37 - 129.49 - 128.35
~123.80 - 123.64 - 122.66 - 118.70.

(2E,2'E)-1,1'-(1,4-phenylene)bis(3-(4-chloro-2-hydroxyphenyl)prop-2-en-
1-one) (17)

Yellow solid. Yield = 13%. 'H NMR (400 MHz, DMSO-de) & 6.87 - 7.00 (m, 4 H)
7.86 - 8.04 (m, 6 H) 8.23 (s, 4 H). 13C NMR (100 MHz, DMSO-de) § 189.08 - 158.05
- 140.80 - 138.80 - 135.94 - 130.27 - 128.70 - 121.50 - 120.50 - 119.54 -
115.86.

(E)-3-(4-chloro-2-hydroxyphenyl)-1-phenylprop-2-en-1-one (18)
OH o

O
Cl

Yellow solid. Yield = 89% (EtOH). 1H NMR (400 MHz, CD30D) & 6.86 - 6.90 (m, 2
H) 7.51 (t, J=7.6 Hz, 2 H) 7.59 (d, J=7.2 Hz, 2 H) 7.63 (d, J=8.4 Hz, 2 H) 7.77 (d,
J=15.6 Hz, 1 H) 8.00 - 8.04 (m, 3 H). 13C NMR (100 MHz, CDs0D) § 192.91 -
159.46 - 141.14 - 139.54 - 138.06 - 134.03 - 131.54 - 129.85 - 129.77 - 129.59
~129.56 - 123.09 - 122.16 - 121.07 - 117.02.
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(E)-1-(5-chloro-2-hydroxyphenyl)-3-phenylprop-2-en-1-one (19)

7

Cl

Mp: 80-81°C (EtOH). Yield = 53%. H NMR (400 MHz, DMSO-d6) & 6.91-7.02 (m,
2 H) 7.49-7.66 (m, 7 H) 7.90 (d, J=16.0 Hz, 1 H) 12.76 (s, 1 H).

(E)-1-(5-chloro-2-hydroxyphenyl)-3-(4-fluorophenyl)prop-2-en-1-one (20)

7
F

Cl

Mp: 60-83°C (EtOH). Yield = 51%. 'H NMR (400 MHz, CDCls) & 7.01 (s, 1 H) 7.17
(d, J=8.8 Hz, 1 H) 7.45 (dd, J=8.8, 2.6 Hz, 1 H) 7.48 (d, J=15.4 Hz, 1 H) 7.69 (dd,
J=8.8, 5.4 Hz, 2 H) 7.86 (d, J=2.4 Hz, 1 H) 7.91 (d, J=15.4 Hz, 1 H) 7.99 (d, J=9.2 Hz,
1 H).

(E)-1-(2-hydroxy-4-methoxyphenyl)-3-phenylprop-2-en-1-one (21)

OH O

OhAe
HaCO

Mp: 92-95°C (EtOH). Yield = 74%. 'H NMR (400 MHz, CDCls) & 3.84 (s, 3 H),
6.46(d, J=2.6 Hz, 1 H) 6.48 (dd, J=8.7, 2.6 Hz, 1 H) 7.40 - 7.42 (m, 3 H) 7.56 (d,
J=15.5Hz, 1 H) 7.62 - 7.65 (m, 2 H) 7.81 (d, J=8.7 Hz, 1 H) 7.87 (d, J=15.5 Hz, 1 H),
13.44 (s, 1 H). 13C NMR (100 MHz, CDCI3) 191.84 - 166.73 - 166.25 - 144.39 -
134.81 - 131.27 - 130.67 - 129.00 - 128.55 - 120.32 - 114.12 - 107.74 - 101.12 -
55.59.
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(E)-3-(3,5-dimethoxyphenyl)-1-(2-hydroxy-4-methoxyphenyl)prop-2-en-
1-one (22)

OH O

HsCO

OCHj

Mp: 163-165°C (EtOH). Yield = 66%. 1H NMR (400 MHz, CDCls) & 3.86 (s, 9 H)
6.47 - 6.49 (m, 2 H) 6.54 (t, J=2.2 Hz, 1 H) 6.78 (d, J=2.2 Hz, 2 H) 7.52 (d, J=15.3
Hz, 1 H) 7.79 (d, J=15.3 Hz, 1 H) 7.81 (d, J=8.5 Hz, 1 H).

(E)-1-(2-hydroxy-4-((3-methylbut-2-en-1-yl)oxy)phenyl)-3-phenylprop-2-
en-1-one (23)

OH O

JOUoRhae
X0

Mp: 87-89°C (EtOH). Yield = 65%. 'H NMR (300 MHz, CDCI3) & 1.76 (s, 3 H) 1.81
(s, 3) 4.56 (d, J=6.0 Hz, 2 H) 5.47 (t, J=6.0 Hz, 1 H) 6.49 (m, 2 H) 7.43 (m, 3 H) 7.60
(d, J=15.3 Hz, 1 H) 7.63 (m, 2 H) 7.82 (d, J=9.0 Hz, 1 H) 7.89 (d, J=15.3 Hz, 1 H)
13.45 (s, 1 H). 13C NMR (75 MHz, CDCI3) d 191.2 - 166.1 - 165.0 - 143.7 - 138.6 -
134.2-130.7 - 130.1 - 128.4 - 128.4 - 128.0 - 119.8 - 118.1 - 113.4 - 107.7 - 101.2
- 64.6-25.3-17.7.

(E)-3-(4-fluorophenyl)-1-(2-hydroxy-4-(prop-2-yn-1-yloxy)phenyl)prop-2-
en-1-one (24)
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Mp: 95-98°C (EtOH). Yield = 68%. H NMR (200 MHz CDCls) & 2.32 (t, 1 H) 4.50
(m, 2 H) 6.28 - 6.32 (m, 2 H) 6.82 - 7.00 (m, 2 H) 7.20 - 7.42 (m, 3 H) 7.56 - 7.64
(m, 2 H).

(E)-1-(2,4-dihydroxyphenyl)-3-(4-fluorophenyl)prop-2-en-1-one (25)

OH ©O
jonae!
HO F

Mp: 125-127°C (EtOH). Yield = 35%. H NMR (500 MHz, DMS0-d6) & 6.35 (d,
J=2.4 Hz, 1 H) 6.46 (dd, J=8.9, 2.4 Hz, 1 H) 7.47 (m, 3 H) 7.82 (d, J=15.2 Hz, 1 H)
7.90 (m, 2 H) 8.00 (d, J=15.2 Hz, 1 H) 8.22 (d, J=8.9 Hz, 1 H) 10.75 (s, 1 H) 13.41
(s, 1 H). 13C NMR (125 MHz, DMSO-d6) § 191.4 - 165.8 - 165.2 - 143.6 - 134.6 -
133.1-130.6- 129.0 - 128.8-121.3 - 113.0 - 108.3 - 102.6.

(E)-1-(2-hydroxy-4-(2-hydroxyethoxy)phenyl)-3-phenylprop-2-en-1-one
(26)

OH O

=
HO\/\O

Mp: 77-80°C (EtOH). Yield = 48%. 'H NMR (300 MHz CDCls) § 1.95 (t, J=6.0 Hz, 1
H) 4.00 - 4.04 (m, 2 H) 4.13 - 4.18 (m, 2 H) 6.47 (d, J=2.4 Hz, 1 H) 6.55 (dd, J=8.8,
2.4 Hz, 1 H) 7.11 - 7.16 (m, 2 H) 7.40 - 7.43 (m, 3 H) 7.46 (d, J=15.6 Hz, 1 H) 7.85
(d,/=15.2 Hz, 1 H) 7.87 (d,] = 2.4 Hz, 1 H).
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(E)-3-(3,5-dimethoxyphenyl)-1-(2-hydroxy-4-(2-
hydroxyethoxy)phenyl)prop-2-en-1-one (27)

OH O
= OCH3;
HO\/\O

OCHj

Mp: 161-163°C (EtOH). Yield = 78%. 'H NMR (400 MHz CDCl3) & 3.85 (s, 6 H)
4.01 (t, 2 H) 4.15 (t, 2 H) 6.49 - 6.55 (m, 3 H) 6.79 (d, J=15.2 Hz, 2 H) 7.53 (d,
J=8.61 Hz, 1 H) 7.79 (s, 1 H) 7.84 (d, J=9.2 Hz, 1 H). 13C NMR (100 MHz, CDCl3) &
198.01 - 166.59 - 161.10 - 150.97 - 144.57 - 131.37 - 120.77 - 107. 88 - 106.48 -
102.84 - 101.78 - 82.75 - 69.52 - 61.11 - 56.90 - 55.50.

(E)-1-(2-hydroxy-4-(2-hydroxyethoxy)phenyl)-3-(3,4,5-
trimethoxyphenyl)prop-2-en-1-one (28)

OH O
/@)v OCHs
HO_~q \Q[OCHS
OCHs
Mp: 186-188°C (EtOH). Yield = 71%. 'H NMR (200 MHz CDCls) § 3.91 (s, 3 H)

3.94 (s, 6 H) 4.02 (m, 2 H) 4.13 - 4.17 (m, 2 H) 6.48 - 6.55 (m, 2 H) 6.87 (s, 2 H)
7.45 (d, J=15.4 Hz, 1 H) 7.78 (s, 1 H) 7.83 - 7.87 (m, 1 H).

(E)-3-(3,4-dimethoxyphenyl)-1-(2-hydroxy-4-(2-
hydroxyethoxy)phenyl)prop-2-en-1-one (29)

OH O

HO~o OCHs
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Mp: 161-163°C (EtOH). Yield = 78%. H NMR (200 MHz CDCl3) & 3.95 - 4.01 (m, 8
H) 4.13 - 4.17 (m, 2 H) 6.48 - 6.54 (m, 2 H) 6.91 (d, J=8.4 Hz, 2 H) 7.16 - 7.27 (m,
3 H) 7.44 (d,J=15.4 Hz, 1 H) 7.82 - 7.99 (m, 2 H).

(E)-1-(2-hydroxy-4-(2-hydroxyethoxy)phenyl)-3-(3-methoxyphenyl)prop-
2-en-1-one (30)

OH O
= OCHjs
HO\/\O

Mp: 106-108°C (EtOH). Yield = 59%. 'H NMR (300 MHz CDCI3) d 3.95 (s, 3 H),
3.98 (t, J=5.6 Hz, 2 H) 4.13 (t, J=5.6 Hz, 2 H) 6.48 (d, J=2.4 Hz, 1 H) 6.50 (dd, J=8.8,
2.4 Hz, 1 H) 6.95 (dd, J=8.8, 1.8 Hz, 1 H) 7.12 (d, J=1.8 Hz, 1 H) 7.23 - 735 (m, 2 H)
7.43 (d,J=16.0 Hz, 1 H) 7.81 (d, J=8.4 Hz, 1 H) 7.84 (d, J=15.2 Hz, 1 H).

(E)-3-(4-hydroxy-3-methoxyphenyl)-1-(2-hydroxy-4-(2-
hydroxyethoxy)phenyl)prop-2-en-1-one (31)

OH O
HO~o OH

Mp: 124-127°C (EtOH). Yield = 41%. 'H NMR (200 MHz CDCls) § 1.53 (br, 1 H)
3.97 - 4.01 (m, 5 H) 4.13 - 4.16 (m, 2 H) 5.92 (br, 1 H) 6.47 - 6.54 (m, 2 H) 6.94 -
6.98 (m, 1 H) 7.13 (m, 1 H) 7.23 - 7.26 (m, 2 H) 7.38 - 7.45 (m, 1 H) 7.82 - 7.87
(m, 2 H).

(E)-3-(2-fluorophenyl)-1-(2-hydroxy-4-(2-hydroxyethoxy)phenyl)prop-2-
en-1-one (32)

OH O F

=
HO\/\O
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Mp: 128-130°C (EtOH). Yield = 63%. H NMR (200 MHz CDCl3) & 1.53 (br, 1 H)
3.97 - 4.02 (m, 2 H) 4.12 - 4.17 (m, 2 H) 6.48 - 6.55 (m, 2 H) 7.14 - 7.26 (m, 2 H)
7.37 - 7.42 (m, 2 H) 7.73 (s, 1 H) 7.83 (dd, J=8.8 Hz, 1 H) 7.96 (d, J=15.8 Hz, 1 H).

(E)-3-(3-fluorophenyl)-1-(4-(2-hydroxyethoxy)phenyl)prop-2-en-1-one
(33)

0]
> F
HO\/\O

Mp: 130-132°C (EtOH). Yield = 65%. 'H NMR (400 MHz CDCl3) & 1.95 (t, j=6.0 Hz,
1 H) 4.00 - 4.03 (m, 2 H) 4.12 - 4.17 (m, 2 H) 6.49 (d, J=2.4 Hz, 1 H) 6.52 (dd,
J=8.8, 2.4 Hz, 1 H) 7.11 - 7.16 (m, 1 H) 7.35 (d, /=8.8 Hz, 1 H) 7.40 -7.43 (m, 3 H)
7.56 (d, J=15.6 Hz, 1 H) 7.84 (d, J=8.0 Hz, 1 H) 7.85 (d, J=15.2 Hz, 1 H).

