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Abstract

Mitochondrial optic neuropathies (MON) represent an important cause of chronic visual
impairment, affecting at least 1 in 10,000 individuals in the United Kingdom. Despite the
efforts of recent years, the treatment options remain limited, with only a few drug candidates
and therapeutic approaches, either approved or in development. Recently, Idebenone has been
investigated as drug therapy in the treatment of Leber’s hereditary optic neuropathy (LHON),
arare genetic MON, although evidence for the efficacy of Idebenone is limited in the literature.
Cytoplasmic NAD(P)H:quinone oxidoreductase 1 (NQO1) and mitochondrial complex III
were recently identified as the major enzymes involved in Idebenone activity. Based on this
mode of action, computer-aided techniques were employed to identify potential Idebenone-
related small molecules which are capable of interacting selectively with both enzymes. A
series of quinone compounds were selected and evaluated in in vitro assays, and one of them
was found to rescue the effects of LHON in cell models at a low uM concentration. Based on
these observations, 50 derivatives were rationally designed and synthesised in order to enhance
activity, and investigate the structure-activity relationship (SAR) and mode of action of this
quinone family. Of these, 7 compounds showed improved activity compared to the original hit
in the nM range, and these were further evaluated in a range of biological assays. The
culmination of this study was the identification a novel naphthoquinone compound 2-((4-
fluoro-3-(trifluoromethyl)phenyl)amino)-3-(methylthio)naphthalene-1,3,-dione (92) which
demonstrated significantly greater potency in the ex-vivo assays, in addition to lower
cytotoxicity, compared to Idebenone. Although further studies are needed to further elucidate
the mechanism of action, this new compound has potential for being taken forward into pre-

clinical development.
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CHAPTER 1: INTRODUCTION




1.1 Mitochondria

Mitochondria are intracellular organelles, present in the cytoplasm of eukaryotic cells, whose
primary function is to support aerobic respiration and produce the energy necessary for all
cellular functions!. If cells do not have enough energy, they cannot function properly:
mitochondria play a key role in their life and death, especially for cells with high energy
demand. Each organelle has a double membrane structure, which is the house of the numerous
mitochondrial functions such as ATP (adenosine triphosphate) production, calcium handling

and the formation of iron sulfur clusters'.

Mitochondria show important similarities with prokaryotes, suggesting that they were
gradually assimilated by primitive glycolytic eubacteria in symbiotic relationships. The
original hypothesis for this was proposed by Margulis in 1971 who suggested the origin of
mitochondria has its roots in the increase of atmospheric oxygen concentrations, which led to
the symbiotic relationship between a eubacterium and a primitive eukaryotic cell to take
advantage of O high level®. This theory is supported by the presence of a single circular DNA

inside mitochondria, which has the same size and structure of bacterial DNA?.

1.1.1 Mitochondria structure

Mitochondria are organised in different compartments: intermembrane space, intracristal space
and matrix (Figure. 1)*. These compartments are different from phospholipidic bilayer
membranes for their composition and function. The outer membrane defines the shape of
mitochondria and allows the movement of molecules, through a variety of channels, to the
intermembrane space; it is permeable for molecules up to 5000 kDa and contains proteins

responsible for mitochondrial fission®.

The inner membrane is relatively impermeable except for specific active transport channels,
necessary for establishing an electrochemical gradient across this barrier and for ATP
production®. This membrane is organised in numerous invaginations called cristae, which

increase the surface area, improving the capacity to produce ATP.

The inner membrane is also the place for most enzymatic reactions, which occur in the

mitochondria and the electron transport chain.!

The mitochondrial matrix compartment
contains the mitochondrial DNA, and it is the site of multiple metabolic pathways such as the

citric acid cycle and the oxidation of fatty acid®.
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Figure 1 The mitochondrion’

1.1.2 Mitochondria dynamics: fusion and fission

Mitochondria are not static organelles, but they are constantly remodelling through repetitive
fission and fusion events®. This dynamism facilitates the transport of mitochondria into
daughter cells during the mitosis, the removal of damaged mitochondria, and communication
and sharing of content among organelles. Fusion and fission are carefully regulated by a series
of specific proteins. Fusion guarantees the organelle integrity and facilities the exchange of
mitochondrial DNA. It is mediated by the mitofusin proteins, which involve three nuclear
encoded proteins: OPA1, mitofusin 1, and mitofusin 2. OPA1 regulates the fusion of the inner
mitochondrial membrane, whereas the mitofusins are necessary for fusing the outer
membrane®. Mutant forms of these proteins result in mitochondrial fragmentation and general
mitochondrial dysfunctions’. The fission is a crucial mechanism ensuring an equilibrated
distribution of mitochondria DNA between the daughter cells during mitosis. It is regulated by
DRP1 (dynamin-related protein 1), which assembles into rings around a future site of scission

and promote the division as shown in the (Figure. 2)’.



DRP1

mitofusion

Elongated mitochondria

Figure 2 Mitochondria dynamics. Mitochondrial fusion of both outer and inner mitochondrial membranes
facilitated by Mfn1/Mfn2 and Opal respectively. Drpl induced fission resulting in mitochondria with preserved
essential component.

1.1.3 Oxidative phosphorylation

The major function of mitochondria is the production of the majority of the cellular ATP by
oxidative phosphorylation (OXPHOS)®. OXPHOS is a metabolic process, with which all
nutritionally derived substances are metabolised in molecules rich of energy, which are used

as a source of energy like ATP or as electron carrier (NADH, FADH)®,

The OXPHOS is the final stage of mitochondria respiration, a long process that begins with
pyruvate generated from glucose during the glycolysis. The pyruvate is transported across the
double mitochondrial membrane into the matrix where it is converted into acetyl CoA by
pyruvate dehydrogenase®. Successively, the acetyl CoA enters the citric acid cycle (Krebs
cycle), a series of chemical reactions, which generates energy through the metabolism of the
acetyl CoA producing ATP, CO; and reduced electron carriers: NADH and FADH», ATP and
CO>’. These molecules are high energy compounds and important reducing agents used in the

electron transport chain (ETC) to drive the production of the majority of ATP.

The ETC is at the heart of this metabolic pathway, and it is a complicated cascade mechanism
relying on a series of redox reactions between reducing and oxidising species®. The ETC

consists of four major multiprotein complexes called NADH: CoQ reductase (complex I),



succinate: CoQ reductase (complex II), ubiquinol: cytochrome ¢ reductase (complex III) and
cytochrome ¢ oxidase (complex IV) !© (Figure. 3). This series of protein complexes work in
steps catalysing the reaction between an electron acceptor and donor and a flow of electrons,
which creates an electron proton gradient between the matrix and the intermembrane space.
The ATP synthase (complex V) utilises this proton gradient to produce ATP from ADP and
phosphate group.

Intermembrane space
Matrix

Ribosome Cosiag

M Inner membrane
Quter membrane

Deoxyribonucleic acid (DNA)

complex | matrx
=

inner mitochondrial
membrane

s intermembrane space
complex IV

Figure 3 Mitochondrial electron transport chain.!'The electron transport chain consists of series of electron
transporters (called complexes) embedded in the inner mitochondrial membrane, that shuttle electrons from
reduced substrates (NADH, FADH) to molecular oxygen. During the electron transfer, protons are protons are
pumped from the mitochondrial matrix to the intermembrane space, in order to generate a proton gradient

It was widely accepted that individual complexes diffuse freely in the membrane, and
ubiquinone and cytochrome ¢ work as electron carriers moving efficiently between them. This
organisation of the mitochondrial respiratory complexes is commonly called *‘fluid state'?. In
the fluid state model, the first step of this long chain reaction is the oxidation of NADH
catalysed by complex 1. Complex I consist of 38 subunits, 7 of which are encoded by mtDNA°,
The complex can be divided into three modules (N, Q and P) each has different functions. The

first reaction occurs in module N, in which NADH is oxidised, and two electrons are donated



to flavin mononucleotide (FMN). The electrons are then transferred via a series of Fe—S clusters
to ubiquinone, located in the ubiquinone reduction sire in the Q module. The proton
translocation module (P module) contains the three subunits, ND2, ND4 and NDS5, which it is
thought to be involved in the proton-pumping activity. During electron transport its 4 protons

are pumped into the intermembrane space The overall reaction is shown in equation

NADH + UQ +  5H* . — NAD* * UQH, + 4H",

The second step involves the complex II, which is the only complex entirely encoded by the
nuclear genome and consists of 4 subunits. Complex II is a direct enzymatic component of the
Krebs cycle, catalysing the oxidation of succinate to fumarate, generating FADH,. The
resulting reduced flavoprotein is then oxidised to FAD" by ubiquinone. During this process, no
protons are transferred into intermembrane space, but a high energy molecule is produced such

as ubiquinol

succinate + UQ ———>  fumarate + UQH,

Once ubiquinone is reduced to its hydroquinone form, it is able to pass electrons to complex
IIT (cytochrome bei complex), which catalyses the reduction of cytochrome c (cyt ¢). Complex
IIT is made up of 11 subunits, encoded by nuclear DNA, except for one subunit (apocytochrome
b, that is encoded by the mitochondrial genome. The ubiquinol molecule produced previously
in the complex I and II are oxidised back by this complex III transferring an electron to a

molecule of cytochrome c and at the same time releasing 4 protons into inner membrane space.

2UQH, + UQ +2Cytcy, + 2H'payrix —  UQ + 2UQH,+ 2Cytcreq+ 4 H*

ims

Complex IV concludes this flow of reactions using electrons and hydrogen ions to reduce
molecular oxygen into water. It is made up of 13 subunits, of which three (subunits I — III) are
encoded by mtDNA. The electron from Cytochrome c is initially transferred to a bimetallic
copper center, CuA, which is the entry point for the electrons in the complex, successively
these electrons are transferred to a series of haem centre and then to another bimetallic copper
center CuB, where water a molecule of oxygen is bound. The complete reduction of oxygen to
water requires 2 protons and 2 electrons. This reaction increases the electron proton gradient

transferring other 4 protons to the inner membrane space:

2Cytceg * 8H+matrix + 0 — 4 Cytceq* 2H,0 + 4'H+ims



Complex V is able to utilise the proton electrochemical gradient, generated by three of the four
complexes, to phosphorylate ADP to ATP. It consists of two functional domains: Fy, situated
in the mitochondrial matrix, and F,, located in the inner mitochondrial membrane. F; is
composed of three copies of each of subunits a and B, assembled in a ring and one each of
subunits v, 6 and &, that form a central stalk, which supports the ring. The F, is composed of
hydrophobic c-subunits, assembled in a rotable ring. The two subunits work together to
synthesise ATP from ADP. The proton gradient establishes a proton-motive force H+ ions
move through Fo back to the mitochondrial matrix. The proton-motive force causes the
rotation of the ring in F, along with subunits y,  and € in Fi. This rotary movement releases

energy that is used by F1 to drive the formation of ATP, in a process called “rotary catalysis”.

In summary, the result of this complicated mechanism is the transfer of ten protons through the
inner membrane for each NADH that enters, resulting in the production of three ATP

molecules.

10 NADH + 2FADH, + 5H* i+ 34ADP +34P;+60, ———» 10NAD* + 2FAD" + 12H,0 + 34ATP

The solid-state model does not change the mechanism behind the fluid state model neither the
final result, but nowadays there is strong evidence showing that respiratory enzymes exist in a
stable complex composed of varying ratios of different complexes associating with each other
to form supercomplexes!>!*!>16 With the sophisticated advent technique such as super-
resolution light microscopy and electron, cryotomography has been possible described
different structure of these macromolecular assemblies. In mitochondria from mammalian
tissues, has revealed supercomplexes of varying stoichiometry including CI/CIIL/CIV,
CI/ClIlIl2, and CIII2/CIV, these complexes are stabilized in these macrostructures by cardiolipin,
which is present in high amounts in the inner mitochondrial membrane presumably filling the
spaces between the complex and facilitating the diffusion of the electron carries. Researchers
were able to study a high-resolution structural model of the mammalian respirasome, isolated
from porcine heart mitochondria determined at 5.4 A resolution'’. In the architecture of the
supercomplex, the majority of CI surrounds a CIII dimer and CIV, like a pincer, that contains
all complexes necessary to pass electrons from NADH to O», and consequently produce ATP
(Figure. 4). This model can be mostly considered as representative of all the mammalian
structures studied in these last years, but it is not exclusively, there are other supercomplex

structures, which lacks CIV entirely or CIV surrounds the CI, and finally combination in which



CIII is completely dissociated by the other complex!'®. The supercomplexes and their role in
oxidative phosphorylation are still unclear, and only the "tip of the iceberg” has been studied.
In the last few years, evidence of the architecture of mammalian supercomplex has been
accumulated, continuing advances in the high resolution imaging and biochemical techniques
can provide more information how supercomplexes assemble and function, facilitating the

understanding of different mitochondrial diseases'>.

Figure 4 CIo/CIII/CIV2 supercomplex'’ Structural models of CI, CIII, and CIV complex

1.1.3 Mitochondrial genetics

Mitochondria are the only organelles with their own genetic material and the ability to produce
their ribonucleic acids (RNAs) and proteins. Differently, from nuclear DNA, mitochondrial
DNA is a multicopy, circular DNA molecule 16,569 bp long®. This genome is necessary but
not sufficient to support all the functions of mitochondria!®. In the course of evolution,
mitochondria gradually lost much of their original autonomy, and now they strictly depend on
nDNA, which encodes numerous factors needed for mtDNA transcription, translation and

replication.?

Mitochondrial DNA contains 37 genes, which encode for 13 essential polypeptides which
assemble the complexes I, III, IV, and V, and the RNA machinery (2 rRNAs and 22 tRNAs)
for their translation within the organelle. The nuclear DNA encodes for the remaining proteins
of OXPHOS, in particular, the complex II and the other proteins necessary for the correct

function and maintenance of mitochondria (Figure. 5).
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Figure 5 Proteins encoded for ETC components. Schematic representation of electron transport chain proteins
and mtDNA- and nDNA-encoded components of the ETC

Each cell contains thousands of mitochondria and multiple copies of the mitochondrial genome.
The presence of co-existence of two or more distinct mtDNA variants in the same cell is called
heteroplasmy and its due to the high rate of mutations accumulated during the mitochondrial
dynamics event!®. The high rate of mutations in mitochondria could be caused by different
factors, such as a lower fidelity of replication of mitochondrial DNA polymerase v, the lack of
effective repair mechanisms, and chronic exposure of mtDNA to ROS, which are normally

produced during the oxidative phosphorylation®.

This accumulation of mutations could cause defects in mitochondrial DNA and consequently
might result in a full-blown mitochondrial disease when it reaches a particular level'®. In fact,
although mutations can accumulate in cells, the pathogenic mutation might need to reach high
levels before showing deleterious effect. Below this critical point the mitochondria, which do
not present the mutations, can compensate for the mutated one. Above it, the cells do not have

enough ATP to function properly, and consequently show a deficient phenotype.

Over the last few years, mitochondrial DNA has become not only an important target for
medicinal chemists, but it is also a very powerful tool used for tracking the ancestry of many
species including humans. mtDNA is inherited through the maternal lineage and shows a high
rate of mutations (more than nuclear DNA), which are highly conserved and unique from
person to person®'. These factors make mitochondrial DNA an ancestral map for different
species in the world. This assumption even if it is still valid and that maternal inheritance

remains absolutely dominant, a recently study found that occasional paternal transmission



events can occur in particular stress condition providing an alternative approach to study the

mitochondrial inherited diseases®2.

1.1.4 ROS production and damage to mitochondria

Mitochondria are considered the major source of ROS produced in cells. The term ROS defines
different reactive chemical species containing oxygen, which, as natural by-products of the
normal metabolism of oxygen, have essential roles in cell signalling and homeostasis?***. The
level of ROS produced by mitochondria can be influenced by numerous cellular stimuli, but a
basal level of ROS are produced during normal OXPHOS. Complex I and Complex III are the
major sources of mitochondrial ROS?, which are released in the on both sides of the inner
membrane, making these complexes necessary for the regulation of cell signalling. Although,
nowadays a normal level of ROS is considered necessary for correct cellular function, the
accumulation of ROS can lead to oxidative stress, in which the cell is vulnerable to damage®*.
In fact, ROS are reactive species that can react with the side chains of lipids in the various
membranes of the cell, especially mitochondrial membranes, generating lipid-peroxidation and
cell lysis. ROS also inflict oxidative damage on mtDNA, resulting in mutations that lead to
defective electron transport chain components** (Figure. 6). Fortunately, mitochondria have
different defence mechanisms, such as enzymes and physiological antioxidants, which
promptly eliminate normal levels of ROS from cells. Superoxide O:- is the major species
produced by mitochondria and it is usually converted to HO» by SOD; (Superoxide dismutase-
1) in the intermembrane space and cytosol, SOD; (Superoxide dismutase-2) in the matrix and
SODs (Superoxide dismutase-3) in the extracellular space®. Successively, different Catalases
convert HoO> to H,O and O, regulation the ROS level. When the balance between
ROS/antioxidants is lost, this situation leads to detrimental consequences not only to the
cellular environment but to whole organs.?* In the case of ROS accumulation, the radical
species can generate lipid radical "stealing" electrons from fatty acid chains of phospholipid?®.
The lipid peroxyl radical is then generated by addition of O> to the lipid radical, it also, in turn,
can steal an electron from a proximate fatty acid chain resulting in further production of lipid
peroxide and lipid radical in a continues vicious cycles?®. The liperoxidation of the fatty acids

influences membrane stability and fluidity and consequently, the life of the cell. Several
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physiological antioxidant compounds are able to quench this reaction such as glutathione
CoQ1o and vitamin E?’.
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Figure 6 ROS damage to mitochondria and possible consequences. High level of ROS can lead to oxidative
damage to mitochondrial proteins, DNA and membranes (fatty acid oxidation). The O,"~ within the mitochondrial
matrix, can be in part converted in H,O, by Superoxide dismutase (SOD), which, in turn, is degraded by GSH
peroxidase (GPx) to water. The glutathione peroxidases depend on glutathione for the reduction. The high level

of ROS can lead to a depletion of glutathione, a fundamental physiological antioxidant. thereby contributing to a
vicious cycle of accumulating mitochondrial damage.
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1.2 Mitochondrial optic neuropathies

In recent years, an increasing number of studies have shown evidence of mitochondrial
involvement in a variety of diseases.?®?° Mitochondrial dysfunctions are frequently the cause
of a range of diseases, most notably in the heart and in the central nervous system, ¢!
additionally they can also lead to neuro-ophthalmologic symptoms and signs.*?> The visual
impairment due to mitochondrial dysfunctions is one of the most significant causes of optic
neuropathies.’? This situation becomes even more significant considering that mitochondrial
optic neuropathies affect at least 1 in 10,000 individuals,*? and treatment options that lead to
an appreciable amelioration of the condition are not available. The difficulty in finding an
appropriate cure lies in the heterogeneous nature of these diseases. The causes and pathogenic
mechanisms behind them can be very different and, as a consequence, the symptoms can be as
different as the pathogenic pathway involved.*> The most common mitochondrial optic

neuropathies are genetic, but they can also be caused by side effects of drugs, toxins, infections

and nutritional deficiency of antioxidants.

By convention, mitochondrial optic neuropathies are defined as a group of diseases
characterised by the primary sensitivity to mitochondrial dysfunction of retinal ganglion cells
(RGCs) and their axons forming the optic nerve (Figure.7). These cells play a crucial role in
the correct functionality of the retina. They receive visual information from photoreceptors and
send out this information in the form of the action potential to the thalamus, hypothalamus and
midbrain.** The prelaminar region of these cells is normally non myelinated, and the
propagation of the action potential is correlated with a high-energy demand in order to transmit
the signal. The energy required is produced only by the ganglion cells through mitochondrial
oxidative phosphorylation.** For this reason, these cells have a high presence of mitochondria,
probably more than any other neurons in the brain, and they are frequently involved in
mitochondrial dysfunction diseases.>> When RGCs do not have enough energy, they cannot
function properly, and this condition evolves into a degenerative process, which eventually

leads to complete optic atrophy and blindness.
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Figure 7 Schematic diagram of the retina!!