(E)-3-(4-fluorophenyl)-1-(2-hydroxy-4-(2-hydroxyethoxy)phenyl)prop-2-
en-1-one (34)

OH O
jenae!
HO\/\O £

Mp: 136-139°C (EtOH). Yield = 66%. 'H NMR (400 MHz CDCI3) d 1.95 (t, J=6.0
Hz, 1 H) 4.00 (t, J=5.6 Hz, 2 H) 4.13 (t, J=5.6 Hz, 2 H) 6.44 (d, J=2.4 Hz, 1 H) 6.49
(dd, j=8.8, Hz, 1 H) 7.13 (t, J=8.8 Hz, 2 H) 7.58 (d, J=16.0 Hz, 1 H) 7.68 (d, J=8.8 Hz,
2H) 7.79 (d, J=8.0 Hz, 1 H) 7.85 (d, J=15.2 Hz, 1 H).

83



(E)-3-(3,5-difluorophenyl)-1-(2-hydroxy-4-(2-
hydroxyethoxy)phenyl)prop-2-en-1-one (35)

OH O
W F
HO\/\O
F

Mp: 131-133°C (EtOH). Yield = 42%. H NMR (200 MHz CDCl3) & 4.03 (m, 2 H)
416 (m, 2 H) 6.44 - 6.56 (m, 2 H) 6.87 (m, 1 H) 7.14 - 7.17 (m, 2 H) 7.54 (d,
J=15.4 Hz, 1 H) 7.73 (s, 1 H) 7.82 (d, J=15.4 Hz, 1 H).

(E)-3-(4-fluorophenyl)-1-(4-hydroxyphenyl)prop-2-en-1-one

/
A

HO F
Pale oil. Yield = 39%. 'H NMR (400 MHz CDCl3) § 6.92 - 6.95 (m, 2 H) 7.16 - 7.20
(m, 2 H) 7.69 (d, J=15.6 Hz, 1 H) 7.79 (d, J=15.6 Hz, 1 H) 7.83 - 7.87 (m, 2 H) 8.03

- 8.06 (m, 2 H).

(E)-3-(3-fluorophenyl)-1-(4-hydroxyphenyl)prop-2-en-1-one

\ 7
A

HO
Pale oil. Yield = 35%. H NMR (400 MHz CDCl3) & 6.93 - 6.95 (m, 2 H) 7.14 - 7.18

(m, 1 H) 7.43 - 7.49 (m, 1 H) 7.57 -7.70 (m, 3 H) 7.89 (d, J=15.6 Hz, 1 H) 8.06 -
8.08 (m, 2 H).
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(E)-3-(3,5-dimethoxyphenyl)-1-(4-hydroxyphenyl)prop-2-en-1-one

(0]
Shadih
HO

OCHj

Pale oil. Yield = 45%. 'H NMR (400 MHz CDCls) & 3.81 (s, 6 H) 6.53 (t, 1 H) 6.92 -
6.95 (m, 4 H) 7.62 (d, J=15.6 Hz, 1 H) 7.80 (d, J=15.6 Hz, 1 H) 8.03 - 8.05 (m, 2 H).

4.5.14. Cyclisation

OH O

-NH
_ OH l\/l
70 —
Cl
Cl

5-chloro-2-(5-phenyl-4,5-dihydro-1H-pyrazol-3-yl)phenol (8)

To a solution of chalcones (1 eq.) in ethanol, an excess of hydrazine hydrate
(98% aqueous solution, 0.4 mL per mg of chalcone) was added. The mixture was
then refluxed for a period of 3 h and then was cooled. The solvent was removed
under reduced pressure and dichloromethane was added. The mixture was
washed twice with an aqueous solution of HCI (0.1 N). The organic layers were
dried over sodium sulfate and the solvent was removed under reduced pressure.
The crude was crystallized from hot methanol to give a yellow solid (yield =
62%).

1H NMR (400 MHz CDCls) 6 3.11 (dd, J=16.40, 8.71 Hz, 1 H) 3.53 (dd, /=16.8, 10.4
Hz, 1 H) 4.89 (t, J=10.8 Hz, 1 H) 6.85 (dd, /=8.43, 2.02 Hz, 1 H) 7.02 (d, /=2.02 Hz,
1 H) 7.06 (d, J=8.25 Hz, 1 H) 7.32 - 7.37 (m, 5 H).
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1. Introduction

1.1. The Androgen Receptor (AR)

Androgen receptor (AR), a member of the steroid receptor super-family, is a
ligand-dependent transcription factor that mediates androgen action in cells. AR
belongs to the largest class of DNA binding transcription factors, called nuclear
receptors, comprised of 48 members. The members of this family are divided
into three classes:

. Class I containing receptors for estrogen, progesterone,
mineralocorticoids, glucocorticoids and androgens;

. Class II: containing receptors for vitamin D, retinoids and thyroids;

. Class III: containing receptors for which ligands have not yet been
identified, classified as “orphans”.

The AR is widely distributed among cardiac muscle, skeletal and smooth muscle,
gastrointestinal vesicular thyroid follicular cells, adrenal cortex, liver, pineal, and
numerous brain cortical and sub-cortical regions, including spinal motor

neurons.
1.1.1. Structure and Function of AR

The AR DNA sequence is present in the X chromosome, which has 8 exons
spanning 90 kb sequences encoding a 919 A.A. protein.! Like the PR and ER, AR
exists as 2 isoforms, AR and AR-A, which lacks the first 187 amino acids of AR.
However, this isoform is not as well characterized and its functions remain

unknown.
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Fig. L. Structural domains of the two isoforms (AR-A and AR-B) of the human androgen receptor.
Number above the bars refer to the amino acid residues that separate the domains starting from
the N-terminus (left) to C-terminus (right). NTD = N-terminal domain, DBD = DNA binding
domain. LBD = ligand binding domain. AF = activation function.
http://en.wikipedia.org/wiki/Androgen_receptor

AR is composed of the following major domains, labeled A through F (Fig. I):

. NHz-terminal domain (NTD, A/B Fig. I), which contains the activation
function AF-1, required for full ligand activated transcriptional activity and the
activation function AF-5, responsible for the constitutive activity (activity
without bound ligand). The NTD is the major coactivator interaction surface for
AR and mediates the growth factor- and cell signaling-dependent
transactivation;

. DNA-binding domain, (DBD, C Fig. I), which is the most highly conserved
domain and, as the name indicates, is responsible for the binding of AR to the
promiscuous androgen responsive element (ARE), 5'-AGAACANNNTGTTCT-3',
on the promoter of androgen responsive genes?. The DBD has 2 classical cysteine
zinc finger motifs, responsible for DNA recognition and dimerization;

. “Hinge” region (D Fig. I) that lies between the DBD and the ligand binding
domain (LBD). It is a lysine-rich region, important for the nuclear localization
signal (NLS) of the receptor.3# Deletion of this domain eliminates nuclear
localization of AR in the presence of ligand and, hence, loss of transcriptional

activity;
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. COOH-terminal ligand-binding domain (LBD, E/F Fig. I), responsible for
ligand binding and is comprised of 11 helixes. The LBD contains a second
activation function (AF-2) that is important for the ligand-dependent activation

of the receptor.
1.1.2. Mechanism of AR Action

In the absence of ligand, AR is maintained in an inactive conformation by heat
shock proteins HSP 70 and HSP 90 in the cytoplasm (Fig. II). After binding to
androgens, the C-terminal helix 12 in the LBD shifts position to close the ligand
binding pocket. HSPs dissociate from the receptor, leading to homo-dimerization.
This facilitates a series of conformational changes, following the dissociation of
corepressor complexes. AR translocates to the nucleus and binds to Androgen

Response Elements (AREs) in the promoter of androgen-responsive genes.
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Fig. II. Androgen action>
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Activated AR has been shown to recruit coregulators and general transcription
factors, subsequently leading to the enhancement or repression of transcription
of target genes.® It regulates expression of AR target reproductive and non-
reproductive tissues, including the prostate and seminal vesicles, male and
female external genitalia, skin, testis, ovary, cartilage, sebaceous glands, hair

follicles, sweat glands, genes.”8

1.2. Androgens: Testosterone Biosynthesis

The predominant circulating androgen, testosterone, T, is primarily (95%)
secreted by the Leydig cells of the testes (males) and adrenal cortex (females and
castrated males) under the control of the hypothalamic-pituitary-gonadal (HPG)
axis (Fig. IlI). Testosterone is synthesized in response to luteinizing hormone
(LH), which is secreted by the anterior pituitary gland. High levels of
testosterone or exogenous androgens bind to androgen receptor (AR) in the CNS

and exert feedback inhibition of testosterone synthesis.
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Fig. III. The androgen-signaling axis and its inhibitors®
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Testosterone circulates in the blood, where it is bound to albumin and sex-
hormone-binding globulin (SHBG), with a small fraction dissolved freely in the
serum. When free testosterone enters prostate cells, 90% is converted to
dihydrotestosterone (DHT) by the enzyme 5a-reductase (SRD5A2). DHT is the
more active hormone, having fivefold higher affinity for the androgen receptor
(AR) than does testosterone.>

Endogenous androgens play crucial physiological roles in establishing and
maintaining the male phenotype. Their actions are essential for the
differentiation and growth of male reproductive organs, initiation and regulation
of spermatogenesis, and control of male sexual behavior. In addition, androgens
are important for the development of male characteristics in certain extragenital
structures such as muscle, bone, hair, larynx, skin, lipid tissue, and kidney. In
females, the precise physiological roles of androgens are not completely
understood, but the age-related decline in circulating androgen levels has been
linked to symptoms such as decreased libido and sexuality, lack of vigor,
diminished well being, and loss of bone mineral density in postmenopausal
women.10

Testosterone and dihydrotestosterone, endogenous AR agonists, and
metribolone, a synthetic agonist with a steroidal skeleton (Fig. IV) have two
polar moieties, a carbonyl group and a hydroxyl group, at the ends of the
hydrophobic steroid skeleton. It is reasonable to assume that the two hydrophilic
functional groups, as well as the hydrophobic core structure between them, play

important roles for effective interaction with the AR ligand binding domain.!?

Testosterone, T Dihydrotestosterone, DHT Metribolone

Fig. IV. The structure of steroidal ligands
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1.3. Prostate Cancer

Prostate cancer is the most commonly diagnosed visceral cancer and second
most common cause of cancer-related death in American men.

Prostate cancer may cause problems in urinating (nocturia, difficulty starting
and maintaining a steady stream of urine, haematuria and dysuria), sexual
dysfunctions (difficulty achieving erection or painful ejaculation). The most
common additional symptom is bone pain, often in the vertebrae, pelvis or ribs.
The cancer in the spine can also compress the spinal cord, causing leg weakness
and urinary and faecal incontinence.1213

Heterogeneity in the biological behavior of prostate tumors may be a result of
genetic variability or a result of exposure to different environmental factors,
which influence genetic instability and types of mutation present. Prostate
cancer tends to develop in men over fifty years old and the average age of
diagnosis is seventy.

Genetic background may contribute to prostate cancer risk, as suggested by

associations with race, family and specific gen. Men who have first-degree family
members with prostate cancer appear to have double the risk of getting the
disease compared to men without prostate cancer in the family. This risk
appears to be greater for men with an affected brother than for men with an
affected father. Numerous epidemiological studies indicate that prostate cancer
incidence is 10-20 times higher in United States, in particular among black men,
than in Asian countries.

Epidemiological studies suggest environmental factors such as diet may be
critical factors in prostate cancer risk, in fact Japanese immigrants in United
States prostate cancer with an increasing frequency. In addition similar trends
have been observed in Japan since World War II, after the westernization of the
Asian diet and life style.1415

High consumption of fat, especially animal fats, refined sugars, red meat, alcohol
and dairy products in parallel with a lower intake of fruits and vegetables, fewer
complex carbohydrates, vitamin D and fiber may increase the risks of contracting
the disease.1®

Mounting evidence suggests that obesity is linked to an array of illnesses
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including diabetes, cardiovascular disease and various types of cancer.

The relationship of obesity and prostate cancer risk has been examined in
several studies. Study conducted in men from the Cancer Prevention Study I and
II (CPS I and CPS II) cohorts demonstrated that obese man had higher relative
risk of prostate cancer death than the non-obese ones.