Optic neuropathies involve inherited (primary mitochondrial diseases) or acquired impairments
of the mitochondrial function (secondary mitochondrial diseases). Inherited optic neuropathies
are characterised by mutations associated with either primary mitochondrial DNA (mtDNA)
mutations or defects in DNA, which code for mitochondrial proteins.?® Secondary
mitochondrial diseases are a result of the accumulation of mitochondrial damage due to other
diseases such as Parkinson’s or Alzheimer's diseases. Two representative primary
mitochondrial diseases are Leber Hereditary Optic Neuropathy (LHON) and Autosomal-
Dominant Optic Atrophy (ADOA), which are both characterised by the preferential loss of
retinal ganglion cells.>* LHON is the most common primary mtDNA disease, with one statistic
showing it affects 1 in 31 000 persons in the North East of England.’” This condition is
characterized by three mitochondrial DNA (mtDNA) point mutations, m.3460 G>A, m.11778
G>A and m.14484 T>C, which all involve genes encoding subunits of the complex I of the
mitochondrial respiratory chain.*? People affected by this disease do not suffer from any

clinically evident peripheral neuropathy; the condition is usually painless, and the first
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symptoms appear at 15-30 years of age, but the progression is in most cases rapid, and acute

bilateral visual impairment occurs in few months.*8

Unlike LHON, the majority of patients with DOA show mutations within the OPA1 gene,
which is a gene present in nuclear DNA, encoding for a mitochondrial inner membrane
protein.®” This disease represents a group of inherited mitochondrial optic neuropathies, which
are caused by mutations in the nuclear genome involving the structure and functionality of the
respiratory chain. In particular, most mutations in patients with DOA affect the synthesis of the
OPA protein, which regulates the fusion process of mitochondria.*® This condition generally
appears in younger patients and leads to a progressive onset of visual failure in early childhood.
There are similarities between DOA and LHON, as both conditions are bilateral optic
neuropathies, involve RGCs, and are thought to present an excessive production of reactive
oxygen species (ROS). These reactive species are a by-product of normal cellular respiration,?

but they can generate an inflammatory state, in which the area involved is associated with

cellular damage.?*

Not surprisingly, the combination of these factors makes optical mitochondrial diseases
difficult to diagnose and manage, and represents a challenging goal for current researchers in

the field.

1.2.1 Leber’s hereditary optic neuropathy

LHON was firstly described in the nineteenth century by the ophthalmologist Theodor Leber
1840-1917, who noticed few of his patients were related by the same anomaly, that seemed to
be heritable, indicating that a genetic basis for the disease*’. As mentioned in Chapter 1.2, three
primary mitochondrial DNA mutations are involved in the development of the diseases. The
first mutation identified was found in the gene that codes for NADH dehydrogenase 4 (ND4).
This point mutation involves an alteration in a single base pair at position 11778, in particular,
a guanine (QG) is substituted for an adenine (A). This mutation leads to a change in the primary
structure of the ND4 protein*’. The ND4 is an important subunit in the Complex I core proteins,
it is required to catalyse NADH dehydrogenation and electron transfer to ubiquinone*'. Among
all the mutation, the ND4 account for about 70% of all LHON cases worldwide. The remaining

cases are largely related to mutation polypeptide subunits of ubiquinone ND1 and ND6*?. Also,
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these mutations are due to an alteration in a single base pair, NDI is caused by a Guanine to
Adenine substitution at position 346, while ND6 is caused by a replacement of thymine (T) for
a cytosine (C) at point 14484. These two subunits have a similar function, and they are
apparently involved in attaching the hydrophilic part of the enzyme to the inner membrane®.
All these mutations lead to a block of electron flow at the first step of the chain, with deleterious
consequence in the ATP production. This lack of ATP ultimately leads to cellular apoptosis.
Retinal ganglion cells are particularly susceptible to the decrease of ATP caused by loss of
proper mitochondrial activity. RGCs are responsible for the communication between the eye
and the brain, taking visual information from photoreceptors and sending to the brain through
the optic nerve*. The propagation of these signals down their axons demands a large amount
of energy more than other cells, which is mostly the reason for the almost selective visual lost
rather than other symptoms**. Although there are cases, in which there have been other
manifestations reported beside the vision loss, such as Cardiac arrhythmias, peripheral
neuropathies, dystonia. These phenotypes have been called “LHON plus syndromes” and have

been linked to other mtDNA point mutations that affect OXPHOS complex I activity*.

LHON usually arises during the adolescence to young adult, and interesting not all individuals
who inherit these primary mtDNA mutations develop optic neuropathy and loss of vision, only
approximately 50% of the males and approximately 10% of the females carrying these
mutations manifest visual symptoms. Typically, the disorder had slow and constant progress
to the point of severe optic atrophy and permanent impairment of visual activity. To date, a
definitive cure is still not available and many of the therapies currently being developed focus
on vision management and slowing the progression of the disorder, with a few promising drugs

under clinical investigation®’.
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1.2.2 Compounds under clinical investigation

For several years, researchers have synthesised small molecules with the aim of treating
mitochondrial diseases, but most of the available treatments for mitochondrial disorders are
limited to dietary supplements, and currently, there are no US Food and Drug Administration
(FDA)-approved drugs for the effective treatment of primary mitochondrial disease.*® This is
due in part to the heterogeneity of these diseases, which involves simultaneously different
factors, and in part to the difficulties of targeting mitochondria. Treatment options are therefore

limited to symptomatic therapies and to delaying the progression of the disease.*’

The most common prescription medicine for mitochondrial disease patients is a high dose of a
variety of vitamins and co-factors, called a “mitochondrial cocktail”: coenzyme Qo and
vitamin E are always present in these cocktails, along with folic acid, L-carnitine, and creatine,
vitamin B2 and B1. The therapy is very expensive and ineffective in most case. showing limited

clinical efficacy, and the long-term benefits of such treatment remain unproven.*3+

However, a few new small molecules are now under clinical investigation, claiming to improve
mitochondrial function.*® These compounds have very different chemical structures and
functions, but they can be grouped into families according to their target and pharmacological

activity (Figure. 8):

e compounds that increase the rate of OXPHOS, increasing ATP production and
recovering the energy deficits associated with mitochondrial dysfunction;

e antioxidants that maintain the normal homeostasis within the mitochondria, reducing
ROS levels;

e compounds that influence mitochondrial biogenesis, the process by which cells increase
the number of mitochondria;

e molecules that can be utilised by mitochondria as a supplement to produce ATP (fatty

acids and analogs).

L-carnitine is a ubiquitous amino acid that plays a critical role in the transport of long chain
fatty acids across the inner mitochondrial membrane. Fatty acids are transported via carnitine
into mitochondria. These fatty acids are subsequently oxidised to acetyl CoA, which enters the
Krebs cycle to generate ATP. It is an FDA approved compound and is used to treat a range of
metabolic diseases as supplementing substrate due to its role in increasing the ATP

production®®. Another nutritional supplement used in the treatment of LHON is the DCA
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(dichloroacetate). DCA increases the mitochondrial respiration inhibiting the pyruvate
dehydrogenase kinase, an enzyme which catalyses the inactivation of the pyruvate. The amount
of pyruvate imported into the mitochondria increase and consequently the level of reduced
cofactors available for the oxidative phosporialtion®!. The benefit of using these nutritional

supplements as an alternative fuel for the mitochondria remains limited and unclear 434,

AICAR, Bezafibrate and Rapamycin are some examples of a larger class of compounds, that
functions as activators of mitochondrial biogenesis®>. The drugs can increase the mass and
number of mitochondria in the cells, and therefore the level of ATP. The mitochondrial
biogenesis is regulated by the transcriptional activator PGC-1a.. The activation of PGC-1a is
triggered by different factors such as the decrease of ATP and NADH and it is controlled by
peroxisome proliferator-activated receptors and AMP-activated protein kinase>?. Bezafibrate
and other mitochondrial biogenesis activators can activate this protein, and consequently the
mitochondrial biogenesis. The use of these drugs in the treatment of mitochondrial optic

neuropathies has not been clinically proved so far>2.

Ubiquinone is a physiological fat soluble molecule present in all eukaryotic species. It is a
fundamental component of the electron transport chain, and it participates in aerobic cellular
respiration as electron carrier, transporting electrons from complex I and II to complex III°?,
Another important function of this compound is its ability to work as antioxidant, reducing the
concentration of ROS and free radicals.’* For these peculiar qualities, it has been used as a food
supplement in patients with respiratory chain deficiencies, in the hope to improve the efficiency
of electron transferring and ATP rescuing and to reduce the oxidative stress. Early in vitro
studies showed that ubiquinone in its reduced state could reduce the lipid peroxidation of
mitochondrial membranes. However, more recent studies showed that supplementing CoQ1oin
patients, were ineffective mostly due to its poor bioavailability>. Recently, in order to improve
the pharmacokinetics property of ubiquinone a series of quinone analogs were synthesised and
tested such as MitoQ, EPI-743 and idebenone®®. These novel quinones can increase ATP
production, directly interacting with the electron transport and/or act as antioxidant reducing
the level of ROS. Among them, idebenone seems to be one of the most promising, having

shown in the last few years encouraging results for the treatment of LHON, Duchenne

Muscular Dystrophy (DMD) and Friedreich's ataxia (FA)>7->%%,

17



0. s . . e e
.
- ° Tdebe
t H, on
= R G Vg R
= A e . ) G
=) g =3 Q_\, e : E "
'f'-_‘_ == | i [ f - : ER-T43
Nan T | ' I : -
\\\"IJ— ® = S_ .- )/
i [ VI S
@ 0. HOSES O -
OXPHOS = o R‘gs
/ TCA
oH 0 . . . o=
ﬁ LA, T [ oxXidation ) cycle S o
Carnitine \J i T b lekOH
I
. mtDNA DCA
P & ¥ 4
o A .-ﬂ\ . 1 )
R _(ﬁ‘ " ,] N
oy

Bezafibrate

Figure 8 Compounds under clinical investigation and their mitochondrial targets

1.3 Idebenone

In the last few years, idebenone has been prominent in the area as a promising drug for the
treatment of different mitochondrial diseases; however its history is older. Idebenone was
selected from a medicinal chemistry program conducted in the 1980s by Takeda
Pharmaceuticals as a possible cure for Alzheimer’s disease, but showed a limited success.*
Idebenone was considered as an analog of physiological ubiquinone CoQ1o, and it was believed
to emulate the same physiological mechanism of ubiquinone.®! But even if idebenone shows
structural similarities with natural CoQ1o, sharing its quinone moiety and lipophilic tail,
different targets and mechanisms of action have recently been suggested.>> Ubiquinone is
lipophilic molecule (logD 19.12), with a long isoprenoid tail and a hydrophilic quinone head.
These two features give to this compound a unique ability to move inside cellular membranes

and work as electron donor and acceptor. However, CoQ1o has significant limitations due to its

high lipophilicity in terms of low absorption and bioavailability.>®

Idebenone was first synthesised in order to improve ubiquinone characteristics, whilst retaining
its pharmacological activity.”® For this reason, idebenone possesses the same benzoquinone

core of ubiquinone, but with a shorter, less lipophilic side chain: instead of ten repeats of
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isoprenoid elements, idebenone has a saturated ten carbons tail with a terminal hydroxyl

group> (Figure. 9)
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Figure 9 Comparison of the two quinones CoQ1o and idebenone

1.3.1 Different mechanisms of action

As ubiquinone works as an electron carrier, transporting electrons from complex I and II to
complex III, it was anticipated that idebenone would work in the same way. However, recent
evidence suggests a major difference between these two compounds: idebenone is not a suitable
substrate for complex I; on the contrary, recent studies demonstrated that a concentration of

idebenone above 10 pM is enough to inhibit this enzyme.®!

The inhibitory activity of idebenone is likely due to a slow release of reduced idebenone from
the CoQ1o binding site within complex I, thus blocking the physiological reduction of CoQ10.%
Moreover, idebenone can stimulate oxygen radical generation by complex I, binding a second
quinone-binding site within complex I. Idebenone is likely able to occupy the hydrophilic
NADH binding site and is then reduced by Flavin mononucleotide (FMN) to an unstable
semiquinone that generates superoxide.** On the other hand, extremely hydrophobic
compounds like CoQ1o are incapable of interacting with this non-physiological hydrophilic

binding site.5?

Mitochondrial complex I inhibition, combined with superoxide generation, may lead to
idebenone being toxic at certain doses rather than a promising drug for the treatment of
mitochondrial diseases. Nevertheless, idebenone has proven effective in recovering ATP in

1.%4 From this evidence it becomes clear

cells even under conditions of dysfunctional complex
that there is an alternative pathway in which idebenone can show its beneficial therapeutic

effects.
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Haefeli et al. have recently identified this additional idebenone-dependent metabolic pathway,
by which idebenone can transfer electrons from the cytosol directly to complex III: idebenone
is efficiently reduced by the cytoplasmic enzyme NADH-quinone oxidoreductase 1 (NQO1),
and in its reduced form it is able to donate electrons to complex III or to work as antioxidant to

reduce the oxidative stress®* (Figure. 10).

Physiclogical quinone binding site
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Figure 10 Interaction between idebenone and complex I Idebenone (in green) can bind two different binding
site of complex I. In the physiological quinone binding site idebenone competes with ubiquinone, acting as an
inhibitor, in the non-physiological quinone binding site Idebenone is reduced to a semi-quinone, which can
generate ROS

1.3.2 NQO1 pathway

NAD(P)H: Quinone oxidoreductase 1 (NQOI1) is an obligatory two-electron donor
flavoenzyme which catalyses the direct reduction of quinones to hydroquinones, avoiding the
formation of semiquinones. This enzyme works through a ‘ping-pong’ mechanism: NAD(P)H
occupies its binding site and transfers electrons to FAD, the resulting NAD(P)+ leaves the site

to be replaced by the quinone substrate, and consequently FADH donates electrons to the
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quinone, converting it into hydroquinone, which leaves the binding pocket to restart the

catalytic cycle® (Figure. 11).
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Figure 11 Ping-pong mechanism. NADH and quinone share the same binding site; initially, FAD is reduced by
NADH, successively NAD is replaced by quinone, which undergoes a two electron reduction regenerating FAD

NQOL is a cytosolic enzyme expressed in different tissues, particularly present in the liver for
its detoxification activity, but also expressed in other tissues, including the brain, mainly in
astrocytes®. Its expression is regulated by the antioxidant response element (ARE) both in
basal and during oxidative stress conditions, and the nuclear transcription factors Nrfl(nuclear
factor erythroid-derived 2 related factor 1) and Nrf2 (nuclear factor erythroid-derived 2 related
factor 2) are known to mediate this induction®”. This family of transcriptional proteins that
binds to ARE leads to the induction of many cytoprotective and antioxidant genes®’. Once
activated, NQOI1 shows his detoxification activity introducing functional groups into
xenobiotics, as quinones, metabolised into their less reactive and less toxic hydroquinones
forms. It is believed that idebenone itself is metabolized/activated by NQO1: once idebenone

is reduced by this enzyme, it becomes sufficiently hydrophili to traverse the cytosol, but also
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lipophilic to cross the mitochondrial membrane and interact with complex III, re-establishing

the correct electron flow in the mitochondrial electron chain (Figure. 12).9
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Figure 12 NQO1 pathway. In the postulated mechanism of action, idebenone is reduced into Idebenol (the active
form) by NQOI in the cytoplasm, and then successively it can mediate electron transfer to complex III in the
mitochondrial inner membrane, reactivating the electron flow.

1.3.4 Current status: idebenone pros and cons

Several studies provide convincing evidence of the efficacy of oral idebenone 900 mg/day for
promoting vision recovery in patients with LHON - in these studies, idebenone is very well
tolerated and safe. Consequently, idebenone was recently approved for the treatment of LHON
by the EMA®® (European Medicines Agency), but under "exceptional circumstances", with the
requirement for continued evaluation of its clinical benefits. Indeed, the evidence for
idebenone's efficacy is limited, and it failed to demonstrate the superiority over placebo in the
primary randomised, double-blind, placebo-controlled study®®. The beneficial effects
associated with idebenone have not been reliably determined in the studies conducted so far,
with some patients completely failing to respond to the therapy. More recently, Yu-Wai-Man

et al (2018) tested idebenone in LHON fibroblast cells, derived from 4 patients and

22



characterised by the m.11778G>A mutation. In this study, idebenone showed only a partial

recovery, with a slight ATP rescue only in one cell line.*?

On the other hand, various papers report the negative effects of idebenone, which involve
different targets and pathways. Recently, the accumulative deleterious effect of idebenone was
highlighted — this is due to oxidative stress in healthy wild type mice, with an adverse impact
on RGC dendrite morphology and visual function, confirming the increase of NQO1 enzyme

in response to this oxidative environment.®

This adverse effect could be due to the impairment of complex I, or to superoxide generation
due to the interaction between idebenone and the hydrophilic binding site within complex 1.61:63
Moreover, idebenone could promote the opening of the permeability transition pore complex,”
and furthermore, it has been shown that idebenone can inhibit the activity of a calcium-
activated chloride channel and induce apoptosis in cells’!. This evidence causes concern among
researchers: could idebenone be considered safe for administration to patients long term or at

high doses?

Another problem associated with idebenone is its low bioavailability.”? In fact, idebenone
undergoes an extensive first-pass metabolism in the liver, so that less than 1% of the compound
reaches the blood-stream, as it is rapidly metabolised through oxidation and sidechain
shortening into its inactive metabolites QS10, QS8, QS6, QS4*! (Figure. 13). Even if it is
reported that a concentration of idebenone above 10 nM is cytoprotective against complex [
inhibition in RGC cell lines in vitro, due to this strong first pass metabolism, idebenone needs

to be administered at a high dose to achieve pharmacological efficacy.”
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Figure 13 Idebenone metabolism and its metabolites

Such factors indicate that a non-systemic route of delivery would be more efficacious and safer
than a systemic delivery. Overall, the lack of an effective alternative drug for the treatment of
mitochondrial optic neuropathies diseases, combined with some promising results obtained in

early clinical trials, should not prevent the search for better agents.

1.4 Emerging gene therapy treatment modalities for Leber's hereditary optic neuropathy

In the last years, alternative treatments have been investigated for mitochondrial optic
neuropathies, such as gene therapy 7*. In gene therapy, a defective gene is replaced by the
normal wild type gene. In the treatment of LHON diseases, the unmated ND4 is transferred
into the cells of patients. Once this gene is encoded, a function ND4 subunits will be
incorporated in the cells, replacing the mutant ND4. In the last years, several efforts have
focused on delivery to deliver the gene to the mitochondria, but due to the difficulty to penetrate
the relatively impermeable intermembrane, an alternative approach, called Allotopic gene
expression has been used. In this approach a different’”> Adeno-associated virus (AAV) vector
has been used to deliver the gene to the cell nucleus, the corresponding protein is functionalized
with mitochondrial targeting sequence, which allows the protein to accumulate into
mitochondria”. A limitation in this approach is that not all mitochondrial proteins can be
transported in the mitochondria. Although the intensively studies in the last year, their results

are still inconsistent, with some patients exhibited significant improvements in visual acuity,
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whereas no significant changes were found in the others patients’®. In 2018 GenSight Biologics,
a biopharma company focused on gene therapies for retinal neurodegenerative diseases, has

177, Successful

carried out a clinical trial on LHON gene therapy with positive results in phase II
gene therapies have the potential to treat directly the cause of chronic genetic diseases, with
perhaps just one treatment rather than treat its symptoms as many conventional drug therapies,
but to date, there are still some ethical and economic issues that need to be addressed. In fact,
a major concern in this field, it is the high cost of a gene therapy’®”. In 2015, uniQure
developed a gene therapy for lipoprotein lipase deficiency, a genetic disorder that cause acute
pancreatitis and diabetes, but unfortunately, although approximately 2 million persons are

affected worldwide by this deficiency, only one patient was treated post-market release of the

therapy, due to the high cost of the therapy : $1 million for treatment®’.
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1.4 Research question

Despite the efforts of recent years, there are currently limited treatment options for

mitochondrial optic neuropathies, and to date idebenone is the only drug approved for the

treatment of LHON, although there is still uncertainty on its clinical benefits. Due to the

recently identified shortcomings of idebenone, the development of better treatment options for

these diseases are urgently needed. We hypothesise that the lack of idebenone activity is

correlated in part with the unspecific NQO1 target and its low bioavailability. Following this,

the overarching aim of this PhD thesis was to identify a novel compound that could restore

energy production and/or reduce the level of oxidative stress, improving the pharmacological

activity of idebenone, and at the same time limiting its negative effects. This main aim was

subdivided as follows.

IL

III.

IV.