Sexually transmitted infections and elevated levels of testosterone in blood seem

to increase the risk for prostate cancer.

1.3.1. Pathophysiology

The prostate is a part of the male reproductive system that helps make and store
seminal fluid. It is located in the pelvis, under urinary bladder and in front of the
rectum. Because of its location prostate disease often affect urination, ejaculation
and rarely defecation.

The prostate contains many small glands, which make about twenty percent of
the fluid constituting semen. In prostate cancer, the cells of these prostate glands
mutate into cancer cells that require male hormone to work properly.

The process of prostate carcinogenesis from a normal glandular epithelium to
cancer is not clearly understood. One of the proposed mechanisms explaining the
effects of inflammation on prostate tissue suggests that presence of reactive
oxygen species, nitric oxide and other reactive molecules released from activated
macrophages results in massive tissue damage. In the attempt to regenerate
lost/injured tissue epithelial cells proliferate at a higher rate. This gives rise to a
lesion called proliferative inflammatory atrophy (PIA).17.1819 PIA is characterized
by increased proliferation in an attempt to regenerate injured tissue and
infiltration of inflammatory cells. Moreover, this lesion demonstrates reduced
expression of p27, a cyclin-dependent kinase inhibitor, and increased expression
of Bcl-2, an anti-apoptotic protein. These gene expression patterns resemble
those observed in prostatic intraepithelial neoplasia (PIN).20 PIN is characterized
by increased proliferation of the intraductal and intra-acinal epithelial cells
associated with presence of multiple layers of cells and nuclear atypia
(hyperchromasia, variability in nuclear shape and size)?!. Glands containing PIN

are sometimes larger than normal with disrupted layer of basal cells, that usually
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difficult to observe. Although there is no proof that PIN is a cancer precursor, it is
closely associated with cancer.

Other steps essential for progression toward prostate cancer include developing
independence from growth factors that provide survival signals inhibiting
apoptosis, gaining limitless proliferative potential and resistance to anti-growth
signaling.?? Gaining ability to induce formation of new blood vessels
(angiogenesis) is one of the essential steps in carcinogenesis. New blood vessels
provide the tumor with adequate supply of nutrients and remove metabolites,
and also facilitate local tissue invasion and facilitate distal metastasis. Prostate
cancer most commonly metastasizes to the bones, lymphnodes, and may invade
rectum, bladder and lower ureters after local progression. The route of
metastasis to bone is thought to be venous as the prostatic venous plexus
draining the prostate connects with the vertebral veins.23

Growth of normal prostate epithelium is dependent on and regulated by
androgens.

In order for the prostate tumor to gain independence of the androgen, androgen
receptor signaling is subject to various mutations, which increase its sensitivity,
allow for non-specific ligand binding, or amplify the number of receptors in the
cellular membrane. Androgen independence is achieved through activation of
ligand- independent signaling pathways in some cases.

Each one of the stages in prostate cancer development described above typically

occurs over years and the entire process requires decades.

1.3.2. The Development of Androgen-Independent Prostate Cancer

(AIPC)

The normal prostate and early-stage prostate cancer depend on androgens for
growth and survival and androgen ablation causes regression of androgen-
dependent tumors. However, many men fail this therapy and die of recurrent
androgen-independent prostate cancer (AIPC). AIPC is a lethal form of prostate
cancer that progresses and metastasizes. At the present, there is no effective
therapy for it. There are five potential mechanisms by which AIPC can develop.

Some of these also apply to other form of steroid-hormone-independent cancer,
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such as breast cancer.>
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Fig. V. Five possible pathways to AIPC5

1.3.2.1. Hypersensitive Pathway (a, Fig. V)

The AR receptor increases its sensitivity to very low levels of androgens. There

are several mechanisms that are responsible of this hypersensibility.

More AR is produced; approximately 30% of tumors that become androgen-

independent after the ablation have amplified the AR gene. AR-amplified tumors

maintain dependency on residual androgens in serum.

Sometimes AR has enhanced sensibility to compensate for low levels of

androgen. This pathway results in high-level expression of the AR, increased

stability, and enhanced nuclear localization of AR in recurrent tumor cells.

In addition more testosterone is converted to the more potent DHT, by

increasing 5a-reductase activity.>
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1.3.2.2. Promiscuous Pathway (b, Fig. V)

The specificity of the AR is broadened so that other non-androgenic molecules
normally present in the circulation can activate it.

The most common mechanism of specificity lost, is the acquisition of genetic
changes that lead to aberrant activation of AR.24

The first AR mutation of this type was discovered in LNCaP cells.25> LNCaP cells
express high levels of AR, and androgens stimulate them to grow and express
Prostate-Specific Antigen (PSA), a widely used and clinically important marker
for prostate cancer cells. However, owing to a mutation in the AR, other steroid
hormones, as well as the androgen antagonist flutamide, activate the AR and
stimulate proliferation. Sequencing of the AR gene from LNCaP cells revealed a
missense mutation in amino acid 877, which is located in the ligand-binding
domain. This mutation results in the substitution of alanine for threonine at
position 877 (T877A).526

Hara et al. found exactly two different mutations in codon 741: W741C, where
tryptophan is substituted by a cysteine and W741L (leucine; W741L). Probably,
this AR mutation is responsible for the switch of bicalutamide from antagonist to

agonist.’

1.3.2.3. Outlaw Pathway (c, Fig. V)

In the outlaw pathway, receptor tyrosine kinases (RTKs) are activated, and the
AR is phosphorylated by either the AKT (protein kinase B) or the mitogen-
activated protein kinase (MAPK) pathway, producing a ligand-independent AR.
1.3.2.4. Bypass Pathway (d, Fig. V)

In the bypass pathway, parallel survival pathways, such as that involving the

anti-apoptotic protein BCL2 (B-cell lymphoma 2), obviate the need for AR or its
ligand.
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1.3.2.5. Lurker Cell Pathway (e, Fig. V)

Finally, in the lurker cell pathway, androgen-independent cancer cells that are
present all the time in the prostate — possibly epithelial stem cells — might be

selected for by therapy.

1.3.3. Treatment of prostate cancer

AR hypersensitivity, as a result of AR gene mutation and/or amplification, over-
expression of co-activators, often occurs and plays crucial roles in prostate
cancer development, progression, and androgen-independent growth.82829
Therefore, in most cases advanced prostate cancer, it has been directly linked to
the androgen receptor (AR). Most prostatic tumors are stimulated to grow by
androgens, and consequently androgen withdrawal is a well-established therapy
for prostate cancer treatment. Androgen deprivation therapies consist of surgical
castration, through orchiectomy or medical castration by administration of a
luteinizing hormone-releasing hormone analogue (LHRH-A), such as goserelin
(Fig. VI).30

Goserelin acetate (Zoladex, AstraZeneca) is an injectable Gonadotropin releasing
hormone superagonist (GnRH agonist), also known as a luteinizing hormone
releasing hormone (LHRH) agonist. Structurally, it is a decapeptide. Goserelin
stimulates the production of the sex hormones testosterone and estrogen in a
non-physiological manner. This causes the disruption of the endogenous
hormonal feedback systems, resulting in the down-regulation of testosterone
and estrogen production.

Zoladex approved by the U.S. Food and Drug Administration in 1989 for

treatment of prostate cancer.
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Fig. VI. Goserelin

However, although castration removes androgen release from the testes,
androgen biosynthesis in the adrenals (8 * 10% of total circulating androgens) is
not affected. In addition orchiectomy is unpopular with the patients and can
result in psychological problems, and it exposes the elderly patients to trauma of
surgery. Because of this, a widely used management strategy for advanced
prostate cancer is a combination of surgical or chemical castration and
administration of antiandrogens.3!

Frequently, many patients stop responding to hormonal therapies and manifest a
Hormone-Refractory metastatic Prostate Cancer (HRPC). Sawyers and co-
workers demonstrated that HRPC was still dependent on AR ligand binding
domain for growth.?® Therapeutic options for HPCR patients are limited, with
lack of evidence for long-term survival. In this case, Docetaxel is recommended
as a possible treatment. It is an anti-mitotic chemotherapy medication, which

interferes with cell division (Fig. VII).32

ROQ!
g

Fig. VII. Docetaxel
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1.4. Antiandrogens

Antiandrogens bind to the AR and inhibit all androgens at the target cell level. In
particular, antiandrogens compete with endogenous androgens for binding sites
of the androgen receptors in the prostate cell nucleus, thereby promoting
apoptosis and inhibiting prostate cancer growth. By contrast with androgens,
however, the receptor-antiandrogen complex is unstable so that gene
transcription and protein synthesis are not stimulated.33

Ideally, an antiandrogen should possess high specificity and affinity for the
androgen receptor, being devoid of other hormonal or anti-hormonal activity.
Antiandrogens act by two primary mechanisms: inhibition of ligand (androgen)
binding to the AR, and inhibition of androgen-independent activation of the
receptor. It is more accurate to refer to these compounds as androgen-receptor
antagonists, since they inhibit activation, whether this is androgen-mediated or
not. These and other agents have been the subject of extensive clinical
investigations for use either alone as single-agent therapy or in combination with
a LHRH agonist.

There are two structurally distinct types of antiandrogen:

Steroidal

Nonsteroidal

The steroidal antiandrogen, cyproterone acetate (Fig. VIII), is currently available
commercially. In addition, it is also a potent progestin and inhibits gonadotropin
secretion. It is effective in the treatment of prostate cancer but among its side
effects may be listed loss of libido, gynecomastia, fluid retention, thrombosis and

an apparent hepatotoxicity associated with long-term use.

Fig. VIII Cyproterone acetate

108



1.4.1. Nonsteroidal Antiandrogens

Nonsteroidal antiandrogens, such as bicalutamide (Casodex™), flutamide
(Eulexin™) and nilutamide (Nilandron™) seem to be better tolerated than
steroidal analogues, and are currently the only established means to avoid
castration in the prostate cancer endocrine treatment (Fig. IX). These
compounds are often referred to as “pure antiandrogens”, because they exert
their effects through competitive inhibition of the binding of testosterone, and its
metabolite 5a-dihydrotestosterone (5a-DHT), to the nuclear androgen receptor.
As testosterone levels are not blocked by nonsteroidal antiandrogens, these
drugs offer the possibility of maintaining sexual interest and potency. Within the
class of nonsteroidal antiandrogens, there is variation in the degree to which
ligand-independent activation is inhibited.

Flutamide is a pure antiandrogen; that is, it does not exhibit other hormonal
activities. It is effective in the treatment of prostate cancer and the main side
effect reported being gynecomastia. One consequence of its pure antiandrogenic
profile is that it prevents androgens from exerting their negative feedback
mechanism on the hypothalamus, which results in an increased pituitary
secretion of, interalia, luteinizing hormone (LH), which stimulates androgen
production by the testes. The antagonist, therefore, brings about the increased
production of natural agonist, which is effectively diminishes its efficacy at the
target organ.34

Nilutamide is a derivate of flutamide, which was approved in 1996 in
combination with orchiectomy.®

Preclinical data suggest that non-steroidal antiandrogen bicalutamide may be a
more effective drug in the treatment of prostate cancer with respect to flutamide
and nilutamide.34 It is best-tolerated, shows agonistic properties when the AR is
over-expressed, such as in HRPC, and a superior pharmacokinetic profile along
minor side effects.3> It has a two-time increased affinity for the androgen
receptor compared with flutamide and nilutamide, and a longer half-life of one
week. Bicalutamide was derived from flutamide by addition of bulky 4-

fluorophenylsulfonyl moiety.
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Fig. IX. Nonsteroidal antiandrogens

The endocrine therapy using nonsteroidal antiandrogens and LHRH analogues is
initially very effective but is time-limited. Nearly half of all patients with these
tumors develop resistance to this therapy after several years, suggesting the
development of androgen-independent prostate cancer cells or the ability of
adrenal androgens to support tumor growth. This leads to serious clinical
inconveniences.

Surprisingly, clinical benefit has been observed following the withdrawal of anti-
androgens (Anti-Androgen Withdrawal Response, AAWR) in a subset of prostate
cancer patients with therapy-resistant disease.3¢ It has been proposed that anti-
androgen withdrawal syndrome is likely associated with AR mutations such as
Thr877 - Ala, Trp741 - Leu and Trp741 - Cys which cause the antagonists

flutamide and bicalutamide to act as agonists.2°
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Fig. X. Transactivation assays. The W741C and W471L mutant ARs are activated by bicalutamide.
Luciferase activity was assayed 24h after treatment: bicalutamide, ¢, hydroxyflutamide, O, DHT,
A.