Identification of novel NQO1 and Complex IIT substrates. Computational techniques

have been used to evaluate the binding mode of the compounds in the pocket of the two

proteins and the intrinsic physico-chemical properties of these compounds.

Hit optimization. Novel organic compounds have been synthetized in order to

investigate the SAR of the NQO1 substrates selected from the virtual screening and

identify more biological active compounds

In vitro assessment of the biological activities of the identified substrates. The selected

compounds have been tested in specific in vitro assays, in order to investigate their
ability to enable mitochondrial respiration under the impairment of complex I and their

cytotoxicity compared to idebenone.

The study of the mode of action of the identified substrates. A series of in vitro assays

has been used to understand the role of NQO1-complex III pathway as drug target and

to underline the mechanism for the observed biological activity
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CHAPTER 2:
COMPUTATIONAL STUDIES
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2.1 Computer-aided drug design

Computational drug design has played a key role in the discovery and development of small
molecules with therapeutic effects in the last decades.®! The rapid expansion of computational
chemistry lies in the advantage of this approach in terms of time and cost reduction in drug
discovery programs, since it allows the rapid generation of structure activity relationship (SAR)
data and the obtainment of lead structures that are likely to proceed in subsequent preclinical
and clinical stages.®! Computer-based methods can be divided into two categories: structure-
based approaches and ligand-based approaches.®? Structure based methods are based on the
structure information available for target proteins, while ligand-based methods use only ligand
information for predicting the activity of the novel structures depending on their
similarity/dissimilarity to known actives.®? Both these strategies were taken into consideration
to develop this project. In order to modify and optimise the lead compound idebenone, a
ligand-based pharmacophore model represented a primary strategy; given the abundance of
crystal structure information available for the NQO1 enzyme, this ligand-based approach was
combined with a target-based method in order to increase the affinity of idebenone derivative
to this enzyme and identify novel suitable substrates. Moreover, the postulated mechanism of
action of idebenone posits that it can transfer electrons to complex III after metabolic activation
by NQOI. Hence, the potential idebenone derivatives were further evaluated for their capacity
to bind the complex III and transfer electrons. But, despite the numerous studies, the specific
mechanism that rules the electron transfer between the physiological ubiquinol (UQH2) and
the complex III remains unclear, and so the exact protein conformation®>%*33, The limitation
of the available crystal structures makes the drug design more challenging. Nevertheless,
several complex III structures crystallised with competitive inhibitors are available, and they

can be analysed to interpret where UQH, may bind®>-8687,

In this study, a structure-based approach was used to study the complex III protein structure
and acquire useful information to focus the synthetic efforts onto those molecules that are most
likely to bind the target. In order to identify an agonist of complex III, the physiological
compound, ubiquinone, has been used as a starting point to identify the structural elements in
the molecules that are responsible for its agonist activity. In this case, clearly, the quinone
moiety is responsible for the reversible reduction of the ubiquinone and for the agonist activity.
This specific characteristic has been considered in the virtual screening study and the design of

novel agonist. Once identified the key structure moiety involved in the biological activity, it
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was possible to further modify the molecules to investigate structural features that will enhance

the agonistic activity.

2.1.1 NQO1 enzyme as a target

NAD(P)H: quinone oxidoreductase 1 (NQO1, DT-diaphorase) is a cytosolic obligate two-
electron reductase, which exists as a homodimeric flavoprotein composed of two closely
associated monomers of 273 residues, each containing one molecule of FAD, the fundamental
co-factor involved in the reduction mechanism. In each monomer, there are two different
domains: a major catalytic (1-220 residues) and a small C-terminal domain (221-273 residues);

the catalytic sites are located at the dimer interface.®

NQOI1 was widely studied during the last years for its important involvement as a target in anti-
tumour therapies; therefore, several crystal structures are available for a structure-based
approach.®%! Crystal structures of protein-ligand complexes are very useful tools to acquire
information on protein-ligand binding, and researchers use them to predict the correct
orientation in the active site and the corresponding protein-ligand interactions. These data can,
in turn, contribute to SAR studies and subsequent structure-based ligand design and
optimisation. Faig M et al®® have determined the crystal structure for the human NQO1 enzyme
and the complex of the human enzyme with the substrate Duroquinone by X-ray diffraction to
a resolution of respectively 1.4 A and 2.5 A. (Protein Data Bank = PDB ID: 1D4A *). The
comparison between the Apo enzyme and the complex with Duroquinone reveals that the
binding site of this quinone compound overlaps with the one of NADPH, in accordance with
the ping-pong mechanism of action of this enzyme, in which NADH and Duroquinone share

and switch the same binding sites.®

Exploration of the protein structure and the interactions of the substrate (Duroquinone)
indicated the residue composition of the biologically relevant binding sites: five aromatic
residues (Trp-105, Phe-106, Phe-178', Tyr-126’, and Tyr-128’) that interact with the quinone
through hydrophobic contacts, and three additional residues, Tyr-126, Tyr-128 and His-161,
which interact through hydrogen bonds.’! Furthermore, the isoalloxazine of FAD provides
most of the contacts within the binding pocket, and plays a crucial role, resulting fundamental
for the correct orientation of the quinone compound within the pocket. In fact, in order to ensure
the reduction of quinone compounds, these must be stacked parallel to the isoalloxazine ring

and make 77— interactions’! (Figure 14). The distance between the flavin N5 (hydride donor)
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to the possible acceptors of the hydride in the quinone is not more than 4.5 A to O1, 4.1 A to
C1, and 3.55 A to C2 of the quinones. The 3-D crystal structures of human NQO1 in complex
with other substrates (Dicoumarol, EO9 and ARH019; PDB ID: 2F10°!, 1GG5%° and 1H69%,
respectively) provide additional useful information. From these structures, it appears clear that
this enzyme possesses a highly plastic active site, which can accommodate quinone compounds

of different sizes, making it possible to design and modify several potential substrates.

Figure 14 NQOI1 crystal structure and binding site. The Figure shows the proposed binding mode of idebenone

(purple) with the isoalloxazine of FAD (green) in the NQO1 binding site

2.1.3 Complex III (Ubiquinol-cytochrome c oxidoreductase)

Complex III (Ubiquinol-cytochrome ¢ oxidoreductase) is a fundamental component of the
cellular respiratory chain, it is located in the inner mitochondrial membrane, and it catalyses
the electron transfer from a ubiquinol molecule to cytochrome ¢ and simultaneously movement
of protons across membranes for ATP synthesis. It consists of a homodimeric protein,
composed of 11 subunits, of which just one is encoded by mitochondrial DNA, the remaining

are encoded in the nucleus (Figurel5). ® Nevertheless, only three subunits are essential for the
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electron transfer (ET) and proton translocation function: the cytochrome b (cyt b), that contains

two b-type hemes (low potential bL and high potential bH heme) and is entirely located in the

membrane.

The cytochrome cl(cyt c1), which has a c-type heme covalently attached to its active domain
that is located in the intermembrane space of mitochondria. The c-type heme accepts electrons
from Rieske protein and transfers electrons to cytochrome c. The Rieske protein (ISP subunit),
which features an integrated 2Fe-2S cluster in its extrinsic domain (ISP-ED), that is on the

same side as the cyt ¢l subunit and anchored to the membrane by a helix.
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Figure 15 Ribbon presentation of the complex III. Ribbon diagram of the monomeric complex III. the two
substrate binding pockets, Qo and Qi, are defined by cavity maps (grey), The Rieske protein (ISP subunit) is
highlighted in green

These four redox centers of the bcl complex work together in the process known as the Q

cycle, in which the final result is the transfer of electrons from the ubiquinol to cytochrome c.
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This transfer of electrons is not straightforward; indeed it is rather complicated and, it was not
yet entirely decoded at the molecular level®>. The most largely accepted mechanism of electron
and proton transfer within the complex III is the Q-cycle hypothesis originally proposed by P.
Mitchell.”® This model consists of two separate processes called half-cycle and two separate

quinone binding sites: one for quinol oxidation (Qo site) and the other for quinone reduction

(Qi site).

In the first half-cycle, a ubiquinol molecule binds the Qo binding-site and transfers the two
electrons to the complex. One of these electrons moves to the Rieske center, then to cytochrome
cl and finally to cytochrome c. It is defined as the high potential pathway. The other electron
proceeds through a different pathway (low potential pathway) and moves through the heme

groups of cytochrome b and to ubiquinone to form a semiquinone.

In the second half-cycle of the Q cycle, another ubiquinol binds the Qo bind-site, and the
electron follows the same pathways as before, with the reduction of another cytochrome ¢ and
the other electron, instead completes the reduction of ubiquinone, from semiquinone to
hydroquinone (ubiquinol). In summary, after one Q cycle two cytochrome ¢ molecules are
reduced, four protons are pumped into the intermembrane space, and one ubiquinol is oxidised

into ubiquinone (Figurel6).
21

t ( ’Cyl c —_—

/s
Intermembrane space Fe-§ — C¥tO -

|
Qn.wlm * .
Q, site /

Figure 16 Schematic illustration of the Q-cycle model

Matrix

Studying the mechanism of ubiquinol oxidation at the Qo site is a crucial step in the
development of novel drugs with the hypothesised mechanism of actions: direct transfer of
electrons to complex III, bypassing complex I and II by quinone reduction by NQOI.
Unfortunately, to date, there is not a high-resolution crystal structure of cytochrome c, that

shows the binding of substrate UQH> at Qo binding. In the absence of x-ray structures of
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complex III bound to agonists, antagonists have been used to study the Qo binding site. In this
study, different bovine cytochrome bcl complex crystal structure (PDB IDs: Intz,
1sqv,1sqq,1sqz) were used in order to acquire information for SAR studies of novel substrates

for complex I11.33:85:86

2.1.4 Homology model and study of quinol binding site

Homology modelling is the process by which one or more template proteins with known
structures are used as scaffolds to build an unknown protein structure, applying the aminoacids
sequence of the interested protein.”* This technique allows prediction of the 3D structure of
proteins based on experimental data of the 3D structure of homologus reference proteins.’* The
crystal structure of bovine cytochrome bcl (PDB ID: 1ntz) has been used as a template for
modelling the human complex III. The original input sequence of the human subunit
cytochrome c1(cyt c1) was retrieved from the Swiss-Prot database,” the sequence of the human
enzyme was aligned to those of the template (1ntz) in order to identify the amino acid residues

that could form the subunit.

The overall sequence identity between bovine cytochrome ¢ and the human is 78.8 %, very
high and suitable for creating an acceptable description of the binding site. Most of the residues
of the binding site are conserved, with the exception of methionine 190 and 194, replaced by
alanine and threonine respectively (Figure 17). The formal validation of the created model was

done with MOE.
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Figure 17 Homology model of human subunit bel (blue) with the bovine complex III template (red).

The Qo pocket of the native bovine crystal structure (1ntz) is located on the positive side of the
membrane close to the mitochondrial intermembrane space. The Qo pocket is highly
hydrophobic with six prominent aromatic residues in addition to a number of aliphatic residues.
The exploration of the binding site and the interactions with the different inhibitors NQNO,
UHDBT, MAOS show different conformational changes at the Qo site upon inhibitor binding,
with only three residue making contacts with all three inhibitors: Ile146, Pro270 and Phe274%.
Phe274 is located near the entrance of the Qo pocket, and in a position to stabilise inhibitor
binding by n—mn or van der Waals interactions. Ile146 and Pro270 converge to form a narrow,
flat construction into which the hydrophilic quinone portion inserts. Other residues in the Qo
pocket that can be interesting in the development of quinone substrates are Tyr128, which can
interact through a hydrogen bond with the carboxyl group of quinone, and Phel28, which is
located close to the naphthoquinone core and can make noncovalent interactions with aromatic

rings (Figurel8).

34



Figure 18 Qo binding site, with highlighted in green the residues that make contacts with UHDBT
(yellow)

These three compounds (NQNO, UHDBT, MAOS) show their inhibition, changing the
conformation of the extrinsic domain of the ISP (Figure19). In the postulated mechanism of
action, once the first electron moves from Ubiquinol to Rieske center, the position of ISP
domain is proximal to the site Qo of the bound ubiquinol, when it donates the electron to
cytochrome c, it performs a rotational-translational movement to allow this transfer.’® Hence
the transfer between donor and acceptor sites, dependent upon the flexibility of the linker
region. The inhibitors can immobilise or fix the conformation of the ISP-ED in one of the two

positions.”®

UHDBT NQNO

Figure 19 Qo Chemical structures of bel inhibitors
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2.1.5 Virtual screening of commercial compounds

In order to identify novel analogs of idebenone, which are substrates of both enzymes: NQO1
and complex III, an approach based on a pharmacophore combined with a structure —based
method was applied. This search was divided into two steps: first, a selection of some
commercial compounds was made on the basis of the pharmacophoric model, while in the

second step the most interesting structures were evaluated using a docking-based method.

Pharmacophore modelling is a powerful technique that consists in searching for the 3D-
arrangement of the chemical features possessed by a ligand molecule, which is necessary for
its interaction with a target receptor in a specific binding site.”” These features describe
chemical functionalities such as hydrogen bond acceptors (HBAs), hydrogen bond donors
(HBDs), hydrophobic areas (Hs), aromatic rings (ARs), positively/negatively ionisable groups
(PIs/NIs), and exclusion volumes (XVOLs).

From the crystal structures of NQO1 with different substrates (PDB ID: 2F10°!, 1GG5* and
1H69% | 1D4A®®) the most important features for binding were identified: an aromatic quinone
ring to make a 77— stacking with isoalloxazine of FAD and the presence of two electron
acceptors. These features were used to generate a pharmacophoric query (figure 20) using the
PLIFs (Protein-Ligand Interaction Fingerprints) tool in MOE 2015.10 .°® In particular, the 7—7
stacking between the isoalloxazine of FAD and naphthoquinone core was represented by an
“aromatic group feature” ( in orange), while the electron acceptor capability of carbonyl groups
were considered by a “hydrogen bond acceptor feature” ( in blue), and the exclusion volume
(black grids) corresponding to space occupied by FAD was also included in the
pharmacophoric query. A large data set consisting of commercially available compounds was
downloaded from three different vendors (SPECS, ENAMINE and Life Chemicals, ChemDiv)
and was screened for structures that match the pharmacophore query generated (Figure 20). As
a result of this pharmacophoric search, 2845 compounds were obtained and analysed through
visual inspection in order to discard compounds which could not show the desired
pharmacological activity a priori. In fact, an essential requirement for idebenone and its
analogs is the possibility to be reduced: compounds must be reducible in order to interact and
pass electrons to the complex III of the electron chain, restoring the ATP production and

showing their pharmacological activity.”
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The compounds filtered on the basis of the visual inspection were further investigated for their
binding affinities and mode of interaction with the human NQO1 protein using the GLIDE
SP!% docking algorithm, in a 12 A radius grid generated from the 2F10 crystal structure.
Docking techniques are among the most frequently used in structure-based methods, given
their ability to predict the structure of intramolecular complexes formed between substrates
and proteins.!®! Characterizing this behaviour of small molecules in the binding sites of target
proteins makes possible to establish the ability of a ligand to bind to a target protein and

promote its activity.

These two processes combined with a second visual inspection led to the identification of 62
compounds, which show a suitable orientation in the binding site and the possibility to be
reduced. These 62 compounds were further evaluated for their ability to binding the Qo
binding-site of complex III, since these compounds, once they are activated from NQO1, they

have to interact with Complex III in order to transfer electrons.

To predict which structures can be a suitable substrate for both enzymes, the compounds were
investigated for their affinities to bind complex III using GLIDE SP docking algorithm, ina 12
A radius grid generated from the Intzz crystal structure. The results show that most of the
compounds were able to bind complex III. In particular, the majority of compounds with a
naphthoquinone ring could occupy the hydrophobic Qo -pocket with a biding mode similar to
the idebenone. To explore the biological activity of these compounds, a final selection of 21

compounds was made.
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Figure 20 Virtual screening workflow and selected commercial compounds.

2.1.6 Quinone compounds

Quinones are ubiquitous compounds found predominantly in plants, but also in fungi and
animals. They are important electron carriers in biological processes such as photosynthesis
and cellular respiration, natural pigments and antioxidants, but they also include toxic
compounds used as herbicides, fungicides, and they are present in the air as pollutants,
including cigarette smoke, which shows a high presence of benzo-semiquinones (Figure 21).!%
These diverse features have captured the attention of scientists on quinones for years, and they
are used in a wide variety of applications, such as colourants in the textile industry,'®’

antioxidants in the cosmetic industry, and in the last few years they have been explored as

replacements for metals in flow battery to produce energy.'%

38



In medicinal chemistry, they represent an interesting class of compounds for their bivalent
functions: they can work as electrophiles but also as nucleophilic compounds due to their
tendency to donate and accept electrons. This is possible because quinone compounds can exist
in three different oxidative states: quinones, semi-quinones and hydroquinones, which
correspond to different physicochemical proprieties. For example, Mitomycin C is a well know
antitumor drug, which in its hydroquinone form is a potent electrophilic compound that forms
several covalent adducts with the DNA, responsible for its cytotoxic effects.!® On the contrary,
Menadione in its quinone form works as a nucleophilic compound: it was demonstrated to
inhibit protein tyrosine phosphatase(s) by dephosphorylating them through a Michael-addition
mechanism.!? In its state of semi-quinone, f—lapachone is a potent antitumor compound due
to its ability to increase the presence of ROS through radical reactions.!? In the same way,
other quinone structures can show beneficial effects, with compounds such as vitamin E,'*’
Alkannin'®” and Shikonin'?’ showing antioxidant and anti-inflammatory effects. An important
quinone is physiological CoQ10, which, as described above, is a potent antioxidant and plays a

crucial role as an electron carrier in the cellular respiration.'®

) OH O
0 o O NH,
© °” L) °©
OH o o O OH
Benzosemiquinone Lawsone Juglone Disperse Red 60
H,N
2 =0 o
o (o}
O oCr
o
o OH O
Mitomycin C Menadione Beta-Lapachone Shikonin
OH O OH
’ T
HO
OH O
Vitamin E Alkannin

Coenzyme Q10

Figure 21 Quinone compounds which possess diverse bioactivities
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In vivo, the quinone can be reduced to the semiquinone, a free radical, then to the hydroquinone,
by a sequence of two one-electron reductions by cytochrome P450 reductase and other
flavoprotein enzymes or can undergo to another metabolic pathway, where the NQO1 reduces
quinones directly to hydroquinones '%°. In both cases, the final product is a more hydrophilic
molecule, which can be conjugated with glucuronic acid and eliminated. Hence, the quinone is
present in all three oxidative forms in vivo, but most of them exert their activities after
reduction.!? The ability of quinones to participate in electron transfer reactions depend on their
stability in reduced form, since the semiquinone is an unstable compound, which can be
oxidised to the quinone under normal oxygen levels, producing superoxide radical anions'!”
(Figure.22). A hydroquinone is less reactive than a semiquinone and may have a greater
pharmacological activity than the parent quinone (as the antifungal and antioxidant activities
of flavonoids), but it may be unstable and rapidly reconverted into its quinone form with

consequent ROS generation. !

Antioxidant, and other pharmacological
properties
ex.Shikonin, Alkannin,Geldanamycin

- stable
fo) 2e OH
R R
Biomolecule alkylation
R R unstable ex.Mytomycin ¢,Doxorubicin
OH
0 unstable

02/_\
ROS production

02 ex.Menadione, Lapachone

Figure 22 Bio-activation of quinones by NQO1

2.1.7 DFT theory and prediction of standard reduction potential

As stated above, the redox capacity of quinones is potentially their most relevant feature, which
influences and modulates their biological activity. Hence, the ability to predict the redox
potential of these compounds a priori could represent an advantage for this part of the project
on quinone compounds. Density functional theory (DFT) is a powerful computational tool to
study many electron systems in their ground states, and investigate the structural, magnetic and

electronic proprieties of molecules and in consequence the standard reduction potential.!!!