To clarify the role of the AR mutation in codon 741 on conversion of
bicalutamide to an agonist, Hara et al. assessed the transcriptional responses to
bicalutamide and hydroxyflutamide (active metabolite of flutamide) of the wild-
type; the single mutants W741C, W741L, and T877A ARs in transactivation
assays. Interestingly, the mutants W741C and W741L ARs had a substantial
transactivation response to bicalutamide (Fig. X). This observation is consistent
with the findings that hydroxy- flutamide worked as an agonist and bicalutamide
worked as an antagonist for the T877A mutant AR in transactivation assays. The
mutant W741C and W741L ARs responded only slightly to hydroxyflutamide

(Fig. X), indeed bicalutamide switches to an agonist.2”
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1.4.2. Mechanism of AR Antagonism by Bicalutamide

The ligand-binding domain (LBD) is the heart of the receptor and has been the
focus of AR-based drug discovery. Crystal structures of the AR LBD containing
numerous bound ligands and coactivator peptides have been
determined.37:38394041 When the hormone binds to the hormone binding site
(HBS), an uncharacterized reorganization of the receptor occurs, primarily
thought to be the registration of helix 12 (H12) to bind the coactivator. This
reorganization results in the formation of an effective coactivator-binding site

(AF-2 site), a surface-exposed cleft involving helices H3, H4, and H12 (Fig. XI).42

. ‘("-"\"
' B

-

Hay
Coactivator'=_,

l>_ A\:(I

Fig. XI. AR LBD with DHT (orange space-filling diagram) and coactivator peptide (white sticks)
shown. Binding of DHT at the HBS organizes H12 that, along with H3 and H4, forms the AF-2 site
allowing coactivator bind (Estebanez-Perpina et al. Protein Data Bank entry IT63)

The precise mechanism by which AR antagonists block the transcription of target
genes remains elusive. The preponderance of evidence from X-ray structures of
several nuclear receptor antagonist complexes suggests that the general
mechanism involves perturbing helix 12, displacing it from its hormone-bound
configuration, and distorting the AF-2 site. This in turn interferes with
coactivator binding, a requisite for transcription. 42

When bicalutamide is complexed with wild-type AR, antagonism occurs due to
steric clash of bulky phenyl ring with helix 12, preventing its repositioning over

the ligand pocket and leading to partial unfolding of the receptor LBD.43
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Recently, the structure of bicalutamide with the bicalutamide-resistant mutant
AR (W741L) was solved in the receptor’s agonist conformation (Fig. XII).44

In the bicalutamide/AR (W741L), the B-ring occupies the cavity created by the
absence of the Trp indole in the mutated complex, while the A-ring is virtually in
the same environment as the A-ring of DHT. So, the 4-fluorophenyl sulfone group
is situated between residues of H12 and the side chain of Leu741, suggesting that
in wild-type receptor the larger Trp741 side chain would require bicalutamide to

push against H12.43

Fig. XII. Structure and binding conformation of R-bicalutamide. (a) W741L AR LBD-R-
bicalutamide complex. (b) Structure and numbering scheme of R-bicalutamide (c) R-bicalutamide
within the Fo-Fc simulated annealing omit map with R-bicalutamide omitted. Intramolecular
hydrogen bonds are denoted by distances in A. Nitrogen, blue; oxygen, red; carbon, black; sulfur,
yellow; fluorine, white*4

1.4.3. A New Generation of Antiandrogens: Diarylthiohydantoins

Sawyer an co-workers showed that a 3- to 5-fold up-regulation of the AR was the
likely cause of the resistance to anti.androgens.2® They further demonstrated
that castration resistant prostate cancer was still dependent on the ligand-
binding domain of AR for growth. They specifically engineered a class of
diarylthiohydantoins, to search for overcoming deficiencies of available

androgen receptor antagonists, including low binding affinity and partial
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agonism, which partly explain the clinical responses that are detected on

discontinuation of these agents (Fig. XIII).4>
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Fig. XIII. Diarylthiohydantoins

RU59063 has been chosen as a starting chemical scaffold on the basis of its
relatively high affinity for AR and selectivity for AR over other nuclear hormone
receptors. The RU59063 structure has been varied systematically in each of the
functional groups and the binding affinity has been measured.*¢ The structure-
activity relationship (SAR) study led to choice of RD162 and MDV3100, as the
lead compounds for further biological studies (Fig. XIII).4>

MDV3100 is a novel small molecule AR pure antagonist that blocks nuclear
translocation of AR, DNA binding, coactivator recruitment and has no agonist
activity when AR is overexpressed. It has higher affinity for the receptor than
does bicalutamide.® MDV3100 might be a true androgen-receptor antagonist,
without partial agonist properties.

In a competition assay with 163-['8F] fluoro-5a-DHT (18-FDHT) to measure
relative AR binding affinity, both RD162 and MDV3100 bound AR in castration-
resistant LNCaP/AR human prostate cancer cells with five- to eight-fold greater
affinity than bicalutamide and only two- to three-fold reduced affinity relative to
the derivative of the native ligand FDHT (Fig. XIV A).

Expression of the AR target genes PSA and transmembrane serine protease 2
(TMPRSS2) was induced by bicalutamide but not by RD162 or MDV3100 (Fig.
XIV B), indicating that RD162 and MDV3100 do not have agonist activity in a
castration-resistant setting. Both RD162 and MDV3100 antagonized induction of
PSA and TMPRSS2 by the synthetic androgen R1881 in parental LNCaP cells.
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Fig. XIV. Effect of RD162 and MDV3100 in human prostate cancer cells in vitro4s

In the human prostate cancer cell line VCaP, which has endogenous AR gene
amplification, RD162 and MDV3100 suppressed growth and induced apoptosis,
whereas bicalutamide did not (Fig. XIV, C and D). This growth suppression was
reversed by cotreatment with the synthetic androgen R1881, which competes for
AR binding and was not observed in the AR- negative DU145 human prostate
cancer cells. In addition, RD162 and MDV3100 inhibited the transcriptional
activity of a mutant AR protein (W741C) isolated from a patient with acquired
resistance to bicalutamide.

On the basis of these promising preclinical results, MDV3100 was selected for
clinical development in the Prostate Cancer Clinical Trials Consortium. Actually,
it has completed phase 1-2 clinical trials and has now entered a phase 3

randomized trials for drug registration.4>47
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1.5. SARMs: Selective Androgen Receptor Modulators

Interest in the development and therapeutic potential of nonsteroidal tissue-
selective androgen receptor modulators (SARMs) has increased dramatically
within the past decade. They are a novel class of androgen receptor ligand,
intended to have the same kind of effects as androgenic drugs like anabolic
steroids but be much more selective in their action.*8

Androgens are important in male physiology because of their essential role in
male sexual differentiation, male puberty changes, and maintenance of muscle
and bone mass, prostate growth and spermatogenesis in adults.3> Synthesized
steroidal androgens, due to their ability to mimic the actions of their endogenous
counterparts, have been used clinically as valuable therapeutic agents to target a
variety of male and female disorders resulting from androgen deficiency. The
principle clinical indication for androgens is hypogonadism in men. Other
documented clinical uses of androgens include hormone-replacement therapy in
postmenopausal women, delayed puberty in boys, anemias, primary
osteoporosis, hereditary angioneurotic edema, endometriosis, estrogen
receptor-positive breast cancer, and muscle wasting and diseases, male
contraception, benign prostatic hyperplasia (BPH) and prostate cancer. Also,
androgens have been investigated as hormone replacement therapy for aging
men and for regulation of male fertility.10

Currently used androgens to treat both primary (testicular) and secondary (lack
of gonadotropins) hypogonadism are typically injectable or skin delivery
formulations of testosterone or testosterone esters (e.g. methyltestosterone and
fluoxymesterone). Although treatment with testosterone is effective generally,
the efficacy of treatment and its serum levels need to be monitored carefully
because of the inconsistent pharmacokinetic profile of most preparations. Orally
available synthetic steroidal androgens (e.g. nandrolone and oxandrolone) are
also used, but they often cause unacceptable hepatotoxicity and have poor tissue
selectivity hence, they are not recommended for long-term androgen therapy.
Another common concern about steroidal androgens is the undesirable effects
resulting from the cross-reactivity of the androgens or their in vivo metabolites

with steroid receptors other than the androgen receptor (AR).3°
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An ideal SARM should have:

High specificity for the AR;

Improved oral bioavailability;

Tissue-selective pharmacological activities.

Non-steroidal AR agonists are still in the early stages of drug discovery, Ostarine
(MK-2866, Fig. XV) is an investigational selective androgen receptor modulator
(SARM) from GTx, Inc, for treatment of cancer cachexia, muscle wasting,
osteoporosis, colorectal cancer, non-Hodgkin lymphoma, chronic lymphocytic
leukemia and breast cancer. The most common side effects reported among all
subjects in the trial were fatigue, anemia, nausea and diarrhea.35

Recently, Miller et al. have discovered RAD140 (Fig. XV), which has all the
hallmarks of a SARM. It is potency selective, since it stimulates muscle weight
increases at a lower dose than that required stimulating prostate weight
increases. Moreover, it is also efficacy selective, because it is fully anabolic on
muscle but demonstrates less than complete efficacy on the prostate and seminal
vesicles and, in fact, can partially antagonize the stimulation of the seminal
vesicles induced by testosterone. RAD140 has excellent pharmacokinetics and is
a potent anabolic in nonhuman primates as well. This compound has completed
preclinical toxicology in both rats and monkeys and it has been currently
prepared for phase I clinical studies in patients suffering from severe weight loss
due to cancer cachexia.*?

The tissue selectivity of these agents offers an exciting opportunity to
differentially regulate the androgen effects in various target tissues, thus
minimizing the interference to normal physiological processes while targeting
desirable therapeutic goals. For example, SARMs with potent anabolic activity
but minimal androgenic activity would be ideal for the treatment of patients who
bear muscular diseases (such as sarcopenia or trauma- induced muscle wasting)
but are contraindicated for androgenic stimuli (such as for aging population or

prostate cancer patients).
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Fig. XV. SARMs

In perspective, not only could SARMs be used as superior alternatives to current
steroidal androgens in therapy of male hypogonadism but also they could
expand the scope of androgen therapy to include wasting syndromes, aging-
related disorders due to declined androgen levels, male fertility regulation, and

other androgen deficiency-related diseases.
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2. Aim of the Thesis

Commercially available antiandrogens show a common scaffold: two aromatic

rings linked by a linear or cyclic spacer (Fig. XVI).
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Fig. XVI. Commercially available antiandrogens

Based on literature, we have introduced, as linker between two aromatic rings, a
triazole moiety (Tab. I). As evidenced, 1,2,3-triazole pharmacophores display a
broad spectrum of biological activities associated with antibacterial, antifungal
and herbicidal, antiallergic, and anti-HIV. This five-membered ring is found in
potent agonist or antagonist receptor ligands. Furthermore, triazole derivatives
have been used as mimics of the amide bond, with the aim of increasing molecule

bioavailability and of favouring hydrogen bonding and dipolar interactions.
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Furthermore, the encouraging advances in the click chemistry field, particular
reference to the copper (I)-catalyzed 1,3-dipolar cycloaddition of organic azides
with alkynes, which allows efficient construction of the triazole framework
under mild conditions (Fig. XVII), prompted us to choose triazoles as suitable

linkers.
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Fig. XVILI. Click chemistry

Compound Structure Compound Structure

Tab. I. Summary of the synthesized compounds
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3. Results Discussion and Conclusion

In this section, available biological data are shown and discussed.

3.1. Quantitative Real-time Reverse Transcription-

Polymerase Chain Reaction

The inhibitory activity of the newly synthesized compounds was studied in a PSA
expression experiment, using Quantitative Real-time Reverse Transcription-
Polymerase Chain Reaction.

Prostate-specific antigen is a glycoprotein that is secreted by epithelial cells of
the prostate gland. PSA levels between 4 and 10 ng/mL (nanograms per
milliliter) are considered to be suspicious for prostate cancer.

LNCaP cells, an epithelial cell line derived from a human prostate carcinoma,
were incubated with our compounds for 20 h at 37°C. RNA was than isolated
from cells using the RNeasy mini kit (Qiagen). cDNA was generated using equal
concentrations of RNA and the Tagman High Capacity Reverse Transcription kit
in the GeneAmp PCR System 9700 machine (Applied Biosystems). Diluted cDNA
was combined with the forward primer, reverse primer, SYBR green and RNAse-
free water in 96-well plate and analysis of mRNA expression was carried out
using the ABI 7500 Real Time PCR machine (Applied Biosystems). All samples
were normalized to the level of 18S ribosomal RNA (rRNA). The number of PCR
cycles to reach the fluorescence threshold value is the cycle threshold (Ct). Ct
values for each transcript were determined, and relative RNA levels were
calculated by the comparative Ct method as described by the manufacturer.

The primer sequences for real-time PCR were as follows:
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PSA

forward 5’GCAGCATTGAACCAGAGGAGTT-3’
reverse 5’ CACGTCATTGGAAATAACATGGA-3’

18S rRNA
forward 5'-AGTCCCTGCCCTTTGTACACA-3'
reverse 5'-CGATCCGAGGGCCTCACTA-3'
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Tab. II. Summary of the synthesized compounds

123




PSA mRNA (LNCaP, 20 hr)

1.50
1.25
1.00 |}
I ; |
- [
0.75 T '|'
[ n
0.50 .
T
T T T
0.25 A I : L
0.00 I I A A NR l | I - l l I AR l | I -
2 3 5 5 $ 5 3 £ 5 2 £ 3 2 5 £ 5 35 5 3 =
=) = = = = = = =] = » - 2 32 = - = = - =
E Q Q =] =] =] (=] (=] (=] Q (=] Q Q Q (=] (=] (=] (=] (=] (=]
a - — — L] — L] L ] L | L L L — — — — L ] L] L ] L |
- ™~ ™M - " o =~ o0 (=4 [=] i ™~ m < (T3] o = w (=}
[=] (=] =] o o o o o (=} — — — — — — - — — —

Fig. XVIII. Quantitative Real-time Reverse Transcription-Polymerase Chain Reaction

The PSA expression of the new molecules proved to be generally decreased (Fig.
XVIII). In detail, 03, 04 and 15 showed the best inhibitory activity of the series,
reducing the protein expression to below 25%. The 02, 05, 08, 10, 14, 17 and 19
compounds also reduced PSA levels. Only 01 and 18 compounds seemed to make
no appreciable changes in protein expression, while compound 07 enhanced PSA
expression, making this last compound particularly interesting as potential
agonist or a selective antiandrogen receptor modulator.

In general, the presence of one or two linkers between the triazole and the
aromatic rings, seems to favour antagonistic activity, besides, substituents on to
the triazole appear to play a pivotal role on biological outcome, e.g. para- and
ortho- positions are preferred and the cyano- and nitro groups increment
antagonistic potency.

Additionally, compounds bearing the para-cyano, meta-trifluoromethyl aromatic
ring show higher biological activity, while compounds where the triazole is
directly linked to the phenyl groups are weakly active or, as seen for 7, behave as

agonist.
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In conclusion, preliminary data suggest that the new molecules reported herein
generally decrease the PSA expression, thus they can potentially act as androgen
receptor antagonists. On the basis of these promising results, some selected
compounds have been chosen for further preclinical studies in order to prove
their activity at lower concentrations and to check the anti-androgen effect on

other cell lines.
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4. Experimental Section

4.1. Schemes of Reaction

0
CHO

R=F, CFs, Cl

(il

Ry = CN, F, NO,, CF3, H
X=0,8

NH2 ' B

Ry = CN, CF4

(iv)

| Ho N W)

[ Ho ()

(i) PPh3, CBr4, DCM, 0°C, 15' r.t.; (i) nBuLi, DIPA, THF, -78°C, 3h, o.n. r.t.; (iii) K,COs, propargyl bromide,
acetone, reflux, 24h; (iv) 1. tBuONO, TMSN3, CH3CN; 2. CuSO,, Na-L-ascorbate

Scheme I.
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CN !
o FSCIij

0o
—N N
N=N S\Q\ B N= S\Q\F
:\/)\/ F (ii) F.C ’\/)\/

(i) nBuLi, acetaldehyde, THF, -78°C -> r.t.; (ii) m-CPBA, DCM, 12h, r.t.

Scheme II.

D\ N~ N (iv) FsC N~ N

NC
T
FsC NH |)\&
8 2 o&j%No2

(i) 1. NaN3, Tf,O, H,O/DCM, 0°C, 2h; 2. glycine methyl ester hydrochloride, CuSO 4, NaHCO 3, MeOH, 15, r.t.; 3.
TBTA, Na-L-ascorbate, m.w., 80°C, 10'; (ii) LiOH, THF, MeOH, o.n., r.t.; (iii) PCl3, CH3CN, m.w., 100°C, 5'; (iv) PhsP,
DIAD, THF, 0°C, 30', o.n. r.t.; (v) 1. tBUONO, TMSN3, CH3CN; 2. Cul, DIPEA, THF

Scheme III.
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4.2. Experimental Section

Almost all reactions were performed under an atmosphere of dry nitrogen by
using oven-dried glassware. Tetrahydrofuran, toluene, and ethyl ether were
distilled from sodium benzophenone ketal. Dichloromethane and acetonitrile
were distilled from calcium hydride. All other solvents were HPLC grade.
Reactions were magnetically stirred and monitored by thin-layer
chromatography (TLC) with E. Merck silica gel 60-F254 plates. Eluted plates
were visualized by exposure to ultraviolet light and then by staining with an
ethanolic solution of phosphomolybdic acid. The products were isolated and
purified using a flash chromatography system, with Merck silica gel (0.04-0.63
um, 240- 400 mesh) under high pressure, with a mixture of hexanes and ethyl
acetate as the eluent. Unless otherwise stated, all NMR spectra were measured in
CDCI3 solutions and referenced to the CHCI3 signal. All 1H and 13C shifts are
given in ppm (s = singlet; d = doublet; t = triplet; dd = quadruplet; dt = doublet of
triplets, m = multiplet; br. = broad signal). Coupling constants ] are given in Hz.
Assignments of proton resonances were confirmed, when possible, by selective
homonuclear decoupling experiments or by correlated spectroscopy. High-
resolution mass spectra and electrospray (ESI) experiments were performed

with a time-of- flight (TOF) mass detector.

4.2.1. Corey Fuchs Reaction

FQCHO FsC” : “CHO ellg ; “CHO
F F

|

Br Br Br
F Br F3C Br Cl Br
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PPhs (4 eq.) was added at 0°C to a solution of CBrs (4 eq.) in dry CH2Cl». (3 mL x
mmol of aldehyde). At the same temperature, aldehyde (1 eq.) dissolved in dry
CH2Clz (2 mL x mmol of aldehyde), was dropped slowly into the reaction mixture.
The cooling bath was removed and the progress of the reaction was monitored
by TLC. After 15 min, water and CH2Cl; were added and the aqueous phase was
extracted twice with CH2Cl;. The combined organic phases were dried over

NazS04 and column chromatography (silica gel, CH2Cl;) yielded a transparent oil.

1-(2,2-dibromovinyl)-2,3-difluorobenzene

Br

Quantitative yield. 1H NMR (400 MHz, CDCls) & 7.71 - 7.64 (m, 2H), 7.58 - 7.50
(m, 1H), 7.49 - 7.43 (m, 1H). 13C NMR (101 MHz, CDCls) § 152.05 - 151.73 (d, ] =
12.7 Hz), 149.58 - 149.25 (d, ] = 12.6 Hz), 149.13 - 148.80 (d, ] = 13.2 Hz), 146.63
- 146.30 (d, ] = 13.2 Hz), 125.81 - 125.51 (d, J = 10.2 Hz), 124.22 - 123.75 (m),
93.99 - 93.77 (d, ] = 2.0 Hz).

1-(2,2-dibromovinyl)-2-fluoro-3-(trifluoromethyl)benzene

Br

FsC Br

Quantitative yield. 1H NMR (400 MHz, CDCls) & 7.99 - 7.90 (m, 1H), 7.65 - 7.54
(m, 1H), 7.56 - 7.50 (m, 1H), 7.33 - 7.22 (t,] = 7.9 Hz, 1H).

1-chloro-3-(2,2-dibromovinyl)-2-fluorobenzene

Br
Cl Br
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Yield = 89%. 1H NMR (400 MHz, CDCl3) § 7.66 - 7.59 (ddd, J = 8.0, 6.3, 1.7 Hz,
1H), 7.53 - 7.48 (d, ] = 1.6 Hz, 1H), 7.43 - 7.35 (ddd, ] = 8.6, 7.0, 1.7 Hz, 1H), 7.14
~7.06 (td,] = 8.0, 1.4 Hz, 1H).

Br Br Br
F Z gy FsC Z gy cl Z gy
‘ F F F ‘

F F F

nBuLi (1.6M in hexanes, 4 eq.) at 0°C was added, via canula, to a solution of

diisopropylamine (4 eq.) in dry THF (0.42 mL x mmol of nBuLi) in a three-
necked flask. After 1h, the resulting LDA solution was slowly dropped into
dibromoalkene (1eq.), dissolved in dry THF (4.5 mL x mmol of dibromoalkene)
at -78°C. The temperature was kept at -78°C for 3 h. Then the reaction mixture
was allowed to warm slowly to room temperature. The reaction was stirred
overnight at rt, then quenched with water and extracted with EtOAc. The
combined organic phases were dried over Na2SO4 and column chromatography

(silica gel, CH2Cl2) yielded alkyne.

1-ethynyl-2,3-difluorobenzene

/;/

Yield = 24%. 1H NMR (400 MHz, CDCl3) § 7.27 - 7.11 (m, 2H), 7.07 - 6.98 (dtd, ] =
8.2, 4.9, 1.6 Hz, 1H), 3.36 - 3.35 (s, 1H). 13C NMR (101 MHz, CDCl3) § 153.30 -
151.16 (m), 150.89 - 148.57 (m), 129.45 - 127.74 (d, ] = 3.8 Hz), 124.80 - 123.34
(dd, J = 7.2, 5.0 Hz), 119.25 - 117.35 (d, ] = 17.2 Hz), 113.41 - 112.53 (dd, J =
12.3, 1.8 Hz), 84.31 - 83.12 (m), 76.15 - 75.57 (dd, ] = 4.6, 1.2 Hz).
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1-ethynyl-2-fluoro-3-(trifluoromethyl)benzene

/;/

Yield = 10%. H NMR (400 MHz, CDCl3) § 7.71 - 7.64 (td, ] = 7.2, 6.6, 1.7 Hz, 1H),
7.63 - 7.56 (m, 1H), 7.25 - 7.19 (m, 1H), 3.41 - 3.37 (d, ] = 0.8 Hz, 1H). 13C NMR
(101 MHz, CDCl3) § 163.47 - 157.44 (m), 138.56 - 136.94 (t, ] = 1.4 Hz), 127.66 -
127.10 (qd, J = 4.6, 1.6 Hz), 124.05 - 123.70 (d, ] = 5.0 Hz), 123.66 - 120.77 (d, ] =
272.5 Hz), 119.20 - 118.68 (m), 113.72 - 111.40 (d, ] = 15.2 Hz), 85.52 - 83.08
(d,] = 3.8 Hz), 75.79 - 74.63 (s).

1-chloro-3-ethynyl-2-fluorobenzene

Cl

/;/

Yield = 51%. H NMR (400 MHz, CDCl3) § 7.44 - 7.30 (m, 2H), 7.07 - 6.99 (td, J =
8.0, 1.2 Hz, 1H), 3.37 - 3.33 (s, 1H). 13C NMR (101 MHz, CDCl3) § 160.99 - 156.89
(d,] = 254.7 Hz), 132.64 - 131.62 (s), 131.62 - 130.56 (s), 125.04 - 123.79 (d, ] =
5.0 Hz), 121.85 - 120.90 (d, ] = 17.4 Hz), 112.89 - 111.87 (d, ] = 15.7 Hz), 83.93 -
83.12 (m), 76.10 - 75.51 ().

4.2.2. Williamson Reaction

NC\©\ F NC\©/OH OzN\(j\
|
=
OH OH OH

|

NC F NC o_“# OoN
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CFs
F3C\©\ @ O,N CFs Fe
| C[ |
O/\\\ 4 O/\\\ O/\\\ = S/\\\

A round bottom flask equipped with a magnetic stir bar was charged with phenol
(1 eq.), K2€CO3 (4 eq.), propargyl bromide (80% wt toluene, 4 eq.) and acetone (2
mL x mmol of phenol). The mixture was heated to reflux for 24h and cooled to rt.
The solvent was removed under pressure and water was added. The
heterogeneous mixture was extracted twice with EtOAc and the combined
organic layers were dried over NazSOs4. The solid didn’t need any further

purification, quantitative yield.

4-(prop-2-ynyloxy)benzonitrile

NC
T

A

1H NMR (400 MHz, CDCl3) & 7.66 - 7.55 (d, 2H), 7.08 - 6.99 (d, 2H), 4.78 - 4.71
(d, J = 2.4 Hz, 2H), 2.63 - 2.53 (t, 1H). 13C NMR (101 MHz, CDCls) & 159.59 -
133.23 - 133.10 - 133.07 - 133.03 - 132.99 - 132.97 - 132.94 - 132.93 - 132.92 -
132.92 - 132.86 - 132.80 - 132.63 - 117.97 - 114.62 - 114.59 - 114.57 - 103.98 -
103.88 - 64.84 - 54.90 - 54.87.