40



DFT theory lies on quantum mechanics calculations able to provide approximate solutions to
the Schrodinger equation, the fundamental equation of quantum mechanics that describes any
given chemical system.'!? There are different approaches to solve the Schrodinger equation;
nowadays, hybrid DFT is one of the most used theorems to describe complex molecules, which
tends to be systematically more accurate in energy predictions in comparison with other

functions.'3

To evaluate the standard electrode potential (E°) of a molecule, it is necessary to evaluate what
is the energy associated with its ground state, in other words, it is necessary to optimise the
geometry of the compound and find a stable structure with a minimum energy. Recent studies
provide strong evidence of a correlation between the molecule optimisation using B3LYP

calculations and experimental results for molecular properties;! 1411116117

in particular, Rzepa
et al. and Namazian et al. investigated the standard potentials for various quinones using the
B3LYP function for their calculation. ''® Recently, Namazian’s group found a simple
correlation between the energies of HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) for the reduced and oxidised forms of studied quinones
and the electrode potentials (Figure. 23). '*The correlation between the energy of the highest
occupied molecular level of the molecule in its reduced form and electrode potential is

explained by the fact that molecules in reduced form have gained electrons, so there is a change

in the potential of the compound.'?
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Oxidant Reductant N (electrons) E° volts
acetate acetaldhyde 2 S
0, 0—2 1 -0.400
2 -0.320
NAD" NADH
FAD" FADH 2 e
2 0.000
+
2H H,
2 0.001
Methylene Blue Leucomethyle blue
2 0.100
CoQy, CoQ;qred
3+ 2+ 1 0.250
Cytochrome c;, Fe Cytochrome ¢, Fe
benzoquinone hydrobenzoquinone 2 G-
L 2 0.800
1/2 05+ 2H H,O

Figure 23 Representations of Menadione orbitals elaborated with Gaussian 98 and Table 3 Standard
reduction potential for some mammalian oxidation systems Figure 23 shows a graphical representation of
orbitals of Menadione and the equation, which describes the correlation between electrode potential and energy
associated to HOMO orbitals, The constants a and b in the equations are -2.115 and -12.845, respectively. Table
1 shows the redox potential of some physiologically important redox systems in mammals.

In order to predict the reduction potential of new analogs of idebenone, a similar approach to
Namazian was applied. The GAUSSIAN 98!!8 package was employed for all calculations. The
quinone compound structures were optimised using B3LYP with 6-311+G- (d, p) basis set.

The effect of solvation of water was applied to have a value closer to the one that would be

42



found in cells, and this effect was investigated using a polarized continuum model (PCM) in

the optimisation calculation.'!!

This procedure was used to evaluate the effect of the reduction potential of the new analogs in
their activity, with the possibility to identify a correlation between these two values. Table 2
summarises the prediction of reduction potential obtained for the different compounds. Firstly,
the LUMO energy level of quinones, having the known redox potential (22-27), were
calculated and compared to the results reported by Namazian et al. (2012) Successively, a series
of reasonable structural modifications of the quinone-core was performed with the aim to

validate the predictions.
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Compounds

Homo red

-0.2195

-0.20422

-0.22148

-0.21443

-0.20846

-0.20997

-0.20058

-0.20942

-0.20350

-0.19735

-0.19626

-0.20061

-0.20062

-0.20226

Lumo red

-0.02328

-0.04798

-0.03350

-0.2051

-0.04908

-0.01930

-0.04789

-0.05352

-0.05312

-0.04512

-0.04684

-0.04792

-0.04798

-0.07805

E° Gaussian

0.700

0.508

0.730

0.639

0.562

0.582

0.461

0.575

0.499

0.420

0.410

0.461

0.461

0.483

E® (exp)

0.700

0.470

0.712

0.644

0.547

0.590

Not available

Not available

Not available

Not available

Not available

Not available

Not available

Not available
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cl
c, -0.21527 -0.05623 0.650 Not available

_0 OH
\°]i;Ef/\¢«VNVAV -0.21132 -0.01332 0.600 Not available

Idebenone

Table 4 Predicted reduction potential of quinone compounds. The table shows the calculated HOMO and
LUMO orbital energies for the reduced form and the corresponding calculated electrode potentials. The know
experimental electrode potentials are taken from Namazian works '3, The energies are in atomic units, Hartree (1
Hartree = 2625.49975 kJ/mol)

Table 2 shows two distinct trends for the effect of nature and position of the substituents studied
on the quinone core. Quinone compounds with electron-donating groups (methoxy,
methylamino group) show a lower reduction potential in comparison with unsubstituted
quinone compounds. As expected, electron-withdrawing groups have an opposite effect,
increasing the reduction potential. The effect of the position of the substituents is also
significant, for example, compound 29 shows a larger influence than compound 30. These
results are reasonable, because the introduction of substituents leads to a change in the charge
distribution in the quinone structure, and therefore it influences the reduction potential: electron
withdrawing substituents facilitate reduction stabilising the negative charge, whereas electron
donating substituents destabilise it. The same reasoning can be applied to the introduction of a
series of conjugated double bonds or an aromatic ring: both modifications dislocate the
negative charge of the quinone core, leading to a decrease of reduction potential. These results
suggest that the reduction potential of quinone compounds can be modulated by the presence
of substituents in the aromatic ring, and as a consequence, the stability/toxicity of
quinones/semiquinones/hydroquinones might be predicted a priori. This prediction has been
considered for the design of novel compounds, that are in a particular redox potential range to
show the cycling oxidation and reduction between the two redox centre, NQO1 and complex

III, without ROS generation.

In particular, according to the results obtained (Chapter 6), two compounds have been designed
and synthesised, 38 and 39. The compounds have strong EWGs in position 3 (F and SCF3),

which drastically increase the reduction potential of the compounds as shown in the table.
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Compounds Homo red Lumo red E° Gaussian E° (exp)

?@ -0.20226 -0.07805 0.483 Not available
37

2 d "
F -0.21153 -0.05335 0.600 Not available
38

CF3

G
sch -0.21353 -0.0645 0.630 Not available
39

Table 3 Predicted reduction potential of designed quinone compounds
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2.1.8 Conclusion

A variety of computational studies were performed in order to identify suitable substrates for
NQOI1 enzyme and, at the same time, Complex III. The position of docked ligands into the two
enzyme pockets allowed us to determine the important surrounding residues. In particular,

compound 19 showed a favourable binding mode in the NQO1 pocket:

e The naphthoquinone core lies parallel to the isoalloxazine ring

e The naphthoquinone position is stabilised by a hydrogen bonding interaction with the
Tyr-126

e The naphthophenyl forms a hydrophobic interaction with the Trp-105.

e The phenyl moiety forms a hydrophobic interaction with the Met141

Unfortunately, the lack of crystal structures containing native ubiquinone molecule bound in
the Qo site makes it more difficult the study of binding mode, whose mechanism is still
contentious. However, the presence of crystal structures containing inhibitors allowed us to
determine the essential features of the binding pocket. The Qo site is mainly hydrophobic
pocket, that forms a sort of deep cavity inside of protein. The compound 19 could be well
accommodated in different rational configurations with the naphthoquinone core inside of the
cavity and the sidechain close to the opening to the phospholipid membrane. This binding mode
is similar to the postulate binding of ubiquinone; the hydroquinone head close to the 2Fe-2S
cluster in order to allow the electrons transfer and the long chain anchored to the lipid
membrane. Interesting, the strong interaction between the phenyl moiety of compound 19 and

Phe274 could be essential for the correct position of the naphthoquinones into the pocket.

Figure 24 Predicted binding mode for the compound 19. The Figure 24 show 19 (in blue) in the NQO1-binding
site and in the Complex III-binding site, respectively a and b. The amino acid residues involved in the binding are
highlighted in green
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Furthermore, it was demonstrated that the cytotoxic properties of quinones is in part related to

the stabilisation energy after electron accepting''’

. DFT quantum chemical calculations were
used in this project to study the structure-toxicity relationship of naphthoquinones derivatives.
According to our DFT study, the electron withdrawing group lead to higher reduction potentials
(positive), which might lead to a more easily reduction of the quinone by NQO1. Moreover, a
more positive reduction potential, stabilising the hydroquinone form, affects the equilibrium
position for the reaction hydroquinone/semi-quinone, which will lie to the left, disfavouring
the formation of superoxide, with a potential reduction above the spontaneous formation of O>

(Scheme 1).

O,+ & ==0, E°=-0.155

Scheme 1 Schematic representation of semiquinones formation in presence of oxygen
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CHAPTER 3 OPTIMISATION
OF BIOCHEMICAL AND
BIOLOGICAL ASSAYS USING
IDEBENONE
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3.1 Biological evaluations

Quinone compounds have received considerable interest as potential therapeutic drugs and

many studies have shown they are versatile organic compounds with a wide range of biological

1120 1121 1122 t103

activities, including antimalarial'“®, antibacterial’“’, antifungal'“~, antioxidant'"’, anti-
diabetic'”® and anticancer'”. Most studies addressing the biological potential of
naphthoquinones relate to their ability to accept and donate electrons and consequently interact

with oxidoreductases!03-106:108,117.118

In this study, we investigated a further potential
application of naphthoquinones, namely as cytoprotection agents, in addition to electron
carriers. Thus, the focus was on the development of rational testing strategies for evaluating
not only the beneficial effects of studied naphthoquinone (ATP rescue), but also potential
adverse effects, in particular pro-oxidant and cytotoxicity (Figure 25). The rationale for using
multiple bioassays to assess potential biological activity was based on the versatile nature of
quinones, the coexistence of the hydroquinone and quinone form in biological systems, the
corresponding interaction with several oxidoreductases, in addition to possible anti-oxidant
and/or pro-oxidant activity. Assessment of the activities of the test compounds in all qualitative
and quantitative bioassays, even if in same case limited (Chapter 4.1.2), provided useful

information on the structure-activity relationships of this family and the overall consensus of

the biological results was used to select the most promising compounds for further ex-vivo /in

vivo evaluation.

Figure 25 Experimental workflow and selective criteria to screen the identified compounds
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The activities of the test compounds were determined relative to idebenone, which is currently
the gold standard for the treatment of LHON disease. Performance superior to idebenone would

indicate improved bioenergetics in the presence of a mitochondrial complex I impairment.

In vitro studies revealed that idebenone is capable of interacting with different proteins, in some
cases with deleterious consequences (Chapter 1.5). It was suggested the observed beneficial
effects of idebenone (stimulation of ATP formation, antioxidant capacity, scavenging of free
radicals, protecting against lipid peroxidation,) are mainly attributable to its metabolic
activation by NQO1. On the other hand, non-specific binding to other proteins, such as complex
I, calcium-activated chloride channels (ANO1, TMEM16A), leads to deleterious effects of
idebenone. Consequently, the studied compounds were evaluated in different enzymatic and
cell-based assays in order to identify compounds that showed a better overall pharmacological

profile than idebenone.

3.1.2 Overview of the enzymatic assays optimised and used in the study

The compounds selected from the virtual screening were firstly tested to assess whether they
can be substrates of the NQO1 enzyme by employing NADH and spectrophotometric
monitoring of NADH depletion. This assay allowed us to discriminate the compounds
according their affinity for the NQOI1 enzyme: compounds with low affinity cannot be
activated in their hydroquinone form, and consequently showing the postulate biological
activity. Moreover, previous study showed that Idebenone can act as competitive inhibitor of
complex I and as agonist of complex II, 1* so it was interesting to evaluate if the selected
compounds showed a similar profile. Therefore, the compounds were assessed for their ability
to act as electron acceptors from complex I or complex II, in isolated mitochondria, by
employing NADH and succinate as electron donor for complex I and complex II, respectively.
The 2,6 dichlorophenol indophenol (DCPIP) was used as electron acceptor, and the enzymatic

activity was followed by spectrophotometric monitor of DCPIP depletion.

3.1.2.1 NQOL1 activity in the presence of a quinone

Since the restoration of ATP levels of idebenone correlates with the NQOI1 activity of this
compound, all the new compounds were tested for their ability to be reduced by this enzyme.”

In vitro assays using recombinant NQO1 enzyme provided a suitable model system to evaluate
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the NQO1-quinone interaction. The reduction of quinone into hydroquinone can be followed

by the decrease of NADH absorbance at 340 nm, according to the following reaction:

NADH

1)

0.8

Absorhance

. NQO1 . .
+ Quinone _— NAD + Hydroquinone

b)

Absorbance

1Y) 320 350 0 50 (0] 70 30 W 400

The CoQ: a well know
analogue of ubiquinone
and substrate of NQOI,
was used as positive
control'®.  The results
showed a  constant
decrease of absorbance
at 340 nm until the
complete conversion of
quinone into
hydroquinones after 10
minutes. Dicoumarol, an
inhibitor of NQO1, was
used to confirm the
NADH oxidation depend
on the NQOI-quinone

activity.

Figure 26 UV/VIS spectral analysis of NADH oxidation by NQO1 in presence of idebenone. The NADH
level was detected following the absorbance variations at 340 nm in 1 ml cuvette containing: 5SmM Tris-HCI pH
7.4, 0.7 mg/ml bovine serum albumin (BSA), NQOI 1pg/ml, 50 uM quinone and 100 uM NADH Each value was
detected after NQO1 addition. The Figure a shows the decrease of NADH level in presence of CoQ, the Figure
b shows the decrease of NADH level in presence of CoQ; and Dicoumarol (20 uM)
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Idebenone was tested in the same condition using 4 different concentrations (5, 10, 25 and 50
uM). The results demonstrated that idebenone is a suitable substrate of NQO1, with a consistent
reduction of NADH with the increase of idebenone concentration. The enzymatic activity was

calculated as umol min'mg™! of protein according to the following equation:

Enzyme activity (umol min"'mg!) = (A Absorbance/min)/ [(extinction coefficient x volume

of sample used in ml) x (sample protein concentration in mg ml')]

In detail, the activities were obtained by measuring the rate of absorbance (A Absorbance/ min)
in the linear region of the curve dividing by the extinction coefficient (in this case NADH =

6.22 mM'cm ') and the amount of enzyme used in the assay.

4 —
—=— {01

Idebenone

S0 N Fnzyme K, (uM) Vuae (101
substrate min! mg
i
)

CoQ, 31,7 407

Lilebenone 7 1313

10—

Enzvme Acuvity (Wmol min™ mg'l)

[M]

Figure 27 Michaelis-Menten plot depict oxidation of NADH by NQOL1 in presence of Idebenone orCoQ.

3.1.2.2 Complex I and complex II activity in the presence of a quinone

Despite the beneficial effect of idebenone in restoring ATP in complex I impairment
conditions,” previous studies report that idebenone inhibits complex I due to a slow
dissociation from the binding-site and that it can increase the production of superoxide.®® The
ability of the new analogs to interact with complex I was studied according to a modification
of the protocol reported by Spinazzi et al., '*° using CoQ: as reference compound, and 2,6

dichlorophenol indophenol (DCPIP) as acceptor of electron. The transfer of electrons can be
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followed by the decrease of absorbance at 600 nm, due to the reduction of DCPIP, turning it

from blue (oxidised form) to colourless (reduced form).

Complex |
NADH + Quinone —_— NAD* + Hydroquinone

Hydroquinone + DCPIP —— > DCPIPH, + Quinone

Blu colorless

The use of DCPIP to assess the complex I activity of quinones rely on its capacity to absorb
light at higher wavelength than NADH, thus avoiding a possible interference from the studied
quinones (Chapter 4.1.2). This approach was not possible for NQO1 enzyme, due to the direct

reduction of DCPIP by the enzyme '%6.
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Figure 28 UV/VIS
spectral analysis of
DCPIP reduction by
Complex in presence
of CoQi. The DCPIP
level was detected
following the
absorbance variations at
600 nm in 1 ml cuvette
containing: 50 mM
Tris-HC1 pH 7.4, 3
mg/ml bovine serum
albumin (BSA), 20
pg/ml  mitochondrial
protein ,50 uM quinone
and 100 uM NADH, 52
uM DCPIP, 300 puM
KCN. Each value was
detected after NADH
addition. The Figure a
shows the decrease of
DCPIP level in
presence of CoQ)i, the
Figure b shows the
decrease of DCPIP
level in presence of
CoQ); and Rotenone (10

uM)

The results obtained show that idebenone can interact with complex I, even if the kinetics of

the reaction was different in comparison with CoQ1. Rotenone, a known inhibitor of complex

I, was used to validate this assay.
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Figure 29 Michaelis -Menten plot depicts the reduction of DCPIP by Complex I in presence of Idebenone
or CoQ:.

Since idebenone inhibits complex 1619 the enzymatic activity was tested in the presence of
CoQi and idebenone, in order to evaluate if idebenone could work as competitive inhibitor.
Thus the experiment was repeated in the same condition described previously (50 mM Tris-
HCI pH 7.4, 3 mg/ml (BSA), 20 png/ml mitochondrial protein, 5-75 uM CoQ1, 100 pM NADH,
52 uM DCPIP, 300 uM KCN), but adding 10uM of idebenone in each cuvette. The results
were in line with works by others®!,®®, confirming that idebenone inhibits mitochondrial

respiration, via complex 1.
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Figure 30 Michaelis -Menten plot depicts the reduction of DCPIP by Complex I in the presence of
Idebenone and CoQ:.

55



3.1.2.3 Idebenone activity dependent on complex II

Even if the reduction of idebenone by NQOI1 was thoroughly demonstrated in various
experiments, it is unlikely, that NQO1 is the only oxidoreductases that can react with
idebenone; indeed different studies reported the idebenone is a substrate of other two
oxidoreductases: complex II and glycerol-3-phosphate dehydrogenase (G3PDH)'?’. In the light
of this study, it is interesting to test if the naphthoquinone analogs maintain the same behaviour
of idebenone. Complex II activity was analysed using the oxidation of succinate with an

artificial electron DCPIP.

Complex Il
Succinate + Quinone + DCPIP ——> Fumarate + DCPIPH, + Hydroquinone
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The complex Il result (Figure 31) showed a rapid decrease of DCPIP concentration in presence
of CoQ: and idebenone, demonstrating the high affinity of benzoquinones for complex II

enzyme. TFFA, complex II inhibitor was used to validate the assay
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Figure 32 Michaelis -Menten plot depicts the reduction of DCPIP by Complex II in presence of idebenone
or CoQ:.

3.2 Overview of the cell based assays optimised and used in the study

The mere fact that a compound was able to interact or not with the target enzymes was not
sufficient to qualify them as a relevant idebenone analogs. In vitro cell culture assays can
provide more useful information on various cellular responses from exposure to a compound.
Firstly, it was of crucial importance to assess whether the selected compounds can bypass the
complex I dysfunction and sustain electron transport chain (ETC) by serving as electron donor
to complex III. The re-established electron flow in ETC could be directly monitored evaluating
the increase of mitochondrial respiration using the XF 96 analyser (section 3.2.1.2) or indirectly
by the rescue of cellular ATP level under inhibition of complex I (section 3.2.1.1). The ability
of compounds to affect the mitochondrial ETC activity in cells was used as the main parameter
to assess their potential use in the treatment of LHON disease. The other important parameter

to select the most promising compounds was the evaluation of their cytotoxicity. In fact, in
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several studies quinones compounds showed significant toxic effect in different cell lines, %6197

mostly due to an increase of ROS level in cells. This potential toxic effects have been evaluated
testing the ability of compounds to increase the level of reactive oxygen species in the cells,
using he CellROX green reagent and ROS-Glo H2O: assay, and monitoring the cell viability
by MTT assay.

3.2.1 Selection of cell lines

Retinal ganglion cell disorders are implicated in numerous diseases, besides DOA and LHON
diseases, they are involved in glaucoma, Friedreich’s ataxia and diabetic retinopathy'®. But,
despite their importance, the study of retinal ganglion cells (RGCs) is extremely difficult due
to the small percentage of cells present in the retina and the current isolation protocol, which
can provide only a limited yield of pure retinal ganglion cells'?*!**, Therefore, the use of
primary retinal ganglion cells for a large screening of compounds activity would have required

a considerable quantity of tissue and time, not compatible with the aims of this study.

The RGC-5"%! cell line has been widely used as a model to study the biology of retinal ganglion
cells for years, but in the last years, many researchers have raised some concerns.'*>!** Indeed,
RGC-5 was initially characterised as derivate a from rat retinal ganglion cell, but several studies
indicate that the expression of certain proteins was not associated with these cells, but it seems
a similar to 66W 1 cells, mouse photoreceptors print.'** The debate on this cell line is still open,
and it seems it will not find an early end, the corresponding author dissociating himself from

the original work, in the light of these recent studies.!*

Unfortunately, nowadays, fewer and fewer people are using this cell line as it has become
extremely hard to publish any results, since many journals tend to reject articles with results

related to RGC-5.