1-fluoro-4-(prop-2-ynyloxy)benzene

:
Tl

A
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1H NMR (400 MHz, CD30D) & 7.03 - 6.86 (m, 4H), 4.66 — 4.60 (d, ] = 2.5 Hz, 2H),
2.53 - 2.49 (t, ] = 2.4 Hz, 1H). 13C NMR (101 MHz, CDs0D) § 154.97 - 152.59 -
149.67 - 149.65 - 112.22 - 112.16 - 112.14 - 112.08 - 112.06 - 112.05 - 111.82 -
74.80 - 74.52 - 74.51 - 71.84 - 71.78 - 71.73 - 71.69 - 71.63 - 52.47.

3-(prop-2-ynyloxy)benzonitrile

Pz

NC\©/O/

1H NMR (400 MHz, CDCl3) § 7.35 - 7.27 (m, 1H), 7.22 - 7.16 (dd, ] = 7.6, 1.2 Hz,
1H), 7.15 - 7.10 (m, 2H), 4.66 - 4.59 (m, 3H), 2.53 - 2.48 (td, J = 2.4, 0.8 Hz, 1H).
13C NMR (101 MHz, CDCl3) § 156.42 - 129.42 - 129.39 - 129.35 - 129.09 - 124.52 -
124.27 - 124.22 - 123.95 - 119.07 - 117.52 - 117.30 - 116.98 - 116.67 - 116.62 -
112.14 - 112.13 - 76.46 - 75.59 - 55.06 - 55.03 - 55.01 - 54.94.

1-nitro-4-(prop-2-ynyloxy)benzene

0N
Gy

A

1H NMR (400 MHz, CDCl3) § 8.29 - 8.04 (m, 2H), 7.08 - 6.90 (m, 2H), 4.81 - 4.67
(d,] = 2.4 Hz, 3H), 2.62 - 2.44 (t,] = 2.4 Hz, 1H).

1-(prop-2-yn-1-yloxy)-4-(trifluoromethyl)benzene

FsC
T

N

1H NMR (400 MHz, CDCl3) § 2.52 - 2.58 (m, 1 H) 4.69 - 4.77 (m, 2 H) 7.01 - 7.09
(m, 2 H) 7.52 - 7.63 (m, 2 H)
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1-(prop-2-yn-1-yloxy)-3-(trifluoromethyl)benzene

CF;

O/\\\

1H NMR (400 MHz, CDCls) & 2.55 (t, J=2.47 Hz, 1 H) 4.72 (d, J=2.57 Hz, 2 H) 7.15
(dd, j=8.25, 2.57 Hz, 1 H) 7.19 - 7.30 (m, 2 H) 7.35 - 7.46 (m, 1 H)

4-nitro-1-(prop-2-yn-1-yloxy)-2-(trifluoromethyl)benzene

1H NMR (400 MHz, CDCI3) & 2.63 (t, J=2.38 Hz, 1 H) 4.93 (d, /=2.38 Hz, 2 H) 7.29
(d,/=9.16 Hz, 1 H) 8.44 (dd, J=9.16, 2.75 Hz, 1 H) 8.52 (d, /=2.75 Hz, 1 H)

(4-fluorophenyl)(prop-2-ynyl)sulfane

F
Ul

4-Fluorothiophenol (1 eq.) in dry acetone (1,8 mL x mmol of thiophenol) was
stirred with anhydrous K>COs3 (1 eq.) at rt for 4h. Propargyl bromide (80% wt
toluene, 1 eq.) was added under ice-cold condition and the reaction mixture was
heated under reflux for 15h and cooled to rt. The solvent was removed under
pressure and water was added. The heterogeneous mixture was extracted twice
with EtOAc and the combined organic layers were dried over NazSOs. The
residue was purified by column chromatography on silica gel (hexanes), giving a
yellow oil (yield = 81%).

1H NMR (400 MHz, CDCl3) & 7.54 - 7.44 (m, 2H), 7.10 - 6.96 (m, 2H), 3.58 - 3.54
(t, ] = 1.3 Hz, 1H), 2.30 - 2.13 (t, J = 2.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) &
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163.75 - 161.13 (d), 133.80 - 133.52 (d, ] = 8.3 Hz), 129.70 - 129.47 (d, ] = 3.4
Hz), 116.38 - 116.13 (s), 116.11 - 115.91 (s), 79.87 - 79.67 (s), 71.93 - 71.73 (s).

4.2.3. Click Chemistry
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4-amino-2-(trifluoromethyl)benzonitrile (1 eq.) was dissolved in CH3CN (3.3 mL
x mmol of benzonitrile) in a three-necked flask and cooled to 0°C in an ice bath.
To this stirred mixture was added tBuONO (1.5 eq.) followed by TMSN3 (1.2 eq.)
dropwise. The resulting solution was stirred at room temperature for 2h. The
alkyne (1.5 eq.), an aqueous solution of CuSO4+-5H20 (0.1 eq.) and sodium L-
ascorbate (0.5 eq.) were added and the reaction was stirred overnight at rt. The
reaction mixture was diluted with EtOAc and then extracted. The tail solid was
purified by preparative TLC Plate or flash chromatography (silica,
hexanes/EtOAc: 4/1).

4-(4-(2,3-difluorophenyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (1)

Yield = 32%. MS/ESI m/z calcd for CisH7FsN4 351.0664 (MH*) found 351.0687
(MH*). 'H NMR (400 MHz, CDCl3) 6 8.54 - 8.49 (d,/ = 3.0 Hz, 1H), 8.38 -8.32 (d,
= 2.1 Hz, 1H), 8.24 - 8.17 (dd, / = 8.4, 2.2 Hz, 1H), 8.17 - 8.11 (ddt, /= 7.6, 6.1, 1.9
Hz, 1H), 8.11 - 8.05 (d, ] = 8.4 Hz, 1H), 7.31 - 7.18 (m, 2H).

4-(4-(2-fluoro-3-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl) benzonitrile (2)
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Yield = 24%. MS/ESI m/z calcd for C17H7F7N4 401.0632 (MH*) found 401.0632
(MH*). 1H NMR (400 MHz, CDCl3) & 8.65 - 8.58 (t, ] = 7.4 Hz, 1H), 8.58 - 8.54 (d, ]
= 3.3 Hz, 1H), 8.38 - 8.32 (s, 1H), 8.25 - 8.17 (m, 1H), 8.12 - 8.05 (d, ] = 8.4 Hz,
1H), 7.72 - 7.65 (t,] = 7.3 Hz, 1H), 7.48 - 7.41 (t, ] = 7.9 Hz, 1H).

4-(4-(3-chloro-2-fluorophenyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (7)

L
FoC NN,

—

N

Cl

Yield = 30%. MS/ESI m/z calcd for C16H7CIF4N4 367.0368 (MH*) found 367.0365
(MH*). 1H NMR (400 MHz, CDCl3) & 8.60 - 8.46 (d, ] = 3.1 Hz, 1H), 8.40 - 8.25 (m,
2H), 8.25 - 8.16 (d, ] = 8.3 Hz, 1H), 8.13 - 8.04 (d, ] = 8.5 Hz, 1H), 7.53 - 7.40 (t,] =
7.7 Hz, 1H), 7.34 - 7.22 (m, 2H).

4-(4-((4-cyanophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (4)

Yield = 43%. MS/ESI m/z calcd for C1gH10FsNs0 370.0910 (MH*) found 370.0922
(MH"). 'H NMR (400 MHz, CD30D) & 8.99 - 8.93 (s, 1H), 8.54 - 8.47 (d,] = 2.1 Hz,
1H), 8.44 - 8.36 (dd, ] = 8.6, 2.2 Hz, 1H), 8.27 - 8.20 (d, ] = 8.5 Hz, 1H), 7.74 - 7.64
(m, 2H), 7.28 - 7.16 (m, 2H), 5.43 - 5.35 (s, 2H). 13C NMR (101 MHz, CDCls) &
161.04 - 145.03 - 139.41 - 136.60 - 135.02 - 134.10 - 123.01 - 121.02 - 118.77 -
118.31-118.26 - 115.43 - 114.28 - 104.98 - 65.79.
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4-(4-((4-fluorophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (5)

Yield = 48%. MS/ESI m/z calcd for C17H10F4N40 363.0864 (MH*) found 363.0875
(MH*). H NMR (400 MHz, CDCl3) & 8.31 - 8.26 (m, 2H), 8.19 - 8.13 (dd, J = 8.5,
2.1 Hz, 1H), 8.07 - 8.02 (m, 1H), 7.04 - 6.91 (m, 4H), 5.29 - 5.26 (s, 2H). 13C NMR
(101 MHz, CDCl3) 6 159.20 - 158.47 (s), 156.61 - 155.75 (s), 154.45 - 153.33 (d,
J = 2.1 Hz), 146.89 - 145.86 (s), 140.08 - 139.25 (s), 137.09 - 136.26 (s), 135.90
- 134.11 (q, J = 33.7 Hz), 123.69 - 122.39 (d, / = 1.1 Hz), 120.60 - 119.87 (s),
118.64 - 117.61 (q,J = 4.8 Hz), 116.68 - 115.09 (m), 114.62 - 113.99 (s), 110.24
~109.31 (m).

4-(4-((4-fluorophenylthio)methyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (3)

Yield = 72%. MS/ESI m/z calcd for C17H10F3Ns0 379.0635 (MH*) found 379.0633
(MH*). TH NMR (400 MHz, CDCl3) & 8.23 - 8.17 (dgq, / = 1.4, 0.7 Hz, 1H), 8.08 -
7.97 (m, 2H), 7.91 - 7.86 (t, ] = 0.7 Hz, 1H), 7.41 - 7.32 (m, 2H), 7.06 - 6.97 (m,
2H), 4.28 - 4.24 (d,] = 0.7 Hz, 2H).
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4-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (14)

Yield = 89%. MS/ESI m/z calcd for C11H7F3N4O 269.0645 (MH*) and 291.0464
(MNa*) found 269.0658 (MH*) and 291.0476 (MNa*). 'H NMR (400 MHz, CD30D)
§8.74 - 8.68 (s, 1H), 8.50 - 8.41 (d, ] = 2.1 Hz, 1H), 8.37 - 8.30 (dd, ] = 8.4, 2.2 Hz,
1H), 8.23 - 8.15 (d, /] = 8.4 Hz, 1H), 4.80 - 4.73 (s, 2H). 13C NMR (101 MHz,
CD30D) 6 149.59 - 149.40 (s), 140.07 - 139.87 (s), 136.94 - 136.74 (s), 134.45 -
134.25 (s), 134.12 - 133.92 (s), 133.79 - 133.59 (s), 123.51 - 123.10 (m), 121.11
~120.91 (s), 120.79 - 120.59 (s), 118.09 - 117.74 (q,] = 5.1 Hz), 114.45 - 114.26
(s), 108.98 - 108.72 (q, ] = 2.2 Hz), 55.08 - 54.88 (s), 47.70 - 47.51 (s), 47.49 -
47.29 (s),47.28 - 47.08 (s), 47.07 - 46.87 (s).

4-(4-((4-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (19)

Yield = 60%. MS/ESI m/z calcd for Ci7H10F3Ns503 390.0809 (MH*) found
390.0822 (MH*). 1H NMR (400 MHz, CD30D) & 8.57 - 8.49 (t, ] = 0.8 Hz, 1H), 8.35
-8.30(d,/=2.1 Hz, 1H), 8.22 - 8.11 (m, 3H), 8.08 - 8.02 (d, /= 8.5 Hz, 1H), 7.13 -
7.05 (m, 2H), 5.38 - 5.32 (d, / = 0.7 Hz, 2H). 13C NMR (101 MHz, CD30D) 6 164.10
- 161.32 (s), 145.05 - 143.75 (s), 143.22 - 141.28 (s), 140.02 - 138.42 (s),
137.88 - 135.94 (s), 135.29 - 133.39 (m), 126.95 - 125.00 (s), 123.52 - 122.68
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(s), 121.91 - 121.15 (s), 118.60 - 117.30 (d, J = 4.9 Hz), 116.01 - 113.76 (s),
110.56 - 107.78 (s), 61.51 - 59.83 (s).

4-(4-((3-cyanophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (16)

Yield = 64%. MS/ESI m/z calcd for C1gH10F3Ns0 370.0910 (MH*) found 370.0911
(MH*). H NMR (400 MHz, CDCl3) & 8.30 - 8.24 (m, 2H), 8.18 - 8.11 (m, 1H), 8.08
~8.01 (m, 1H), 7.45 - 7.37 (m, 1H), 7.32 - 7.28 (m, 1H), 7.27 - 7.24 (m, 2H), 5.37
- 5.28 (d,/ = 0.7 Hz, 2H).