To date there is no validated alternative to RGC-5 to study retinal ganglion cells, making the
choice of cell line for this project more challenging. The in vitro activity of idebenone has been
investigated using several cell lines with variable results, including RGC-5 cell line, whose
uncertainty of their nature contributes to the ambiguity on the idebenone results’®. The activity
of idebenone strictly depends on the presence of NQO1 in the cells, showing a significant ATP
rescue activity in cells expressing high level of NQOI, such as HepG2. On the other hand,

idebenone consistently failed to rescue ATP levels in human embryonic kidney cells
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(HEK293), human neuroblastoma cells (SH-SY5Y) and human keratinocyte cell line (HaCaT),
all characterized by low NQO1 expression. In order to have a reasonable comparison between
the novel identified compounds and idebenone, it was decided to test them on two different

cell lines: HepG2'* and SH-SYS5Y'?.

HepG2, a human hepatocellular liver carcinoma cell line, is often used as a tool to screen for
drug toxicity, and it is characterised by a high presence of detoxification enzymes, such as
NQOL. This cell line was selected for the preliminary evaluation of toxicity and bioactivity of

the novel compounds.

Low Density High Density

Figure 33 Images of HepG2 cell line'*®

SH-SYS5Y, human neuroblastoma, is a cell line widely used as model for study neuron cell
lines, and neurodegenerative diseases. The cells are characterized by low level of NQOI1

expression'®’.
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Figure 34 Images of SH-SY5Y cell line!*®
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3.2.1.1 Rescue of ATP level under inhibition of complex I

In mostly tumour-derived cells, such as HepG2 and SH-SYS5Y cells, when glucose is abundant,
they can utilise glycolysis alongside oxidative phosphorylation (OXPHOS) to sustain their
growth in anaerobic conditions, reducing their sensitivity to mitotoxicants. On the other hand,
when the level of glucose is low, highly effective ATP production is only mitochondria-
dependent. However, without the contribution of glycolysis, energy production decreases over

the time leading the cellular death.

Rotenone, a complex I inhibitor, was used for the suppression of mitochondria-dependent ATP
production to recreate the “disease condition”. The glucose was removed from the media for a
set time, which did not alter the energy production, but “activates” the Rotenone toxicity.
Indeed, in the absence of glucose, any impairment in the electron transport chain drastically
reduces ATP production (Figure. 35). In HepG2 cells, the removal of glucose for 2 hours did
not alter ATP production, but the treatment of Rotenone 25 uM reduced ATP levels almost
completely at the same time (3 +/- 5% compared to untreated cells). This experimental method
could easily be used to study the potential activity of compounds in mitochondrial ATP

production, when OXPHOS is inhibited.

1204 . ) .
— g_‘l’]. Glacose, 0% TBS
00 ) 0 /1. Glucose, 0% FBS
I /1. Glucose, 0% FBS (+Rotenone 25 i)
s [\ g,/l. Glucose, 0% FBS (+Rotenone 25 pM)

Q0 g/l. Glucose, 0% FBS (1 Rotenone 10 piv)
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Figure 35 Influence of glucose on Rotenone toxicity. HepG2 cells were cultivated in medium containing 1g/1
glucose or glucose-free medium in presence or absence of Rotenone. ATP level was defined as percentage of ATP
in untreated cells, cultivated in medium containing 1g/1 glucose. Bars represent mean += SEM of three independent
measurements. Data were analysed using Two-way ANOVA test [F (2,9) = 140.3, P<0.0001], followed by Sidak's
post hoc test for multiple comparisons and adjusted P values were calculated (**** = p < 0.0001 0 g/L glucose,
0% FBS (+Rotenone 25 uM) versus 1 g/L glucose, 0% FBS (+Rotenone 25 uM))
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To determine if idebenone compounds could rescue ATP levels, cells were treated with
different concentration of idebenone for 2 hours in glucose-free media, in the presence of 25
uM of Rotenone. The results show that idebenone was able to fully rescue the ATP level at a
concentration of 10 uM
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Figure 36 ATP rescue dose response curve for Idebenone. Bars represent mean £ SEM of at least three

independent measurements.

The effect of idebenone was lost when the function of NQO1 or complex III was inhibited by
Dicoumarol and Antimycin (or Myxothiazol), suggesting that idebenone could affect the

mitochondrial metabolism only if these two enzymes are available.
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Figure 37 Influence of NQO1 and complex III inhibitors in the idebenone activity. HepG2 cell were incubated
with Rotenone (25 uM), Antimycin (1 pM ), Mythiazol (0.5 uM) and Dicoumarol (10 uM) in presence or absence
of idebenone (10 uM) for 2h . ATP levels expressed as percentage of ATP in DMSO-treated cells in absence of
rotenone (untreated). Bars represent mean + SEM of three independent measurements. Data were analysed using

Two-way ANOVA test [F (6,23) =37.93, P<0.0001], followed by Tukey’s post hoc test for multiple comparisons,
P values were calculated versus Untreated (Idebenone+ Rotenone), **** =p < 0.0001.

According to this experimental setup for HepG2, the idebenone was tested on SH-SYS5Y cell
line, but it resulted ineffective (Figure. 38). The failure of restoring ATP levels was attributed
to the poor NQO1 expression in these cells, as confirmed in our experiment using the western-

blot technique (Chapter 2.2.10).
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Figure 38 The comparison of ATP rescue activity of idebenone in HepG2 cell line and SH-SYSY. The two
cell lines were treated with Rotenone (25 uM) in presence or absence of idebenone (10 uM). ATP levels expressed
as percentage of ATP in DMSO-treated cells in absence of rotenone (untreated). Bars represent mean + SEM of
at least three independent measurements. Data were analysed using Two-way ANOVA test [F (2, 7) = 75.65,

P<0.0001], followed by Tukey’s post hoc test for multiple comparisons, P values were calculated versus
Untreated, **** =p <0.0001

3.2.1.2 Seahorse bioenergetics analysis

During oxidative phosphorylation, production of ATP requires a continuous consumption of
oxygen, as final electron acceptor in the electron transport chain. The set of metabolic reactions
that consume oxygen is called mitochondrial respiration, and it is a direct parameter to assess

140 " An alteration in the mitochondrial metabolism has a drastic

the mitochondria condition
impact on the consumption of oxygen, with a decrease of basal respiration as well as ATP
production. Recently an innovative instrument was developed to monitor the cell respiration
using an oxygen-dependent fluorescence probe, that can monitor the oxygen concentration in
the medium: the seahorse xf 96 analyzer'*!. This instrument measures the two major energy-
producing pathways of the cell simultaneously: mitochondrial respiration (oxygen
consumption) and glycolysis (extracellular acidification). Using a piston-sensor close to the

cells seeded in the plate, it is possible to monitor the oxygen uptake in that volume and control

the respiration with two automatic injections of drugs: oligomycin, and rotenone/antimycin.
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Briefly, the basal bioenergetics state of the cells is determined being followed by two
consecutive injections. The first being oligomycin, an inhibitor of complex V ATPase,
followed by rotenone and antimycin, which blocks complex I or complex III respectively,
causes the complete blockage of the electron transport chain. At this point, the remaining

residual OCR is due to non-mitochondrial respiration (Figure. 39).
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Figure 39 Seahorse assay. HepG2 cell were incubated in presence of Rotenone (Rotenone pre-treatment 0.5 uM)
or absence of Rotenone (No-Rotenone pretreatment) for 45 minutes in no-CO; incubator at 37 °C, before starting
the assay. After 45 minutes, tha basal oxygen consumption rate (OCR) was measured, followed by the injection
of oligomycin 1 pM and Antimycin/Rotenone 1 pM. Oxygen consumption rate (OCR) is measured before and
after the addition of inhibitors to derive several parameters of mitochondrial respiration. Data are means = SEM
of n = 6 independent biological replicates.

In the case of mitochondrial dysfunctions this physiological trend is disturbed,'*! in particular
when the cells are pre-treated with rotenone the basal respiration is lower compared to the
untreated cells, due to inhibition of complex I and consequently reduction of oxygen
consumption. Compounds that can provide electrons bypassing the complex I, may possess the
ability to re-establish the oxygen consumption at a physiological level. In our experiment, when
idebenone was injected, there was an immediate increase of OCR, supporting the hypothesis
that in the absence of complex I, idebenone allows the “bypass” by shuttling electrons from

alternative donors to complex III (Figure. 40).
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Figure 40 Influence of Rotenone on Oxygen consumption rate and OCR rescue by idebenone. Graph shows
the rescue of OCR after idebenone injection (10 uM ) in Rotenone pre-treatment sample. DMSO injection was
used as control in the No pre-treatment samples and Rotenone pre-treatment sample. After DMSO/idebenone
injection, oligomycin 1 uM, Antimycin/Rotenone 1 uM was injected in order to exclede OCR not correlated with
the mitochondrial electron transport chain. Data are means = SEM of n = 6 independent biological replicates.

In mammalian cells the total ATP production is the result of oxidative phosphorylation
(OXPHOS), that occurs in mitochondria, in addition to glycolysis. The seahorse is able to
measures the contribution of both pathways simultaneously converting the change of the proton
production (glycolysis) and oxygen consumption (OXPHOS) after the drugs injections. In fact,
during glycolysis one molecule of glucose can be converted in lactate, producing ATP, water

and protons.

Glucose + 2ADP +2Pi ——> 2 Lactate + 2 ATP + 2 H,0 +2H*

Consequentially, the contribution of glycolysis in the total production can be calculated by the

acidification of assay media.

glycolytic ATP Production Rate (pmol ATP/min) = Glycolytic Proton Efflux Rate (pmol H*/min)

In the case of oxidative phosphorylation instead, ATP production can be calculated by the

consumption of oxygen

ADP + Pi +NADH +1/,0, +2H* —————3 ATP + NADH" + 2H,0
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In conclusion, the total ATP produced is the sum of both pathways. In our study, idebenone
was only able to increase the mitochondria respiration without influencing the glycolysis
pathway; therefore, the total ATP produced after idebenone injection in pre-treatment

Rotenone cells is the results of the ATP rescue in mitochondria (Figure 41).
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Figure 41 Rescue of mitoATP production by idebenone. The graph illustrates the quantitative metabolic shift
from glycolysis (red) to mitochondrial respiration (blue) after idebenone injection in Rotenone pre-treatment
samples. Data are means = SEM of n = 6 independent biological replicates.

3.2.1.3 Quinones reduction in cells

Since the idebenone and synthesised compound were quickly reduced by NQO1 in a cell-free
environment, it was of interest to demonstrate the reduction of quinones by NQOI1 in living
cells. In 2009, Tan and Berridge reported the use of WST-1 to monitor the quinone reduction
by NQO1 in cells '*2. WST-1 is a water soluble cell-impairment tetrazolium dye, used for the
quantification of cell viability. This tetrazolium salts required an electron coupling reagent (i.e.
I-methoxy-PMS) and is cleaved to formazan dye by the succinate-tetrazolium reductase which

exists in the mitochondrial respiratory chain and is active only in viable cells'*}
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Scheme 2 WST-1 reduction in presence of hydroquinone as electron donator

In this study, WST-1 is converted into the corresponding formazan dye upon reduction by
hydroquinones, which mediates the WST-1 reduction by electron donation and corresponding
re-oxidation into quinones. This capacity of quinone to reduce WST-1 was used to assess
whatever quinones can be reduced by other oxidoreductases except for NQOI in cells, testing
the compounds in the presence or not of Dicoumarol (NQO1 inhibitor). The results show that
idebenone is highly metabolised by NQOI1. In fact, WST-1 was significantly reduced in
comparison with the control in presence of Dicoumarol. The assay was repeated in SH-SYS5Y
cells, not surprising, no conversion of WST-1 was detected in this cell line, confirming lack of
activity of idebenone due to the absence of its reduced form. Menadione in the presence of pure

isolated NQO1 was used as positive control for the assay.
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Figure 42 Idebenone reduction in SH-SY5Y and HepG2 cell line. Quinone reduction was measured using the
WST-1 assay. The graph a and b show the absorbance detected in SH-SYS5Y and HepG?2 cell lines respectively,
after the incubation with a PBS solution of 450 uM of WST-1 in presence or absence of idebenone. In HepG2
Dicoumarol (20 uM) was added to confirm the idebenone reduction by NQOI. Menadione in presence of
recombinant NQO1 in free-cell environment was used as positive control. A one-way ANOVA was conducted to
compare the idebenone reduction graph a [F (2, 14) = 326.0, P<0.0001] graph b [F (2, 15) = 67.17, , P<0.0001]
followed by Tukey’s post hoc test for multiple comparisons, P values were calculated versus Untreated
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3.2.1.4 Quinone cytotoxicity evaluation

1,4 Naphthoquinones have been widely studied for their cytotoxic activity and possible
development as anticancer compounds.'? They can show the cytotoxic activity as pro-oxidant,
like plumbagin and juglone, which are excellent redox cyclers, which cause generation of
reactive oxygen species (ROS) in cells and consequently oxidative cellular stress.'!”
Naphthoquinones with a free position in conjugation to one of the carbonyls, such as
menadione, may react with glutathione (GSH), via a so-called Michael addition reaction,

causing a significant depletion of this important antioxidant and co-factor of detoxification

enzymes in cells exposed to these compounds (Figure. 43).!1°
(0]
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Figure 43 Schematic representation of naphthoquinones cytotoxicity.

To investigate the possible cytotoxicity of interesting naphthoquinones, the compounds were
tested at a concentration of 25 uM using HepG2 and SH-SYS5Y. These cell lines are
characterized by the different expression of NQOI, which plays a critical role in the
metabolism/activation of the interesting quinones, this diversity leads to a different equilibrium
between the oxidative quinone forms in the two cell lines: the compounds are mainly in
hydroquinone form in HepG2; instead they are in the oxidized (quinone) in SH-SYS5Y. The
different expression of NQOI may explain the cytotoxicity of idebenone. Idebenone did not
show any cytotoxicity in HepG2 at 25 uM, but in SH-SYSY at this concentration, the cell
viability is reduced by 45-50% after 1-day incubation (Figure. 44). These results are in

agreement with the literature,'**

the toxicity in neuron cells may be explained as the inhibition
of complex I, and consequently production and accumulation of ROS species. In the presence
of high concentrations of NQOI, the toxicity was not evident because idebenone was

metabolised into idebenol, electron carrier and antioxidant.
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Figure 44 The idebenone cytotoxicity on HepG2 and SH-SYSY.The graph shows the effect of idebenone
incubation on cell viability after 24 hours’ incubation. Rotenone was used as positive control, and the cell viability
was determined as percentage of untreated cells. Bars represent mean + SEM of at least three independent

measurements, Data were analysed using Two-way ANOVA test [F (2, 12) = 21.94, P<0.0001], followed by
Tukey's post hoc test for multiple comparisons, P values were calculated versus untreated **** = p <0.0001

The idebenone toxicity might be strictly correlated with the inhibition of complex I and the
consequent production of ROS. In order to confirm that hypothesis, the cytotoxicity assay was
repeated in presence of N-acetyl cysteine (NAC) a known antioxidant, when NAC was added
to the culture media, idebenone has not shown any significant toxic effect, suggesting that

Idebenone induces the cytotoxic through ROS accumulation in the cells (Figure. 45).
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Figure 45 Cell viability of SHSY-SY cells exposed to idebenone and various concentrations of NAC for 24h.
The graph shows the increase of cell viability when cells were incubated with idebenone and various concentration
of NAC. Bars represent mean + SEM of at least three independent measurements. Data were analysed using one-

way ANOVA test [F (6, 21) = 154.6 P<0.0001], followed by Dunnet’s post hoc test for multiple comparisons, P
values were calculated versus Idebenone 25 uM

3.2.1.4 Pro-oxidant effect of quinones

Pro-oxidant effects of naphthoquinones have been described in several of publications, as they
can undergo bio-reductive activation by two pathways, a 1-electron (semiquinone) or a 2
electron reduction (hydroquinone), and interact with oxygen, resulting in the production of
superoxide radical anions. The superoxide is an unstable free radical and a primary by-product
of mitochondrial respiration. The CellROX® Green reagent is a novel fluorogenic probe, cell-
permeant and non-fluorescent in the oxidazed form, while in its reduced state it exhibits a
photostable fluorescence .!* It can undergo to this redox activation through interaction with

superoxide ROS species.

As mentioned in Chapter 2.1.6 the naphthoquinones can undergo redox cycling in the cell,
causing the accumulation of excess superoxide that is, in turn, converted to H2O2 by superoxide
dismutase in the cytoplasm (CuZnSOD, SOD1) or in mitochondria (MnSOD). The ROS-Glo™
H>0: Assay was used to evaluate the level of H2O> in the cells. This assay is a sensitive
bioluminescent assay capable of detecting the level of H>O; in the cells through a formation of

luciferase precursor, upon reaction with hydrogen peroxide ' (Figure.46).
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Figure 46 The ROS-Glo™ H.0: Assay workflow. The H-O: Substrate reacts directly with H20- to create the
Luciferin Precursor which, in turn, is converted to luciferin after adding the ROS-Glo Detection Solution. The
luciferase presents in the detection solution produces light signal proportional to the amount of H20: in the sample.

Given the reduction of quinones by NQOI, a cytosol enzyme, this probe provides useful

information about the pro-oxidant activity of novel compounds in the cytoplasm. Menadione a

well know naphthoquinone ROS-inducer was used as positive control for both assays!**!4,
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Figure 47 Quantification of ROS using CellROX® Green Reagent. The graph a shows the relative ROS level
detected using CellROX Reagent, normalised to untreated cell. Menadione (25 uM) was used as positive control.
Mean background value from cell-free wells incubated dye was subtracted from signals. Bars represent mean +
SEM of at least three independent measurements Data were analysed using one-way ANOVA test [F (2, 24) =
199.1P<0.0001], followed by Dunnet’s post hoc test for multiple comparisons, P values were calculated versus
untreated **** =p <0.0001

Although idebenone was described as an antioxidant, reducing the lipid peroxidation, it was of
interest to determine if exposure to idebenone could increase the level of ROS, in particular in
SH-SYSY, in which idebenone showed a cytotoxic effect at 25 uM. As expected, idebenone
did not show a pro-oxidant effect on HepG2, but surprisingly after 6 h incubation with
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idebenone, only at high concentration (100 uM) a consistent increase of H2O: level was

detected in SH-SY5Y cell line.
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Figure 48 Quantification of H>0: using ROS-Glo™ H:0: The graph a shows the relative H>O, level detected
using ROS-Glo™ H:0O,, normalised to the untreated cell. Menadione (25 uM) was used as positive control. Mean
background value from cell-free wells incubated dye was subtracted from signals. Bars represent mean = SEM of
at least three independent measurements. Data were analysed using one-way ANOVA test graph a [F (2, 30) =
53.26 P<0.0001], graph b[F (4, 10) = 680.1 P<0.0001] followed by Dunnet’s post hoc test for multiple
comparisons, P values were calculated versus untreated **** = p < 0.0001

3.3 Conclusion

In conclusion, we optimised a series of enzymatic and cell-based assays that can be used as a
tool to identify novel Idebenone analogs. Based on previous work, we focused on developing
and optimising the assays using idebenone as a positive control. 6463136138181 Rjrst]y we
evaluated the idebenone affinity to the NQOI and mitochondrial oxidoreductases such as
complex I and complex II, that might be responsible for the activation of the quinones
compounds into their active hydroquinone form. The results showed that the enzymatic assays
were sensitive and reproducible: the rate of the enzyme-catalysed reactions was dependent on
the Idebenone concentrations, and it was suppressed by the presence of selective inhibitors.
Secondly, the biological effect of idebenone was evaluated in several cell-based assays. The
quantification of ATP using the luciferase assay and the evaluation of cytotoxicity through the
MTT assay showed consistent and reliable results, and they could be widely applied to evaluate
several compounds rapidly. Finally, more sophisticated biological assays such as the evaluation
of mitochondria respiration by XF96 analyser and detection of ROS level in cells could

elucidate the mode of action of selected compounds. The overall consensus of these biological
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results were used to select the most promising compounds for further ex-vivo /in vivo

evaluation.
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CHAPTER 4

BIOLOGICAL EVALUATION OF
COMPOUNDS SELECTED BY
VIRTUAL SCREENING
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4.1 Hit identification

A hit molecule can be defined as a compound which has shown the desired activity in a
compound screening. In this study, the virtual screening techniques have been combined with
a bioassay-based validation to identify initial hit compounds for further medicinal chemistry
optimisation. From the computational studies, naphthoquinone compounds have been
identified as an interesting class of organic compounds, which might easily bind NQOI,
accepting two electrons and consequently transferring them to the mitochondrial complex 111,
(Chapter 2). In order to validate the virtual screening results, 21 compounds have been selected
and tested initially for their affinity for NQOI using the recombinant enzyme. Successively,
they have been tested whatever they can be substrates of mitochondrial oxidoreductase
complex I and complex II, and finally, if they are able to bind the complex III after being
reduced by NQOI. The preliminary enzymatic assays have shown a consistent interference of
compounds, limiting the study of the mechanism of action and proving qualitative information
rather than a quantitative value on their biding affinities of the studies enzymes (5.1.2).
Moreover, the 21 compounds have been further evaluated for their potential biological
response, in particular, they have been tested for their ability to rescue the ATP level under

inhibition of complex I (by rotenone) and cytotoxicity, monitoring the cell viability by MTT.

These assays were used to select a hit compound to optimise (Figure 49)

Target
validation

Target
validation

Hit
discovery

Quinone cytotoxicity discovery

Figure 49 Experimental workflow used to select the hit compound
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4.1.1 Results of enzymatic assays of virtual screening compounds

Since NQO1 plays a key role in the activation of idebenone, all compounds selected from
virtual screening were tested for their ability to be reduced by this enzyme. The results obtained
suggest that even if naphthoquinones are excellent NQO/1 substrates, not all the quinones were
reduced by the enzyme in a cell-free environment, in particular, the two 2-amino-1,4-naphtho-

quinone (9, 11, 12, 13), which do not show a substituent in position 3, are inactive (Figure 50).

Figure 50 Results of the NQO1 assay. The graphs show the NQO1 enzymatic activity correlated with the
quinones reduction. The assays contained SmM Tris-HC1 pH 7.4, 0.7 mg/ml bovine serum albumin (BSA), NQO1
1pg/ml, 50 uM quinone and 100 uM NADH. The enzymatic activity is expressed as variation of absorbance at
340 nm in 1 minute according the protein concentration (equation Chapter 3.1.2.1). Columns display mean activity
+ SEM of three independent measurements. Data were analysed using one-way ANOVA test [F (23, 24) = 7.67,

P<0.0001], followed by Dunnet’s post hoc test for multiple comparisons, P values were calculated versus DMSO
,¥=p<0.05, **=p <0.01, ***=p <0.001, **** =p <0.0001

The explanation may be found on the different reduction potential of these compounds, rather
than the presence of phenyl ring. Indeed, 13 and 14, that differ for the only presence of a
chlorine at position 3, show a different activity, with 14 quickly reduced from NQO1.
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Figure 51 Comparison between 14 and 13 in the NQO1 assay. The graphs show the decrease of absorbance at
340nm due to consumption of NADH and the structure difference between 14 and 13. The assay was carried out
in in 1 ml cuvette containing: 25 mM Tris-HCl pH 7.4, 0.7 mg/ml bovine serum albumin (BSA), 50 uM
quinone,lpg/ml NQO1, 100 uM NADH. Each data point represents as means = SEM of two independent
measurements.

Nevertheless, comparing the activity of naphthoquinones, it is evident that they show a
particular trend: they are able to oxidise more NADH than they could do under the assay
conditions. In other words, the reaction between NADH and the quinone catalysed by NQO|1
is a two-electron transfer with a 1:1 stoichiometry,®> which means a quinone is able to oxidise
only the same amount of moles of NADH. In the assay, the reaction had a super-stoichiometric
conduct, which led to a total consumption of NADH also at a lower concentration of the
quinone. One possible explanation is that these compounds can be re-oxidised in the presence
of molecular oxygen and generate a cyclic reaction, which terminates only when all NADH is

consumed (Figure 52).
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Figure 52 Cyclic reaction of NADH- re-oxidation. The Figure shows super-stoichiometric conduct of 28 due
to the re-oxidation. The assay was carried out in in 1 ml cuvette containing: 25 mM Tris-HCI pH 7.4, 0.7 mg/ml
BSA, 50 uM quinone,1pg/ml NQO1, 100 uM NADH. Each data point represents as means + SEM of two
independent measurements.

In order to demonstrate the re-oxidation event for these compounds in the presence of oxygen,
the NQO1 assay was repeated removing the oxygen from the reaction environment using a
sealed-tube cuvette and sparging with argon for 20 minutes. The results, showed in Figure 53,
demonstrate that the reaction under these conditions does not show a super-stoichiometric

conduct, since the decrease of NADH depends on the concentration of the quinone used.
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Figure 53 Effect of oxygen on the re-oxidation reaction The Figure shows the NQOI1 results for 28 and
idebenone in Argon-saturated solution. The enzyme activity was calculated following the addition of NQO1 after
bubbling a seal-tube cuvette with argon for 20 minutes. The assay was carried out in in 1 ml cuvette containing:
25 mM Tris-HCI1 pH 7.4, 0.7 mg/ml BSA, 50 puM quinone, pg/ml NQO1, 100 pM NADH. Each data point
represents as means = SEM of three independent measurements.

Due to the unknown absorption of the reduced form of compounds, the possibility that the
corresponding hydroquinones interfere with the assay could not be excluded. Further, the well-
known instability of hydroquinones limited their use for in vitro assays, for this reason, a proper
comparison of the quinone activity could not be carried out. However, these explorative results,
even if they are limited, provide useful information about the high affinity of naphthoquinones

compounds for the NQO1 enzyme.

As previously mentioned (Chapter 2.3) idebenone can bind not only the NQO1 but complex I,
IL, and complex III. Hence, the naphthoquinones selected from virtual screening were tested
for their ability to interact with these enzymes. The results showed that naphthoquinones are
insufficient substrates for complex I and complex II, with the exception of less bulky

naphthoquinones, like Menadione and compounds 6,7.
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Figure 54 Results of the Complex I and Complex II assay. The graphs a and b show the Complex I and Complex
II enzymatic activity correlated with the quinones reduction, respectively. The enzymatic activity is expressed as
variation of absorbance at 600 nm in 1 minute according the protein concentration (equation Chapter 3.1.2.1).
Columns display mean activity = SEM of three independent measurements. Data were analysed using one-way

ANOVA test graph a [F (16,21) = 16.54], graph b [F (17, 19) = 101.1, P<0.0001] followed by Dunnet’s post hoc

test for multiple comparisons, P values were calculated versus DMSO , * = p < 0.05, ** =p < 0.01, *** =p <
0.001, **** =p <0.0001

In particular, the change of the core from quinone to naphthoquinone, modulates the affinity
of idebenone for complex I, as indicated by the different results obtained for 28 and idebenone,

which differ only in the core (Figure 55).
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Figure 55 Comparison between idebenone and 28 in the complex I and complex II assay. The graphs show
the decrease of absorbance at 600nm due to reduction of DCPIP in presence of quinone. The graph a show the
complex I activity of idebenone and compound 28, while graph b shows the corresponding complex II
activity.Each data point represents as means + SEM of three independent measurements.

These initial findings indicate that these naphthoquinone compounds might be associated with
a different activity profile in comparison with idebenone. In fact, despite a significant turnover
by NQOI, they do not have any interaction with complex I and complex II, making these

compounds selective for the NQO1 oxidorectusase

4.1.1.1 NQO1-complex III assay and cytochrome c reduction

As previously mentioned (Chapter 1.3.2), recent studies suggest that idebenone in its reduced
form (Idebenol) can donate its electrons to the complex III, re-establishing the correct electron
flow in the electron transport chain. In this study, an in vitro model was used to valuate the
transfer of electrons between NQO1 and complex III using quinones as electron carrier. In
particular, the assay was performed using isolated purified NQO1 enzyme, mitochondria,
cytochrome c (final electron acceptor), quinone (electron carrier) and rotenone (complex I
inhibitor), resuspended all in the same buffer (Phosphate Buffer). The reaction is started by the
injection of NADH (initial electron donator), and it is monitored spectrophotometrically by
measuring the reduction of cytochrome c at 550 nm. The majority of naphthoquinones, tested
in the NQO1-complex III assay, showed a quicker and intense increase in absorbance at 550
nm, initially suggesting that these compounds could bind easily the Qo-binding site of complex
III (Figure 56). But interestingly, while dicoumarol inhibited the activity of these compounds,

antimycin A had no effect (Figure. 57). Furthermore, the reduction of cytochrome c by
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naphthoquinone compounds was still evident after removing mitochondria from the reaction

buffer.
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Figure 56 Results obtained for the NQO1-complex III assay by selected naphthoquinones. The graphs show
the increase of absorbance at 550 nm due to the reduction of cytochrome c. The reduced cytochrome c level was
detected in 1 ml cuvette containing: 25 mM Tris-HCI pH 7.4, 1 mg/ml bovine serum albumin (BSA), 20 pg/ml
mitochondrial protein, 50 pM quinone, 54 uM cytochrome c, 1pg/ml NQO1, 100 uM NADH, 500 uM KCN, 10
puM Rotenone. Each value was detected after NQO1 addition. Data point represents as means = SEM of three
independent measurements.

These two experiments suggested that hydroquinone forms of the selected naphthoquinones
were capable of reducing cytochrome c. The direct reduction of cytochrome c by
naphthoquinones can be attributed to the formation of the superoxide anion (O;") and a
possible pro-oxidant activity of the selected compounds. This result was in line with the re-
oxidation capacity of naphthoquinones, described earlier (Chapter 2.2.1) and with the results
reported in the literature for Menadione '¥’. After reduction by NQO1, the naphthoquinone
compounds can donate electrons to oxygen-generating superoxide, which can directly reduce
a molecule of cytochrome ¢ (Figure. 57 c). Another possibility is that the naphathoquinol can

itself directly reduce cytochrome c, converting into semi-naphthoquinone.

82



a) 03 . b)

Absorbance (350am)
Absorbance (350nm)

e ——— —_ —|
10

]
o

T
0 5 10
Time(min)

Time(min)

NADH NAD+

OH
NQO1

OH

’

cytc . - cytc

Figure 57 Results obtained for the NQO1-complex III assay in presence of Antimycin A or Dicoumarol.
The graphs a and b show the increase of absorbance at 550 nm in the presence of inhibitor of complex III or
inhibitor of NQOI respectively. Figure ¢ shows a schematic representation of the reduction of cytochrome c, that
may occur in the absence of mitochondria.

4.1.2 Quinones interference in enzymatic assays and assay limitations

Naphthoquinones are a class of chromophore-bearing organic compounds capable of absorbing
light at different wavelengths, as a result of the presence of several conjugated double bonds
in the molecules. The absorption spectra of studied naphthoquinones revealed that this family
showed different absorption peaks covering a range from approximately 400 to 550 nm in the
UV-vis spectra. This peculiar property limits the study of the MAO of these family, since they
directly interfere with the detection methods used in the enzymatic assays. Figure 58 shows the
UV-vis spectra of 92 in quinone and hydroquinone form, determined using 5 different
concentrations of NaBHj4 as reducing agent. Interestingly, in fully reduced form the compound
did not show absorbance at 500 nm, meanwhile the hydroquinones spectra showed an increase
at 350 nm compared to the full oxidised form. This change in absorbance from oxidised to
reduced interferes with the study of NQO1 and complex III activity. In fact, NADH has the
absorption peak at 340 nm and cytochrome ¢ at 550 nm; moreover, the naphthoquinones are
unstable in the hydroquinone form, and the re-oxidant occurs in few minutes in the presence
of oxygen, Chapter (4.1.10.3), which constantly alters the equilibrium between the two redox
states. Due to these limitations, an accurate study of MOA and a proper comparison of the
quinone activities was not possible; alternative methods will be considered in future such as

Isothermal Titration Calorimetry technique (ITC), which will allow us to determine the
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biomolecular bindings of napthoquinones'*®. As a consequence, most experiments of this thesis
concerning the mode of action of studied compounds were conducted in cells, using selective

inhibitors for NQO1 and complex III, as described in Chapter 3
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Figure 58 Change in absorbance spectrum of 92 according to the amount of reducing agent (NABH4)

added

4.1.2 Results of cell based -assay of virtual screening compounds

To determine if selected compounds had the potential to rescue ATP levels, cells were treated
with 5 uM of quinones (or DMSO control) for 2 hours in free-glucose media, in presence of
25 uM of Rotenone. The preliminary results showed that most of the selected naphthoquinones
could recover ATP production, in particular, compounds 4,7,10,14 and 19 almost re-
established the same concentration of ATP of idebenone (Figure 59). The lack of the substituent
in position 3 produced a significant decrease of ATP production (9,12,13), confirming the low

NQOTI activity of these compounds.
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Figure 59 Efficacy of ATP rescue in the presence of rotenone by quinones at 5 uM. ATP rescue activity of
quinones was determined in rotenone-treated HepG2 cells. ATP levels expressed as percentage of ATP in DMSO-
treated cells in absence of rotenone (untreated). Data represent mean = SEM of at least three independent

measurements. Data were analysed using one-way ANOVA test [F (24, 173) = 222.0, P<0.0001], followed by

Dunnet’s post hoc test for multiple comparisons, P values were calculated versus DMSO , * =p < 0.05, ** =p <
0.01, ***=p <0.001, **** = p < 0.0001

The most active compounds were re-tested at a lower concentration (1 uM), showing that
quinones with a benzyl ring in position 2 (7,14,19) had a significant ATP rescue activity (Figure
60). This data was in line with the study of complex III: the phenyl moiety may be an important
feature in the interaction with the Qo hydrophobic pocket of the enzyme.
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Figure 60 Efficacy of ATP rescue in presence of rotenone by quinones at 1 pM ATP rescue activity of
quinones was determined in rotenone-treated HepG2 cells. ATP levels expressed as percentage of ATP in DMSO-
treated cells in absence of rotenone (untreated). Bars represent mean = SEM of at least three independent

measurements. Data were analysed using one-way ANOVA test [F (21, 348) = 121.2, p < 0.0001], followed by
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Dunnet’s post hoc test for multiple comparisons, P values were calculated versus DMSO , * =p < 0.05, ** =p <
0.01, *** =p <0.001, **** = p < 0.0001

The compounds that showed significant ATP rescue activity, even at 1 uM, were further tested
to determine whether they show a cytotoxic effect using HepG2 and SH-SYSY cell lines.
Naphthoquinone compounds showed a moderately toxic effect at 25 uM with a decrease of 10-
20% of cell viability compare to the untreated cells in HepG2, with the exception of 1 and 3,
but interesting the majority of the naphthoquinones showed a lower toxicity than idebenone in
the SH-SYS5Y cell line. The results suggested that the toxicity of these compounds is related to
the higher affinity of naphthoquinone to NQO1 than other oxidoreductases, as complex I

(Figure. 61).
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Figure 61 Cytotoxicity of quinones selected from virtual screening on HepG2 and SH-5YSY. The graphs a
and b show the quinone cytotoxicity in HepG2 and SH-SYS5Y cell line respectively. Both cell lines were treated
with 25 uM of compounds and incubated for 24 hours at 37 °CThe cell viability was determined as percentage of
untreated cells. Bars represent mean + SEM of at least three independent measurements. Data were analysed using
one-way ANOVA test: graph a [F (2, 14) = 326.0, P<0.0001] graph b [F (16, 37) = 69.56, P<0.0001] followed
by Dunnet’s post hoc test for multiple comparisons, P values were calculated versus DMSO, * =p <0.05, ** =p
<0.01, ¥** =p <0.001, **** =p < 0.0001

4.1.3 Conclusion: biological results obtained using compounds indicated from virtual
screening

The naphthoquinones selected from the virtual screening exercise was an interesting class of
compound. The majority of naphthoquinone selected from the virtual screening were good
NQOI enzyme substrates, showing a low affinity for complex I and complex II, unlike
Idebenone (Table 3). This higher affinity for NQO1 than mitochondrial oxidoreductases was
attributed to the change of core from quinone to naphthoquinone. However, the results also
show that the reduction potential is a fundamental feature of these family; the only difference
of chlorine in position 3 between 13 and 14 drastically change the NQO1 activity. These
difference in NQO1 affinity of compounds was also evident in the cell-based assay: the
compounds that showed high NQO1 affinity such as 10,14 and 19, they also showed significant
ATP rescue activity.

Enzyamtic activity (umol min-t mg-1) Cell based assays
Compound ID 9 9 ici 9 ici _
P NQO1 Complex| ComplexII % ﬁzzgzsfue % Ef;ég’fi'ty % cyt;)\t(z)‘({lf:‘ty SH
DMSO 0.48 0.06 0.06 83 45.2 394
Idebenone 24.36 0.19 0.47 69.5 99.0 47.5
1 40.03 22.0 61.8 48.1
2 34.49 20.6
3 30.55 320 31.4 39.0
4 31.27 0.10 0.16 446 77.8 103.4
5 33.84 0.07 0.07 403
6 21.30 0.21 0.21 119 95.5 775
7 22.75 0.19 0.19 47.6 70.0 40.2
8 37.30 0.05 0.05 26.9 75.7 100.0
9 5.06 0.06 0.06 10.0 85.3 84.0
10 27.41 0.07 0.07 40.6 89.7 96.0
11 7.56 89 82.1
12 3.70 0.05 0.05 5.9 88.0 893
13 0.88 0.06 0.06 6.4 88.5 81.3
14 30.15 0.07 0.08 41.9 743
15 9.65 20.6
16 20.18 13.8
17 31.99 6.8
18 31.43 20.6 86.0
19 25.40 0.08 0.07 51.6 94.5 105.5
20 27.97 0.05 0.05 204 86.0 72.5
21 20.58 12.8
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Table 4 Summarize of naphthoquinones bioactivity. *Efficacy of ATP rescue in the presence of rotenone by
quinones at 5 uM. the ATP level expressed as percentage of ATP in DMSO treated cells in the absence of rotenone
(untreated). ** Cytotoxicity of compounds at 25 uM the cell viability expressed as a percentage of untreated cells

In particular, the naphthoquinone 19 was a promising compound to study structure-activity
relationships, in order to identify compounds with complex I bypass factors and ATP rescue
activity, avoiding the idebenone side-effects due to the interaction of quinone compounds with
the mitochondria complex I. This compound showed comparable rescue of ATP production to
idebenone, in complex I impartment conditions, but despite a significant turnover by NQO1, it
did not have any interaction with complex I and complex II, unlike compounds 4 and 7. It is
hypothesised that this pharmacological activity is due to direct interaction with complex III of
the electron transport chain and increased mitochondrial respiration. Encouragingly, compound
19 showed no cytotoxic in the SH-SYSY cell line, where lower levels of NQO1 protein were
found, in contrast to idebenone (cell viability reduced by ~40%). Overall, for these reasons, 19

was selected as hit compound for further optimisation.

(o]
n CF | 2 ATP rescue activity comparable to Idebenone at 1uM
3 o OH No cytotoxic effect in HepG2
No cytotoxic effect in SHSY5Y
o o NQO1 activity
o l o No complex | activity
19 Idebenone

Figure 62 Summarize of naphtoquinones bioactivity. The figure shows the structures of naphthoquinones
selected by virtual screening and highlighted their biological activity
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5.1 Design of novel naphthoquinones

In order to design novel analogs able to improve the efficacy of compound 19, changes on the
original structure were considered on the basis of the molecular modelling studies performed
and the results obtained in the biological evaluation (Chapter 4). In particular, given the
importance of the quinone core for the activity, this functional group was retained, and the hit
optimisation of 19 was performed by modifying the substituents on the quinone core using the
general diversification strategy depicted in Figure 63. Firstly, starting from the 2-amino-1,4-
naphthoquinone scaffold of 19, a series of 22 analogs were synthesised modifying the length
of the linker between the benzoquinone core and phenyl ring in order to determine the
minimum structural requirement. Next, substituent variation at different positions of the ring
was investigated with the aim to increase the activity, improving the penetration and affinity
of the molecule to enzyme pockets. In particular, strong EWG groups such as F, CF3 and SFs
were added to the aniline ring to enhance n—n stacking interactions by reduction of electrostatic
repulsion between 7 clouds of the aniline ring and Phe 274 in the complex III binding pocket
(chapter 2.1.8). Furthermore, the effect of substituents in position 2 was investigated, to study
the influence of EWG and EDG on the reduction potential of the analogs and, consequently the
potential relation with the cytotoxicity profile of this family. Finally, the replacement of the
aromatic ring fused to the quinone with different heterocycles was explored to study their effect

on the 7—x interactions with the NQO1 enzyme and/or improve the water solubility.