2-(trifluoromethyl)-4-(4-((4-(trifluoromethyl)phenoxy)methyl)-1H-1,2,3-
triazol-1-yl)benzonitrile (20)

Yield = 67%. 'H NMR (400 MHz, CDCl3) & 5.37 (s, 2 H) 7.09 (d, J=8.80 Hz, 2 H)
7.58 (d, /=8.80 Hz, 2 H) 7.99 - 8.19 (m, 2 H) 8.19 - 8.31 (m, 2 H). 13C NMR (101
MHz, CDCl3) § 160.25 - 145.71 - 139.55 - 136.62 - 123.00 - 120.65 - 135.11 (q, ] =
33.8 Hz) - 127.15 (m) - 127.08 - 125.56 - 123.86 (q, ] = 33.5 Hz) - 118.36 (m) -
114.73 - 114.32 - 110.06 - 61.81.
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2-(trifluoromethyl)-4-(4-((3-(trifluoromethyl)phenoxy)methyl)-1H-1,2,3-
triazol-1-yl)benzonitrile (21)

Yield = 73%. 1H NMR (400 MHz, CDCl3) & 5.36 (d, J=0.55 Hz, 2 H) 7.20 (dd, J=8.71,
1.56 Hz, 1 H) 7.29 (m, 2 H) 7.40 - 7.49 (m, 1 H) 8.02 - 8.08 (m, 1 H) 8.11 - 8.17 (m,
1H) 8.21 (s, 1 H) 8.27 (d, J=2.20 Hz, 1 H)

4-(4-(3-hydroxypropyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (25)

Yield = 69%. 'H NMR (400 MHz, CDCl3) & 2.01 (t, J=8.0 Hz, 2 H) 2.95 (t, J=7.2 Hz, 2
H) 3.75 (t, J= 6.0 Hz, 2 H) 7.94 (s, 1H) 8.01 (d, J=8.4 Hz, 1 H) 8.11 (dd, j=8.4, 2.0
Hz, 1 H) 8.23 (d, J=1.6 Hz, 1 H).

4-((4-nitro-2-(trifluoromethyl)phenoxy)methyl)-1-(3-
(trifluoromethyl)phenyl)-1H-1,2,3-triazole (22)
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Yield = 62%. 'H NMR (400 MHz, CDCl3) § 5.56 (s, 2 H) 7.44 (d, J=9.16 Hz, 1 H)
7.66 - 7.79 (m, 2 H) 7.96 (d, J=7.70 Hz, 1 H) 8.04 (s, 1 H) 8.15 (s, 1 H) 8.45 (dd,
J=9.16, 2.75 Hz, 1 H) 8.52 (d, J=2.75 Hz, 1 H)

4-(4-((4-nitro-2-(trifluoromethyl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)-
2-(trifluoromethyl)benzonitrile (23)

L
FSC N - N‘

Yield = 65%. 1H NMR (400 MHz, CDCl3) 8 d ppm 5.56 (s, 2 H) 7.40 (d, j=9.35 Hz, 1
H) 8.02 - 8.09 (m, 1 H) 8.09 - 8.15 (m, 1 H) 8.22 (s, 1 H) 8.29 (d, J=2.02 Hz, 1 H)
8.47 (dd, J=9.16, 2.75 Hz, 1 H) 8.54 (d, J=2.75 Hz, 1 H)

4.2.4. Direct Functionalization of 1,4-Triazoles at the 5-Position

4-(4-((4-cyanophenoxy)methyl)-5-(1-hydroxyethyl)-1H-1,2,3-triazol-1-yl)-
2-(trifluoromethyl)benzonitrile (8)

A solution of triazole (1 eq.) in dry THF (15 mL x mmol of triazole) was cooled to
-78°C before being treated dropwise with nBuLi (2.5M in hexanes, 2.2 eq.). The
solution was allowed to stir for 5 min at -78°C before being treated with
acetaldehyde (3 eq.). The reaction was maintained at -78°C for 5 min then
allowed to warm to rt. After being allowed to stir for a further 30 min, the
reaction was quenched with CH2Clz. The combined organic extracts were dried

over Na;S04 before being concentrated under reduced pressure to furnish the
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crude product. Purification by flash chromatography gave a white solid (yield =
44%).

MS/ESI m/z calcd for C2oH14F3N502 414.1172 (MH*) and 436.0992 (MNa*) found
414.1176 (MH*) and 436.0996 (MNa*). 1TH NMR (400 MHz, CDCI3) & 8.22 - 8.17
(d,] = 1.9 Hz, 1H), 8.10 - 7.98 (m, 2H), 7.60 - 7.52 (dd, J = 8.7, 1.6 Hz, 2H), 7.14 -
7.07 (dd, J = 8.7, 1.5 Hz, 2H), 5.45 - 5.33 (m, 2H), 5.20 - 5.13 (dd, /] = 6.8, 5.0 Hz,
1H), 3.56 - 3.50 (d, J = 5.2 Hz, 1H), 1.54 - 1.49 (dd, ] = 6.9, 1.3 Hz, 3H). 13C NMR
(101 MHz, CDCIl3) & 161.18, 140.69, 139.97, 139.89, 136.01, 134.19, 134.12,
128.88, 124.09, 124.04, 122.93, 120.20, 118.88, 115.58, 114.30, 111.17, 111.15,
104.72, 61.80, 60.33, 22.46.

4.2.5. Oxidation of Sulfur to Sulfone

4-(4-((4-fluorophenylsulfonyl)methyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (6)

m-Chloroperbenzoic acid (3 eq.) was added to a solution of sulfur (1 eq.) in
CH2Cl2 (15 mL x mmol of sulfur). The reaction mixture was stirred at rt for 12h.
The reaction was then quenched with Na;SO3 solution and washed 5 times with
satured NaHCOs solution. After the removal of solvent under vacuum, the crude
solid was washed with diethyl ether and hexanes. A white solid was obtained (Y
=20%).

MS/ESI m/z calcd for C17H10F4N402S 411.0533 (MH*) found 411.0553 (MH*). 1H
NMR (400 MHz, CD3COCD3) & 8.98 - 8.93 (m, 1H), 8.58 - 8.54 (dd, J = 1.6, 0.9 Hz,
1H), 8.54 - 8.49 (dd, ] = 8.5, 2.2 Hz, 1H), 8.40 - 8.35 (dt, ] = 8.5, 0.7 Hz, 1H), 7.93 -
7.86 (m, 2H), 7.43 - 7.34 (m, 2H), 4.86 - 4.81 (d, / = 0.4 Hz, 2H). 13C NMR (101
MHz, CD3COCD3) & 164.89 - 163.30 (s), 141.34 - 139.06 (s), 138.68 - 137.79 (s),
137.41 - 136.39 (s), 135.12 - 134.42 (d, ] = 2.9 Hz), 134.23 - 132.77 (q, ] = 33.0
Hz), 132.46 - 130.49 (d, J = 9.9 Hz), 124.40 - 122.81 (m), 121.92 - 119.95 (s),
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119.45 - 117.80 (q, / = 5.0 Hz), 116.91 - 115.32 (d, ] = 23.0 Hz), 115.32 - 113.93
(s), 109.61 - 108.21 (q, J = 2.2 Hz), 53.44 - 51.47 (s).

4.2.6. Microwave-Assisted Click Chemistry

NaNs3 (6 eq.) was dissolved in a minimum volume of water (1 mL x 0.4 g of NaN3).
At 0°C an equal volume of CH:Cl; was added and Tf,0 (3 eq.) was added
dropwise to the vigorously stirred solution. After stirring for 2h at 0°C the
aqueous phase was once extracted with the same volume of CH:Cl.. The
combined organic phase were washed with satured NaHCO3 solution and used
without further purification.

Glycine methyl ester hydrochloride (1 eq.), CuSO4-5H20 (2 mol %) and NaHCO3
(2 eq.) were dissolved in the same volume of water as the volume of the TfN3
solution to be employed. The TfN3 solution was added followed by addition of
methanol until the solution become homogeneously. The reaction was stirred at
rt for 30 min.

Then the alkyne (1 eq.), TBTA (5 mol %) and sodium L-ascorbate (10 mol %)
were added and the reaction was heated to 80°C in the microwave for 10 min.
The reaction mixture was diluted with water and then extracted with EtOAc. The

crude was purified by flash chromatography (silica, hexanes/EtOAc: 2/1).
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methyl 2-(4-((4-cyanophenoxy)methyl)-1H-1,2,3-triazol-1-yl)ethanoate (9)

/Or N- [\!\N

e

s

CN

Yield = 92%. MS/ESI m/z calcd for C13H12N403 273.0982 (MH*) and 295.0802
(MNa*) found 273.0986 (MH*) and 295.0809 (MNa*). 'H NMR (400 MHz, CDCls)
§7.84 - 7.74 (s, 1H), 7.58 - 7.52 (m, 2H), 7.05 - 7.00 (m, 2H), 5.26 - 5.23 (d, ] =
0.7 Hz, 2H), 5.21 - 5.16 (s, 2H), 3.81 - 3.74 (s, 3H).

methyl 2-(4-((4-fluorophenoxy)methyl)-1H-1,2,3-triazol-1-yl)ethanoate

Yield = 84%. MS/ESI m/z calcd for C12H12FN30s 266.0935 (MH*) and 288.0755
(MNa*) found 266.0932 (MH*) and 288.0751 (MNa*). 1H NMR (400 MHz, CDCls)
§7.76 - 7.70 (s, 1H), 6.98 - 6.84 (m, 4H), 5.19 - 5.11 (d, ] = 4.7 Hz, 5H), 3.80 -
3.74 (s, 3H). 13C NMR (101 MHz, CDCls) § 166.67, 158.64, 156.27, 154.25, 154.23,
144.38, 125.24, 124.24, 115.98, 115.95, 115.92, 115.90, 115.86, 115.82, 115.75,
62.44, 53.05, 50.69.
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methyl 2-(4-((4-fluorophenylthio)methyl)-1H-1,2,3-triazol-1-yl)ethanoate

/oj)(\ N- N\N

e

3

.
Yield = 76%. MS/ESI m/z calcd for C12H12FN302S 282.0707 (MH*) and 304.0526
(MNa*) found 282.0710 (MH*) and 304.0520 (MNa*). 1H NMR (400 MHz, CDCl3)
§ 7.44 - 7.40 (s, 1H), 7.33 - 7.22 (m, 2H), 6.97 - 6.84 (m, 2H), 5.11 - 5.03 (s, 2H),
4.13 - 4.10 (d, J = 0.7 Hz, 2H), 3.73 - 3.71 (s, 3H). 13C NMR (101 MHz, CDCl3) &
167.52 - 166.04 (s), 163.90 - 160.04 (m), 146.38 - 143.95 (s), 134.47 - 131.81
(d, ] = 8.2 Hz), 130.47 - 129.00 (d, J = 3.3 Hz), 124.19 - 121.90 (s), 116.81 -
114.14 (m), 53.96 - 52.05 (s), 51.53 - 49.82 (s), 30.68 - 29.34 (m).

4.2.7. Click Chemistry with Cul

NOQ

4-(5-iodo-4-((4-nitro-2-(trifluoromethyl)phenoxy)methyl)-1H-1,2,3-
triazol-1-yl)-2-(trifluoromethyl)benzonitrile (24)
4-amino-2-(trifluoromethyl)benzonitrile (1 eq.) was dissolved in CH3CN (3.3 mL
x mmol of benzonitrile) in a three-necked flask and cooled to 0°C in an ice bath.
To this stirred mixture was added tBuONO (1.5 eq.) followed by TMSN3 (1.2 eq.)
dropwise. The resulting solution was stirred at room temperature for 2h. The
solvent was removed in vacuo.

A solution of alkyne (1.0 eq.) in THF was added, followed by Cul (1.2 eq.) and
DIPEA (1.2 eq.). NBS (1.2 eq.) in THF was added dropwise. The reaction was

stirred at room temperature overnight. The solvent was removed in vacuo
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leaving a brown residue. Purification by flash chromatography, (cyclohexanes:
ethyl acetate= 3:1), afforded the target 5-iodo substituted (yield 40%).

1H NMR (400 MHz, CDCl3) & 5.46 (s, 2 H) 7.92 (d, J= 9.2 Hz, 1 H) 8.01 (dd, /=8.4,
2.0 Hz, 1 H) 8.08 (d, /=8.0 Hz, 1 H) 8.13 (d, /=2.0 Hz, 1 H) 8.44 (dd, J=8.8, 2.4 Hz, 1
H) 8.50 (d, J=2.8 Hz, 1 H).