Diversification through linker substituent

Other heterocycles rings
(pyridine, thiophene,furan)

H T~

n Add addition substituentes

‘\ Diversification through different substituent

Figure 63 General strategy for identifying 19 analogs, showing 2-amino-1,4-naphthoquinone scaffold and

four regions for diversification
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5.1.1 Design and synthesis of idebenone naphthoquinone analog (28)

Our initial strategy was based upon that of Vos et a/'*’ who reported that vitamin K acts as an
electron carrier in eukaryote cells, having made the observation that the addition of vitamin K>
increased ATP levels in complex I-knockdown cells as well in cells affected by Rotenone-
induced toxicity. The authors suggested that this activity was due to the interaction of vitamin
K> with complex II and the consequent transfer of electrons to complex III. Based on these
interesting findings, along with the results obtained from the computational studies (Chapter 2,
a novel compound was designed (28), in which the vitamin K2 core was combined with the

side-chain of idebenone.

o AgNO; o
o (NH)4S,04 OH
+ >
S QN GOSN ()
MeCN,water
0 75°C, 2h 0
40 41 28

Scheme 3 Schematic reaction for idebenone analog 28

Compound 28 was synthesised according to a modified literature procedure.'* This synthetic
route lead to the final compound with a single-step reaction through the Minisci reaction '*!, a
radical substitution on an aromatic compound (Scheme 3). The postulated mechanism of
reaction involves the redox reaction between the Ag(I) cation, which is oxidised to an Ag(Il)
cation by peroxydisulfate. Next, the carboxylic acid group of 41 reacted with the Ag(II) cation
to form an alkyl radical 41-a, subsequently undergoing radical addition to naphthoquinone 40
forming a coupling intermediate 40-a, which can transfer to the hydroquinol radical 40-b.
Finally, the hydroquinol radical is oxidised to 28 by peroxydisulfate (Scheme 4). This reaction
is applicable to a wide range of alkyl carboxylic acids and represents a straightforward and

inexpensive way to obtain numerous idebenone analogs.
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o 0*) .0 °
40 40 -a 40-b 28

Scheme 4 Mechanism of the Menisci reaction

5.1.2 Design and synthesis of 2-chloro-3-amino-1,4-naphthoquinones analogs

This series of naphthoquinone analogs was designed in order to investigate the necessary
minimum structure requirement for their activity. The general scaffold of these derivatives is
composed of a naphthoquinone core, crucial for the activity, linked with different aromatic
amines. The 2,3 dichloro-1,4-naphthoquinone was selected as starting material because of its
stability and versatility. The 2,3 dichloro-1,4-naphthoquinone has two carbon electrophilic
centers which are highly activated by two carbonyl groups, and can easily undergo nucleophilic

substitution, according to the addition-elimination mechanism'*?

. All of these compounds were
synthesised via a nucleophilic substitution reaction, treating 2,3-dichloro-1,4-naphthoquinone
with an excess of the corresponding amine, in ethanol (Scheme 5). This synthetic route allowed

the synthesis of numerous compounds quickly (~2h) and with a reasonable yield (Table 4).

(o} (o} H
Cl N.
OO - e 2
Cl Cl
(o] o
36 42-59

Scheme 5 Schematic reaction for the synthesis of 2-chloro -3-amino-1,4-naphthoquinones
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No. 42 43 44 45 46 47 48 49 50

it e P P ) A A 2 o~ CFs
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structure

yield 73% 90% 71% 44% 66% 38% 15% 36% 40%
No. 51 52 53 54 55 56 57 58 59
structure “ 4 . oM ‘ = P on H
O SO e = \| e P~ e = ‘| . -CF s 2
VSOl is oS¢ | RVE I NS YO A T T X
yield 34% 32% 38% 31% 35% 76% 78% 69% 94%

Table 5 Chemical structure details of synthetized compounds 42-59

5.1.3 Design and synthesis of 3-anilino-2-chloronaphthalene-1,4-dione analogs

After the first substitution and formation of the 2-amino-3-chloro-1,4-naphthoquinone
derivative, the reactivity of naphthoquinone core was reduced, due to the increase of electronic
density in the ring - the second substitution can occur only in the presence of strongly
nucleophilic molecules, such as thiolate or if an EWG group effect is incorporated in the
molecules substitution'>?. Therefore, another strategy for replacing the second chlorine atom
was explored: a transition-palladium-catalysed amination of 2-chloro-naphthoquinone - a

Buchwald—Hartwig amination'.

Initially, the amination reaction was performed according to the procedure described by Lei
Wang and collaborators using (PdCl> dppf)/dppf as catalyst and ligand, sodium tert-butoxide
as base and toluene as solvent at 80°C for 12 h!>*. However, under these conditions, only the
starting material was recovered. However, using 3-chloro-2-hydroxynaphthalene-1,4-dione
(60) as starting compound, different conditions were used to improve the Buchwald-Hartwig

coupling, summarised in table 5

Scheme 6 Schematic synthesis of 2-hydroxy-3-(phenylamino) naphthalene-1,4-dione
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Entry Catalyst Ligand Solvent Base Yield

1 2% 5% dppf Toluene 80°C t-BuONa  Starting
PdCl,(dppf) 12h material

2 2% Pdy(dba); 5% XPhos Toluene 100°C t-BuOK Traces of
12h product?

3 2% Pdy(dba); 5% XPhos Toluene 130°C mw 30  t-BuOK 34%
m

4 2% Pd»(dba); 5% XPhos Toluene 150°C mw 30  t-BuOK Degradation®
m

5 2% Pdx(dba); 5% XPhos NMP 150°C mw t-BuOK  Degradation®
30 m

6 10% Pdy(dba);  10% XPhos Toluene 130°C mw 30 t-BuOK 76%
m

7 10% Pdy(dba);  10%BrettPhos Toluene 130°C mw 30 t-BuOK 68%
m

Table 6 Optimization Buchwald-Hartwig coupling. Conditions: 10% Pdx(dba)s, 10% BrettPhos, t-BuOK (1.5
eq) Naphthoquinone (1.0 eq), aniline (1 eq), toluene (1.0 mL), 130 °C, 30 minutes, 300 watts. * traces of product
have been detected using the uplc-mass. ® No presence of starting material and product, presence of undefined by-
products

The microwave irradiation at 130°C, 300 Watt, successfully produced the desired product in
good yield over a shorter period of time (30 minutes). Microwave-assisted reactions had several
advantages: microwave heating is more reproducible compared to conventional heating
because of uniformity of irradiation, it directly affects the kinetic energy of molecules and the
shorter period of time compared to the conventional heat makes the microwave reaction cleaner
due to the reduced presence of by-products formed for long-heat reaction. Therefore, the
compounds were synthesised via the synthetic routes described in Scheme 7. Briefly, after the
nucleophilic substitution with the appropriate nucleophile, the corresponding intermediate was

treated with aniline as described above (Entry 6 Table 5). The results are summarised in Table

o] o] o
O‘ cl Nucleophile O‘ Cl Pd,(dba)s, t-BuOK,XPhos,aniline O‘ N\©
—_— -
Cl Nu Toluene, mw 130°C 30m Nu
0 0 0
19 60 -69 70 -77
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Scheme 7 Synthetic route for compounds 70-77

No. Nucleophile Reaction Yield No. final Reaction Yield
intermediate conditions® compound conditions

60 KOH H,O 83% 6l Entry 6 tableS 76%
62 MeOH K,COs, THF 73% 70 Entry 6 tableS  80%
63 EtOH K>COs, THF 72% 71 Entry 6 tableS  64%
64 n-PrOH K,COs, THF 75% 72 Entry 6 table5 67%
65 i-PrOH K>COs, THF 76% 73 Entry 6 tableS  63%
66 PhOH K>CO;, THF 63% 74 Entry 6 table5 59%
67 MeNH, EtOH 93% 75 Entry 6 table5 45%
68 EtNH, EtOH 95% 76 Entry 6 table5  35%
69 i-PrNH EtOH 92% 77 Entry 6 table5 49%

Table 7 Reagents and reagent condition synthesis compounds 61-77. Reaction condition: 2,3 dichloro-1,4
naphthoquinones (1 eq), nucleophile (1.5 eq), base (1.5 eq) solvent (0.3 M) Reaction conditions: 10% Pdx(dba)s,
10% BrettPhos, t-BuOK (1.5 eq) Naphthoquinone (1.0 eq), aniline (1 eq), toluene (1.0 mL), 130 °C, 30 minutes,
300 watts.

The analog 78, which has a thiomethoxy in position 2, was instead synthesised through two
sequential nucleophilic substitutions due to the better nucleophilic reactivity of thiolate

compared to alkoxide or amine scheme 8
EtOH, rt N
OO - O=>= 0 =, o
[
cl aniline cl EtOH s
(o) (o) 0 |
36 47 78

Scheme 8 Synthesis of compound 78

According to the positive results of compound 78 (Chapter 6), three analogs were synthesised

using the same synthetic route, Scheme 9 table 7
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CF, o

0 o
ci @ EtOH,rt N CF3s  R.SH, K,CO N CF
O‘ + H,N _ O‘ \©/ -SH, K,CO;3 O‘ \©/ 3
o o
49

o 3°(trifluoromethyl)aniline I
R

19 37,79 - 80

Scheme 9 Synthesis of compound 37, 79-80

No. 37 79 80

structure
HyC—] H3CH20—} (HyC)HC—]

Table 8 chemical structure details of synthetized compound 37, 79-80

5.1.4 Design and synthesis of 2-fluoro-3-((3(trifluoromethyl)phenyl) amino) naphthalene-
1,4-dione (38)

The redox property of quinones is crucial for their toxicity, and it can be determined by the
stability of the anion free-radical generated after the electron transfer, as described in Chapter
2. The hydroquinone structures with a strong EWGs (38 and 39) have a HOMO/LUMO energy
comparable to the idebenone so these molecules might be more stable in their reduced states
than other naphthoquinones with reduction potentials above the range necessary for

spontaneous generation of superoxide radical anion.

Compound 39 was synthesised starting with 1,4 naphthoquinones, using CeCls as catalyst to
facilitate the nucleophilic addition of the 3-(trifluoromethyl)aniline. In fact, the cerium salt is
able to coordinate the carbonyl oxygen in the naphthoquinone core, removing electron density

from the ring and increasing the electrophilicity of carbons, facilitating the nucleophile attack.

o o) ’/\ CF;
9 — OO =)
~—
3°(trifluoromethyl)aniline

|
~on 3F -O.__ 3
Ce ~Ce

23-a 23-b

Scheme 10 Mechanism of nucleophilic attack using CeCls as catalyst
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The installation of fluorine was conducted using Selectfluor® (Air Products and Chemicals) as
electrophilic fluorinating agent'>. The Selectfluor® reagent has been intensely used in recent
years, as N-F reagent (nitrogen-fluoro reagent) due to the safe and easy to handle and its strong
nucleophilic reactivity. In fact, due to the low electrophilicity of C-2 in the quinone 81, strong
fluorinating reagents were necessary to achieve a successful fluorine installation in position 2

(Scheme 11).

CF, CF3
o} . o
O‘ CeCI3*7H20,aniline N Selectfluor® O‘ N
—_— r
EtOH, 60°C, 6h MeCN, 18h F
o} o) o]
22 81 38

Scheme 11 Synthesis of compound 38

5.1.5 Design and synthesis of 2-((3-(trifluoromethyl) phenyl) amino)-3
((trifluoromethyl)thio) naphthalene-1.4-dione (39)

The trifluoromethylthiol group (SCF3) is an increasingly important functionality in
pharmaceutical due to its high lipophilicity and strong electronegativity. The presence of SCF3
group in position 2 of the naphthoquinone core, has proven to be one of the most efficient
EWGs able to increase the standard reduction potential of these family drastically. For that

reason, the compound was designed and synthesised according to the Scheme 12

CF, Cu,(OH),CO3*H,0 CF,

o o K2S,03 o
CeCl;*7H,0,aniline H AgSCF, N
) —evwem () - O

EtOH, 60°C, 6h MeCN, 65°C 12h

(o] o) (o]
22 81 39

Scheme 12 Synthesis of compound 39

Briefly, the compound 39 was synthesised via a radical pathway starting by the intermediate
81, and AgSCF5."°° The postulated reaction mechanism involves the SCF3 radical, formed in
situ through the oxidation of AgSCF3 by K»S>0s. Once the SCF3 radical is formed and released

it undergoes addition to quinone 81 for the generation of intermediate 81-a, which is further
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oxidised by copper salt to form SCF3 intermediate 81-b. Finally, deprotonation of intermediate

81-b afforded the desired product 39 (Scheme 13).

CF,
Cu(ll) Cu(l)

Q n
N N
—_— .
SCF,
H
o

Scheme 13 Mechanism of trifluoromethylthiolation of quinone 39

CF3 H*
0 H
N
@@ SCF;
H
(o}

81-b

5.1.6 Design and synthesis of 3-anilino-2-methoxynaphthalene-1,4-dione analog

Q y
OO
SCF;
o}
39

CF;

(82-85)

The analogs of 3-anilino-2-methoxynaphthalene-1,4-dione were synthesised according to the

procedure described in Chapter 5.4. After the nucleophilic substitution of 2,4

dichloro

naphthoquinone, the Buchwald-Hartwig reaction worked well, and the desired products were

obtained in good yields.
0 0 10 =
O‘ Cl MeOH, K,CO, Cl HoN R Pd,(dba);, t-BuOK,XPhos > O‘ N\©
o ,t O‘ o * Eﬁ Toluene, mw 130°C 30m o
) o | o |
36 62 82 - 86
Scheme 14 Synthesis of compound 82-86
No. 82 83 84 85 86
structure
H H H H H
N —N sF5| —N —N _N CF,
& U O Ola| X
F

Table 9 Chemical structure details of synthetized compound 82-86
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5.1.8 Design and synthesis of 3-anilino-2-thionaphthalene-1,4-dione (37) analogs

The synthetic route for the synthetic of 3-anilino-2- thionaphthalene 1,4-dione (37) analogs
involved a slightly different strategy to that shown in scheme 14. In fact, the compounds 91-
93 could not be synthesised through nucleophilic substitution due to the poor nucleophilic
reactivity of fluoro-3-trifluoromethylanilines, as the presence of an additional EWG in the
aniline ring drastically reduce the m-electron density on the nitrogen. The nucleophilic
substitution of 2,3 — dichloro-naphthoquinones lead to only a ~25% of conversion. Therefore,
compounds were obtained by nucleophile addition of the corresponding chloro-
naphthoquinone in the presence of CeCls, followed by nucleophilic substitution of chlorine
with NaSCH3. Although all the desired products were obtained, the yields were limited in part
by the nucleophilic substitution of chlorine in the first steps.

. o) o)
CeCl3*7H,0,anilines H—R NaSCH;3 H—R
CL, — U e~ CO
Cli ClI EtOH, 6h s
(o) fo) o) |
87 88 -90 91 -93
Scheme 15 Synthesis of compounds 91-93

No. intermediate 88 89 90

No. final 91 92 93

structure ( i { CF, CF;

F F
F

Table 10 Chemical structure details of synthetized compound 88-93

Compound 95 was synthesised using the procedure described 3.3, through two sequential

nucleophilic substitutions.

CF3

(o] N o H lo) H
e EtOH, rt N X2 NascH, N CFs
N J e LT
cl Cl °N ETOH s N
(o) o |
94 95

[e) 5-(trifluoromethyl)pyridin-3-amine

36
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Scheme 16 Synthesis of compound 95

5.1.9 Design and synthesis of analogs of 32-((3-(trifluoromethyl) phenyl) amino)-3-
((trifluoromethyl)thio) naphthalene-1,4-dione) (39)

Two analogs of compound 39 were prepared by reaction of 1,4 naphthoquinones with the 4-
fluoro-3-(trifluoromethyl) aniline or 2-(trifluoromethyl)-pyridin-4-amine in the presence of
CeCls as catalyst, as reported in Scheme 17. After purification of the intermediate, the final

product was obtained via SCF; radical addition, as described in Chapter 3.1.5.

(0] lo) cUz(OH)2CO3*H20

CeCl3*7H,0, anilines _ 2520
O e OO OU
EtOH, 6h
MeCN, 65°C 12h SCF;
o o]
22 96 -97 98 -99

Scheme 17 Synthesis of compounds 98-99

No. intermediate 96 97
No. final 98 99

structure
/\CECFg o -CF3
|
F N

Table 11 Chemical structure details of synthesised compounds 96-99

5.1.10 Scaffold-hopping approach

In order to develop novel analogs able to improve the efficacy of 19, a scaffold—hopping
approach was considered on the basis the biological results obtained from the previously
synthesised compounds (Chapter 6). The goal of this strategy was the discovery of structurally
novel compounds, modifying the central core structure of the known active molecules'®’. Since
the modifications made on the side chains did not show a significant increase of activity

associated with the hit compound 19, (Chapter 6), the core structure was modified to improve
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the binding affinity with the enzyme. The central scaffold is directly involved in interactions
with the target protein, a change in the scaffold might lead to an improved binding affinity.
Two scaffold-hopping strategies were used: heteroatom replacement, replacing a carbon with
a nitrogen, compound 103, 104, 105 and heterocyclic rings replacement, modifying the ring
size, compound 109, 113. This series of analogs are part of families (quinoline-5,8-dione and
benzothiophene-4,7-dione), that were recently identified as excellent substrates for the quinone
reductase (NQOI1) enzyme and they have been investigated for their antitumor, antiviral and

broad-spectrum antimicrobial properties!8:13%160-161,

5.1.10.1 Synthesis of 7-(methylation)-6-((3 (trifluoromethyl)phenyl) amino) quinoline-5,8-
dione

The family of quinolinequinones were synthesised using the synthetic route shown Scheme 18

NaCI03 O NaSCH;, EtOH O
/
HC| 37% N
EtOH,12h

70:30
100 101 102 103

Schema 18 Synthesis of compound 103

Briefly, 6,7-dichloroquinoline-5,8-dione was prepared by oxidative chlorination of the
commercially available 5-aminoquinolin-8-ol with NaClO3/ HCI (37%). Chlorine, generated
in situ from sodium chlorate and hydrochloride via a redox reaction, reacted as a nucleophile
with the aminoquinolinol, and sequentially the hydration of imine intermediate generated the

dicloroquinoledione as shown in the Scheme 19.

* e HCI * e HCI
30+ N
CI cl {_ci—ci =
4
100-a 100 b
strong acid catalyzed reaction

Scheme 19 Mechanism of oxidative chlorination of 5 aminoquinolin-8-ol
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The dichloro-naphthoquinone was then treated with the aniline to give a mixture of the 6- and
7-substituted product with a ratio of 60:40 (A: B) scheme 19. Here, the nucleophilic
substitution can occur on electrophilic carbon 6 or 7 generating two regioisomers. The different
ratio and the preference for isomer 6 can in part be explained by the electron-withdrawing
effect of the nitrogen atom and carbonyl in position 8, which increases the reactivity of the
carbon in position 6. To confirm the regioselectivity of the two regioisomers, they were isolated
by flash column chromatography and characterised by NMR proton, comparing that with

previous studies mentioned in literature'6.

The treatment of dichloro naphthoquinone with 3-(trifluoromethyl) aniline, followed by
sodium thiomethylate (NaSCH3) gave the desired product 103 (Scheme 19). The compound

was characterised and tested as a mixture of the two regioisomers

(0
Cl anlhne _*<:::>
NaCIO AN
P
HCI 37% N Cl
o EtOH,12h

60:40

101 104 105

Scheme 20 Synthesis of compounds 104-105

5.1.10.2 Synthesis of 6-(ethylthio)-5-((3-(trifluoromethyl) phenyl) amino) benzofuran-4,7-
dione and 5-(ethylthio)-6-((3-(trifluoromethyl) phenyl) amino) benzo[b]thiophene-4,7-
dione

Compound 109 was synthesised starting from benzofuran-7-ol (106). The first step of the
reaction involved the oxidative conversion of the starting material into corresponding the
quinones using Fremy's salt (potassium nitrosodisulfonate), which is a radical oxidising agent

and extensively employed to oxidase phenols to quinones as in Scheme 21.