4.2.8. Deprotection Methyl Ester

/OT)(\ N ,N\N /O\g/\ N/N‘N /O\n/\ N/N\

g <

Q 3 s

‘ CN F F ‘

To a solution of methylester (1 eq.) in THF (3.3 mL x mmol of methyl ester) and
MeOH (2 mL x mmol of methyl ester) was added an aqueous 1.0 M LiOH solution
(2 eq.). The resulting mixture was stirred at rt overnight. The reaction mixture
was neutralized with HCI 1N. The aqueous phase was extracted with EtOAc and
the combined organics were washed with brine, dried and evaporated. The white

solid didn’t need any further purification.
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2-(4-((4-cyanophenoxy)methyl)-1H-1,2,3-triazol-1-yl)ethanoic acid

Yield = 96%. 1H NMR (400 MHz, CD30D) & 8.16 - 8.13 (s, 1H), 7.70 - 7.63 (m,
2H), 7.20 - 7.14 (m, 2H), 5.32 - 5.29 (s, 2H), 5.29 - 5.25 (s, 2H). 13C NMR (101
MHz, CDs0D) & 168.25, 161.78, 142.70, 133.80, 125.73, 125.66, 118.55, 115.45,
103.86, 61.16, 50.27.

2-(4-((4-fluorophenoxy)methyl)-1H-1,2,3-triazol-1-yl)ethanoic acid

HOY\ N- N\N
O =~

e

s

F

Quantitative yield. MS/ESI m/z calcd for Ci11H10FN303 252.0779 (MH*) and
274.0598 (MNa*) found 252.0784 (MH*) and 274.0599 (MNa*). 1H NMR (400
MHz, CD30D) & 8.20 - 8.02 (s, 1H), 7.06 - 6.92 (m, 4H), 5.35 - 5.22 (s, 2H), 5.18 -
5.08 (s, 2H). 13C NMR (101 MHz, CD30D) & 168.25, 158.68, 156.32, 154.53,
154.51,125.94,115.85,115.82,115.77,115.45, 115.42, 115.22, 61.76, 50.27.

2-(4-((4-fluorophenylthio)methyl)-1H-1,2,3-triazol-1-yl)ethanoic acid

HOK N;N‘N

)"

3

F
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Yield = 88%. MS/ESI m/z calcd for C11H10FN302S 268.0551 (MH*) and 290.0370
(MNa*) found 252.0551 (MH*) and 290.0364 (MNa*). 1H NMR (400 MHz, CD30D)
67.76 - 7.70 (s, 0H), 7.40 - 7.31 (dd, ] = 8.6, 5.2 Hz, 1H), 7.06 - 6.97 (t,] = 8.8 Hz,
1H), 5.29 - 5.07 (s, 2H), 5.07 - 4.83 (s, 3H). 13C NMR (101 MHz, CD30D) 6 169.49
- 166.04 (s), 164.73 - 158.89 (d, J = 245.6 Hz), 146.37 - 142.92 (s), 135.39 -
132.55 (d, ] = 8.3 Hz), 131.24 - 129.55 (s), 125.63 - 120.49 (s), 117.26 - 111.19
(d,] = 22.1 Hz), 51.43 - 48.82 (s), 31.15 - 28.54 (s).

4.2.9. Coupling

HOwT/\N/N

HO\W/\N,NN

\ﬂ/\ N Wl/\ N N
o) \§<\O ) ‘§<\o ) \Q&iQ

o) \§<\
s

F

3

F

enav)

3

CN

Ij*”k& Ij*"ﬁ ij

3

CN

|

3

N,
‘§<’\i
S

3

To a solution of aniline (1.01 eq.) and carboxylic acid (1 eq.) in dry CH3CN (10 mL
x mmol of aniline), PClz (1 eq.) was added. The tube was sealed and heated at
100°C for 5 min by microwave irradiation (standard method), then mixture was
quenched with few drops of water. The reaction mixture was poured on a pre-
packed basic alumina column and eluated with CH2Cl/MeOH: 97/3. The
fractions containing the expected product were collected and evaporated under

pressure.
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N-(4-cyano-3-(trifluoromethyl)phenyl)-2-(4-((4-cyanophenoxy)methyl)-
1H-1,2,3-triazol-1-yl)ethanamide (10)

H
FsC N _N
IORGS
(@] >~
NG =
(0]

3

CN

Yield = 68%. MS/ESI m/z calcd for C20H13F3NeO2 427.1125 (MH*) and 449.0944
(MNa*) found 427.1140 (MH*) and 449.0956 (MNa*). 'H NMR (400 MHz, CDs0D)
6 8.23 - 8.17 (m, 1H), 8.02 - 791 (m, 1H), 7.71 - 7.65 (m, 1H), 7.23 - 7.17 (m,
1H), 5.46 - 5.38 (s, 1H), 5.34 - 5.26 (s, 1H). 13C NMR (101 MHz, CDs0D) § 165.22,
161.89, 142.68, 135.88, 133.84, 132.95, 127.35, 127.25, 127.04, 126.08, 123.82,
122.09,121.98,118.51,116.79,115.37,103.84, 103.49, 61.17, 52.15.

N-(4-chloro-3-(trifluoromethyl)phenyl)-2-(4-((4-cyanophenoxy)methyl)-
1H-1,2,3-triazol-1-yl)ethanamide (11)

H
F3C N _N
SR a
o ~_
0

s

CN

Yield = 72%. MS/ESI m/z calcd for Ci9H13ClF3Ns02 436.0783 (MH*) found
486.0786 (MH*). 1H NMR (400 MHz, CD30D) 6 8.21 - 8.18 (s, 1H), 8.10 - 8.04 (d,J
= 2.5 Hz, 1H), 7.82 - 7.75 (dd, ] = 8.7, 2.6 Hz, 1H), 7.71 - 7.63 (m, 2H), 7.58 - 7.52
(d,] = 8.7 Hz, 1H), 7.22 - 7.14 (m, 2H), 5.41 - 5.36 (s, 3H), 5.32 - 5.28 (s, 3H). 13C
NMR (101 MHz, CD30D) & 164.71, 161.80, 142.71, 137.34, 133.79, 131.83,
126.01, 124.03, 123.79, 121.31, 118.52, 118.30, 118.25, 115.43, 103.87, 61.18,
52.08.
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N-(4-cyano-3-(trifluoromethyl)phenyl)-2-(4-((4-fluorophenoxy)methyl)-
1H-1,2,3-triazol-1-yl)ethanamide (13)

H
F3C N _N
SRR
NG ~_
o]

3

F

Yield = 56%. MS/ESI m/z calcd for Ci9H13F4Ns502 420.1078 (MH*) found
420.1170 (MH*). H NMR (400 MHz, CD30D) & 8.21 - 8.16 (d, ] = 2.1 Hz, 1H), 8.15
~8.12 (s, 1H), 8.01 - 7.94 (m, 1H), 7.94 - 7.88 (m, 1H), 7.05 - 6.94 (d, ] = 6.3 Hz,
4H), 5.45 - 5.39 (s, 2H), 5.21 - 5.12 (s, 2H). 13C NMR (101 MHz, CD30D) & 158.68,
156.32, 154.55, 154.53, 143.58, 142.70, 135.96, 133.17, 132.85, 132.52, 125.76,
121.99, 121.03, 116.88, 116.83, 116.78, 116.73, 115.82, 115.75, 115.44, 115.21,
115.08,103.53,103.51, 61.57,52.16.

N-(4-cyano-3-(trifluoromethyl)phenyl)-2-(4-((4-fluorophenylthio)methyl)-
1H-1,2,3-triazol-1-yl)ethanamide (12)

H
F3C N /N
e
NC ‘\<\
S

3

F

Yield = 71%. MS/ESI m/z calcd for Ci9H13F4Ns50S 436.0850 (MH*) found
436.0930 (MH*). 1H NMR (400 MHz, CD30D) § 8.19 - 8.09 (d,/ = 2.0 Hz, 1H), 7.98
-7.91 (m, 1H), 7.91 - 7.85 (m, 1H), 7.81 - 7.77 (s, 1H), 7.39 - 7.30 (td, /] = 5.5, 1.9
Hz, 2H), 7.04 - 6.93 (t, ] = 8.7 Hz, 2H), 5.38 - 5.29 (s, 2H), 4.20 - 4.11 (s, 2H). 13C
NMR (101 MHz, CD30D) & 166.38 - 164.47 (s), 163.69 - 159.92 (m), 145.36 -
143.96 (s), 143.17 - 141.59 (s), 136.70 - 134.96 (s), 133.82 - 133.29 (d, /] = 8.2
Hz), 133.24 - 132.94 (s), 132.94 - 132.53 (s), 130.50 - 129.15 (d, J = 3.4 Hz),
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122.28 - 121.73 (s), 117.07 - 116.49 (q, ] = 5.1 Hz), 115.88 - 115.27 (d, ] = 22.1
Hz), 115.27 - 114.77 (s), 103.83 - 103.08 (d, J = 2.3 Hz), 53.03 - 51.20 (s), 29.90
- 27.97 (s).

4.2.10. Mitsunobu Reaction

NO,

OH

A solution of phenol (1 eq.), PhsP (1.1 eq.) and alcohol (1.1 eq.) in anhydrous THF
(7.5 mL x mmol of phenol) was cooled in an ice bath under nitrogen.
Diisopropylazodicarboxylate (DIAD, 1.1 eq.) was added dropwise and the
solution was stirred for 30 min at 0°C and then at room temperature overnight.
The solvent was evaporated under pressure. The crude was purified by flash

chromatography.
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4-(4-((2-cyanophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (15)

1
FaC N-N

‘N

~

i@CN

Yield = 77%. MS/ESI m/z calcd for C1g8H10F3NsO 370.0910 (MH*) and 392.0730
(MNa*) found 370.0895 (MH*) and 392.0716 (MNa+*). 1H NMR (400 MHz, CD30D)
6 9.00 - 8.87 (s, 1H), 8.54 - 8.47 (d, ] = 2.2 Hz, 1H), 8.43 - 8.30 (dd, j = 8.5, 2.3 Hz,
1H), 8.24 - 8.15 (d, ] = 8.4 Hz, 1H), 7.70 - 7.57 (m, 2H), 7.43 - 7.32 (d, ] = 8.5 Hz,
1H), 7.17 - 6.97 (t,] = 7.6 Hz, 1H), 5.51 - 5.39 (s, 2H). 13C NMR (101 MHz, CD30D)

6 159.76, 144.41, 139.85, 136.86, 134.65, 134.29, 133.62, 123.44, 122.78, 121.44,
118.29,118.24,115.89, 114.35,112.86, 101.60.

4-(4-((2-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (17)

Yield = 57%. MS/ESI m/z calcd for Ci7H10F3Ns503 390.0809 (MH*) found
390.0855 (MH*). 1H NMR (400 MHz, CDCI3) 6 8.37 - 8.31 (m, 1H), 8.16 - 8.10 (m,
1H), 8.10 - 8.04 (m, OH), 7.94 - 7.87 (dt, ] = 8.1, 1.6 Hz, OH), 7.65 - 7.56 (ddt, J =
8.9,7.4,1.6 Hz, OH), 7.34 - 7.24 (m, 1H), 7.17 - 7.09 (tt,J = 8.1, 1.4 Hz, OH), 5.52 -
5.43 (d, ] = 1.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) & 151.23, 145.49, 139.52,
136.60, 135.26, 134.86, 134.55, 125.95, 122.95, 121.62, 120.93, 120.18, 118.57,
118.53,118.48,115.15,114.40,110.02, 63.57.
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4-(4-((3-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (18)

Yield = 35%. MS/ESI m/z calcd for Ci7H10F3Ns503 390.0809 (MH*) found
390.0878 (MH*). 'H NMR (400 MHz, DMSO0) 6 9.43 - 9.26 (s, 1H), 8.66 - 8.36 (m,
3H), 7.97 - 7.78 (m, 2H), 7.66 - 7.42 (m, 2H), 5.51 - 5.33 (s, 2H). 13C NMR (101
MHz, DMSO) 6 158.81, 149.19, 144.45, 140.03, 137.94, 133.30, 132.92, 131.27,
124.45,124.25,122.66,118.93,118.88,116.52, 115.43, 109.70, 108.43, 62.10.

4-(4-(3-(4-cyanophenoxy)propyl)-1H-1,2,3-triazol-1-yl)-2-
(trifluoromethyl)benzonitrile (26)

L
FsC NN

Yield = 65%. 'H NMR (400 MHz, CDCl3) & 2.21 - 2.39 (m, 2 H) 3.04 (t, J=7.52 Hz, 2
H) 4.03 - 4.18 (m, 2 H) 6.90 - 7.01 (m, 2 H) 7.51 - 7.63 (m, 2 H) 7.88 - 7.95 (m, 1
H) 7.98 - 8.06 (m, 1 H) 8.06 - 8.15 (m, 1 H) 8.22 (d, /=2.02 Hz, 1 H)
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