ON(SO3K), o
y ON(SO;K), (\/Q ON(SOsK)z J
s N s
OH 0 o)
106 1063 106b 106 -c 107
HON(SO3K), HN(SO;3K),
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Scheme 21 Mechanism of oxidative conversion of 106 to 107

The second step was the nucleophilic addition of 3-(trifluoromethyl) aniline using CeCls as
catalyst to generate the intermediates 108. The corresponding intermediates were initially
treated with NaSCH3; to obtain the corresponding thioderivate, but the reaction was
unsuccessful. Hence, the nucleophilic addition was repeated using ethanethiol as nucleophile
and DIPEA as base in ethanol at room temperature. Under these conditions, it was possible to
isolate the product in good yield and short time. The failure in the addition of NaSCH3 might
be explained by the difference of nucleophilicity between ethanethiol and methanethiol and the

volatile of the derivate methanethiol that limit the use of this reagent.
o
(\/Q Fremy’s salt, KH,PO,, ; CeCI3 amine \©/ F3CH3CHZSH DIPEA \Ej
AcetoneIHZO 12h 'S EtOH 4h
o
106 107
Schema 22 Synthesis of compound 109

The bioisostere 113 was synthetized starting from benzofuran-7-ol 110, following the same

synthetic route, scheme 23.

[o]
(D Fremy’s salt, KH,PO,, CeCI3 amine CF; CH3CHZSH DIPEA
4
Acetoneleo 12h o] EtOH 4h
o]
111 112 113

Scheme 23 Synthesis of compound 113

In both reactions, one-regioisomer was predominant. Here, the presence of a Lewis acid, such
as CeCls affected the regioselectivity of the reaction, favouring the nucleophilic attack in
position 2. A possible explanation might be the chelation of the Lewis acid to oxygen or sulphur
atom and carbonyl of the quinone core, thus increasing the electrophilicity of the carbonyl and

the reactivity at the position 5.

Scheme 24 Mechanism of nucleophile addition
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5.1.10.3 Attempt to isolate the 2-(methylthio)-3-((3-(trifluoromethyl) phenyl) amino)
naphthalene-1,4-diol

In this project, the quinone compounds might be considered as prodrug compounds that require
NQOTL to be activated into hydroquinone, the active form. In fact, the hydroquinones work as
electron carrier transferring electrons to complex III, re-establishing the electron flow in the
ETC and consequentially the ATP production. In order to investigate the mechanism of action
of the studied naphthoquinones, several attempts were made to isolate the derivate
hydroquinones, using NaBH4 or Na>S>04 as reducing agent, but unfortunately, the re-oxidation
occur in less than 10 minutes at room temperature in the presence of oxygen. This conversion
is visible as the solution changes from coloured to colourless due to the loss of conjugated
double bonds, and consequently UV-vis absorption. The use of UPLC showed the reduction of
quinone to hydroquinone occurred in few minutes without generating by-products, and the
process is reversible unless the reaction is kept under nitrogen. The UV spectra of the oxidised

and reduced forms were studied.

(o} H OH H
l l N\©/CF3 NaBH,4, MeOH, N, l l N. : .CF;
S
i 02 |
o OH
red colorless

Scheme 25 Schematic representation of hydroquinone synthesis
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Figure 64 UPLC chromatograms of compound 37 in reduced and oxidized forms. The Figures a and b show
the mass chromatogram of 37 in hydroquinone form (UPLC-MS Rt: 2.46 MS (ESI)-: 364[M-H]") and in quinone
form (UPLC-MS Rt: 2.44 MS (ESI)-: 362[M-H])
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5.2 Conclusion

To summarise, 50 compounds were designed and successfully synthesised. Among them, 18
are NCEs (new chemical entities). This series of naphthoquinones compounds provide useful
information on SAR of this family and their stability. Different synthetic strategies have been

applied to obtain derivatives of 19 in few steps of reaction, with reasonable yield.
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Table 12 Overview chemical structure synthetized compounds
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CHAPTERG

BIOLOGICAL EVALUATION OF
DESIGNED AND
SYNTHESISED COMPOUNDS
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6.1 Hit-to-Lead workflow

The aim of this stage of the work was to rationally modify selected hit compound 19 in order
to study the structure—activity relationships of this family and produce more potent and
selective compounds which can be suitable candidates for further in ex-vivo/in vivo biological
evaluation. According to the results from the virtual screening work, and the identified
limitations of the enzymatic assays, a second bioassay workflow was used to screen the
synthesised compounds. The synthesised compounds were tested in a series of cell-based
assays aimed at investigating their biological activities in HepG2 and SH-SYS5Y cell lines. ATP
rescue and cytotoxicity were the two main assays used to explore the structure-activity
relationships of synthetized naphthoquinones in order to identify the best derivates of 19.
According to the modification made on the scaffold, the SAR study can be divided into 4
subgroups: SAR-1, SAR-2, SAR-3 and SAR-4. The combined results of these two assays were
used to select the best candidates for further investigation in vitro assays as shown in Figure

65.

Figure 65 Experimental workflow used to screen the synthetized compounds
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6.1.1 Results and discussion: ATP rescue and cytotoxicity SAR-1

The first attempt at optimising 19 was performed according to the Scheme 63. The biological
data obtained from the commercially available compounds showed that naphthoquinones
having a phenyl moiety in position 3, demonstrated significant ATP rescue in comparison with
the control (7,10,14,19). Firstly, to determine the minimum structural requirement of the 2-
amino-1,4-naphthoquinone scaffold, the phenyl ring was removed (59) and several analogs
were synthesised modifying the length of the linker between the benzoquinone core and phenyl

ring (47,55,56) (Figure 66).

0

NH,
O‘ Removal of benzyl ring
o
. ‘
0 H
N
It
cl
o

Diversification through linker substituent

= e

0 §
N
OO |Gy
Cl Diversification through aniline-substituents
O

Figure 66 Schematic representation of SAR-1 scaffold modification strategy

The results obtained showed the importance of phenyl moiety (Figure 67). While the removal
of benzyl ring completely suppressed the ATP rescue activity (55), removal or addition of a
methyl group in the linker region did not alter the potency. Interestingly, the replacement of a

hydrogen with a methyl in the linker slightly decreased the activity of 14.
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Figure 67 Efficacy of ATP rescue in presence of rotenone by naphthoquinones 14,47,55,56,39 ATP rescue
activity of quinones was determined in rotenone-treated HepG2 cells. ATP levels expressed as percentage of ATP
in DMSO-treated cells in absence of rotenone (untreated). Bars represent mean = SEM of at least three

independent measurements. Data were analysed using one-way ANOVA test [F (20, 338) = 125.7, p < 0.0001],

followed by Tukey’s post hoc test for multiple comparisons, P values were calculated versus DMSO , * = p <
0.05, ¥** =p <0.01, *** =p <0.001, **** = p <0.0001

The importance of the trifluromethylene substituent on the phenyl ring was also investigated,
and the corresponding analogs with and without the CF3 on the phenyl ring were synthesised
(46,49,57). Instead, compounds 50 and 57 were designed and synthesised to study the influence
of trifluromethylene position on benzyl ring. To have a wider overview on the effect of

substituent on the phenyl ring, a series of derivates 14, 47 and 56 were synthesised and tested
(38-50).

AR

Figure 68 Efficacy of ATP rescue in presence of rotenone by naphthoquinones synthetized (SAR-1) ATP
rescue activity of quinones was determined in rotenone-treated HepG2 cells. ATP levels expressed as percentage
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of ATP in DMSO-treated cells in absence of rotenone (untreated). Bars represent mean + SEM of at least three
independent measurements. Data were analysed using one-way ANOVA test [F (20, 326) = 126.5, p < 0.0001],
followed by Tukey’s post hoc test for multiple comparisons, P values were calculated versus 19, * =p < 0.05, **
=p<0.01, ¥* =p <0.001, *¥*** =p < 0.0001

Unfortunately, none of the synthesised quinones manifested a better activity in ATP rescue
than 19. In particular, 49, which differs by the presence of chlorine instead of OCH3 at position
2, showed a significant decrease in activity, making the methoxy group a better substitutent
than chlorine. The 28 showed a lower ATP rescue than idebenone suggesting the replacement
of the core from benzoquinone to naphthoquinone drastically changed the structure-activity

relationship of this family.

Interestingly, compound 54 showed a comparable activity to idebenone and 19. The compound
was designed and synthesised as an analog of idebenone and 28, to include an aniline moiety

into the hydroxyl alkyl side chain in agreement with the computational study (Chapter 2.1.5).

This series of compounds showed higher cytotoxicity than 19. In particular, 54 and 48 were
cytotoxic in both cell line, with drastically reduced cell viability. Compounds 47 and 50 having
an aniline substituent in position 3 showed lower toxicity than the corresponding
phenylethylamine analogs (56, 58) in SH-SYSY cell line, while comparable toxicity with the
benzylamine analogs (14, 49).
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Figure 69 Cytotoxicity of naphthoquinones synthetized (SAR-1) on HepG2 and SH-5YSY. The graphs a and
b show the quinone cytotoxicity in HepG2 and SH-SYS5Y cell line respectively. Both cell lines were treated with
25 uM of compounds and incubated for 24 hours at 37 °CThe cell viability was determined as percentage of
untreated cells. Bars represent mean + SEM of at least three independent measurements. A one-way ANOV A was
conducted to compare the idebenone reduction graph a [F (20, 370) = 35.58, P<0.0001] graph b [F (16, 37) =
69.56, P<0.0001] followed by Dunnet’s post hoc test for multiple comparisons, P values were calculated versus
untreated, * =p < 0.05, ** =p <0.01, *** =p <0.001, **** =p <(0.0001

6.1.2 Results and discussion: ATP rescue and cytotoxicity SAR-2

According to the results of the previous study (SAR-1), it was evident that the chlorine group
was not a good substituent; therefore, a second-stage SAR analysis was planned in order to
investigate the effect of the substituent at position 2 (Figure 70). The aniline derivative of 19

without CF3 on aniline ring (47) was used as starting point to study the effect of substituents.
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Figure 70 schematic representation of SAR-2 scaffold modifications made

Cleavage of the methyl ether drastically reduced the ATP rescue (61). The effect of bioisostere
replacement of methoxy group with the methylamine and thiomethyl, 75 and 78 respectively,
had different effects. Compound 75 decreased the potency; whereas 78 had comparable result
to 70.
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Figure 71 Efficacy of ATP rescue in presence of rotenone by synthetized naphthoquinones (SAR-2) at 5 yM
ATP rescue activity of quinones was determined in rotenone-treated HepG2 cells. ATP levels expressed as
percentage of ATP in DMSO-treated cells in absence of rotenone (untreated). Bars represent mean £ SEM of at

least three independent measurements. Data were analysed using one-way ANOVA test [F (14, 18) = 31.90, p <

0.0001], followed by Dunnet’s post hoc test for multiple comparisons, P values were calculated versus DMO , *
=p <0.05, **=p <0.01, *** =p <0.001, **** =p <0.0001

This trend was observed for the other analogs synthesised, where 76 and 77 showed lower ATP

rescue than their ether and thio-derivates. The replacement of methyl ether with an ethyl ether
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71, n-propyl ether 73 did not improve the activity, on the contrary, isopropyl ether 72 and
phenyl ether 74 decreased the activity showing that sterically hindering groups are not

beneficial.
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Figure 72 Efficacy of ATP rescue in presence of rotenone by synthetized naphthoquinones (SAR-2) at 1
pM ATP rescue activity of quinones was determined in rotenone-treated HepG2 cells. ATP levels expressed as
percentage of ATP in DMSO-treated cells in absence of rotenone (untreated). Bars represent mean + SEM of at
least three independent measurements. Data were analysed using one-way ANOVA test [F (18, 322) = 123.4,
P<0.0001], followed by Dunnet’s post hoc test for multiple comparisons, P values were calculated versus DMSO
, ¥=p<0.05, ¥* =p<0.01, ¥** =p <0.001, ¥**** =p <0.0001

In order to clarify the drastically reduced activity of amino derivate, naphthoquinone 75 and
76 were tested to determine whether they can be substrates of the NQOI1 enzyme. The
enzymatic results showed no oxidation of NADH over 10 minutes, making of 75 and 76 poor
substrates of NQO/1. A difference in the binding modes cannot justify the significant difference
in the NQOI1 activity between 75 and the corresponding analogs 70 and 78, the NQOI
possesses a highly plastic active site, which can accommodate quinone compounds of different
sizes (Chapter 2). A possible explanation might be found again in the different reduction
potential of these compounds. In fact, although the replacement of methoxy or thiomethyl
group to methylamine causes minimal steric perturbations, the effect in the electron density
distribution is significant. The addition of another EDG group in the quinone core might
drastically reduce the ability to accept electrons, and therefore they could not be metabolised

into hydroquinones by NQOI1.
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Figure 73 NQOI1 activity of compounds 70,75,76.78. The graphs show the decrease of absorbance at 340nm
due to consumption of NADH and the structure of compound 70, 75,76 and 78. The assay was carried out in in 1
ml cuvette containing: 25 mM Tris-HCI pH 7.4, 0.7 mg/ml BSA, 50 uM quinone, 1 pg/ml NQO1, 100 uM NADH.
Each data point represents as means £ SEM of two independent measurements.

Due to the interesting profile of 78, the compound 39 was synthesised and tested. The
compounds 39 have a SCF3 group in position 2, this group was extensively used in medicinal
chemistry in the recent years for its unique quality: the fluorinated carbon adjacent to a sulphur
atom increases lipophilicity, bioavailability and reduces the rate of oxidative metabolism. The
introduction of a more electronegative group was further investigated with compounds 38 in
order to clarify the EWG effect in the naphthoquinone ring. However, despite the hypothesised
improved stability of the reduced form (Chapter 2), this family of analogs that possesses strong
EWG group did not show the anticipated increase of activity; on the contrary, they showed a

significant increase of cytotoxicity.
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Figure 74 Cytotoxicity of naphthoquinones synthetized (SAR-2) on HepG2. The graph shows the quinone
cytotoxicity in HepG2. Cells were treated with 25 uM of compounds and incubated for 24 hours at 37 °CThe cell
viability was determined as percentage of untreated cells. Bars represent mean = SEM of at least three independent
measurements. Data were analysed using one-way ANOVA test [F (17, 371) = 40.56, P<0.0001], followed by

Dunnet’s post hoc test for multiple comparisons, P values were calculated versus DMSO , * =p < 0.05, ** =p <
0.01, *** =p <0.001, **** =p <0.0001

This result is not in agreement with our hypothesis of quinol stability: the cytotoxic properties
of quinones are related to the stabilisation energy after electron accepting. When an EWG is
added to the molecule, the electrophilicity of reduced form (the ability to donate electrons)
decreases, and consequently, the corresponding hydroquinone should be more stable and less
toxic. Interestingly compound 38 and 39 showed cytotoxic effect also on SH-SYSY cell line,
suggesting a toxic effect in their oxidised/quinone form. The striking difference between a
strong electron donor group (75) and a strong electron withdrawing group (38) in position 2
highlighted the importance of redox property of this family. A naphthoquinone with high
standard electron potential as 38 might “steal" electrons from biological redox centers, such as
cytochromes, iron-sulfur clusters, and cupredoxins, inhibiting metabolic output. However, 75,
which possesses a low standard electron potential, is not able to accept electrons, and therefore
remains inactive. A mild redox naphthoquinone instead might be able to generate a useful cycle
between oxidised and reduced forms using specific physiologic redox centers, showing a

beneficial pharmacological effect.
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Figure 75 Schematic representation of redox potential changes in ETC and hypothesized redox effect of
different naphthoquinones. The Figures show the possible outcome of studied naphthoquinones according their
redox property and the redox potentials of the different components of the electron transport chain

6.1.3 Results and discussion ATP rescue and cytotoxicity SAR-3

In previous biological experiments, compounds 70, 71 and 78 were identified as promising
candidates to investigate as potential novel analogs. Hence, the introduction of different aniline
derivatives in position 3 on the naphthoquinone core was further evaluated combining the

positive results obtained from the previous SARs.

Compound 54 demonstrated a higher active profile compared to the other 2-chloro-
naphthoquinones, but also exhibit an increase of cytotoxicity. Hence, compounds 84, 85 were
synthesised and tested in order to maintain the activity but limiting the toxicity, replacing the
Chlorine in position 2 with the methoxy group. These compounds did not show a particular
improvement in activity either in cytotoxicity as shown in Figure 76. The results suggested that
the toxicity is due to the presence of hydroxyl group in the aniline ring. Therefore, other anilines

derivates were explored.
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Figure 76 Efficacy of ATP rescue in presence of rotenone and cytotoxicity of naphthoquinones 54,84,85.
The graph a shows. ATP rescue activity of quinones was determined in rotenone-treated HepG?2 cells, treating the
cells with 1 uM of quinones in presence of 25 uM of Rotenone. ATP levels expressed as percentage of ATP in
DMSO-treated cells in absence of rotenone (untreated). The graph b shows the quinone cytotoxicity in HepG2.
Cells were treated with 25 pM of compounds and incubated for 24 hours at 37 °C. The cell viability was
determined as percentage of untreated cells. Bars represent mean + SEM of at least three independent
measurements. Data were analysed using one-way ANOVA test a [F (18, 381) = 93.09, P<0.0001] graph b [F
(18, 488) = 32.48] followed by Dunnet’s post hoc test for multiple comparisons, P values were calculated versus
DMSO, *=p <0.05, ** =p <0.01, *¥** =p < 0.001, **** =p < 0.0001

The simultaneous insertion of 2 SCH3 and 3 CFs-aniline groups in naphthoquinones core was
investigated to address if there is a synergistic effect of the two substitutions and thus an
improvement in activity. These insertions resulted in comparable profile activity to 19 and 78

but overall not significant.

Figure 77 Efficacy of ATP rescue in presence of rotenone and cytotoxicity of naphthoquinones 37,70,76 The
graph a shows. ATP rescue activity of quinones was determined in rotenone-treated HepG2 cells, treating the
cells with 1 uM of quinones in presence of 25 uM of Rotenone. ATP levels expressed as percentage of ATP in
DMSO-treated cells in absence of rotenone (untreated). The graph b shows the quinone cytotoxicity in HepG2.
Cells were treated with 25 pM of compounds and incubated for 24 hours at 37 °C. The cell viability was
determined as percentage of untreated cells. Bars represent mean + SEM of at least three independent
measurements. Data were analysed using one-way ANOVA test a [F (14, 318) = 131.6, P<0.0001] graph b [F
(18, 488) = 32.48, P<0.0001] followed by Dunnet’s post hoc test for multiple comparisons, P values were
calculated versus dmso, * =p < 0.05, ** =p < 0.01, *** =p <0.001, **** =p <0.0001

The further step was the introduction of fluorine atom in ortho, para and meta positions of the

aniline ring 86, 91, 92, 93, 98. The introduction of a fluorine atom significantly alters the
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physicochemical properties of the compound due to its high electronegativity and lipophilicity.
Hence, we studied the influence of the additional of further EWG than CFj3 in the aniline ring
and if the increase of lipophilicity may increase the membrane permeability, and consequently

the activity.

As shown in Figure 78, the introduction of fluorine was generally unsuccessful, as the
compounds showed no improvement in ATP rescue activity compared to the 19. Recently, the
SFs has been used as a replacement for trifluoromethyl due to its better chemical and thermal
stability '%°. Consequently, in order to evaluate whether the introduction of a different EWG
may affect the activity of compound, CF; was replaced with the SFs group, compound 83, but

this modification did not show a significant increase of ATP rescue activity.
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Figure 78 Efficacy of ATP rescue in presence of rotenone and cytotoxicity of synthetized naphthoquinones
(SAR-3) The graph a shows. ATP rescue activity of quinones was determined in rotenone-treated HepG2 cells,

treating the cells with 1 uM of quinones in presence of 25 uM of Rotenone. ATP levels expressed as percentage
of ATP in DMSO-treated cells in absence of rotenone (untreated). The graph b shows the quinone cytotoxicity in
HepG2. Cells were treated with 25 uM of compounds and incubated for 24 hours at 37 °C. The cell viability was
determined as percentage of untreated cells. Bars represent mean + SEM of at least three independent
measurements. Data were analysed using one-way ANOVA test a [F (14, 318) = 131.6, P<0.0001] graph b [F
(18, 488) = 32.48, P<0.0001] followed by Dunnet’s post hoc test for multiple comparisons, P values were
calculated versus dmso, * =p <0.05, **=p <0.01, *** =p <0.001, **** =p <0.0001

6.1.4 Results and discussion ATP rescue and cytotoxicity SAR-4

The final attempt in the hit optimisation scheme was performed according to two avenues:

1) the introduction of a heteroatom in aniline ring 82, 95 and 99 and in the naphthoquinone

core 103, 104 and 105.

2) A scaffold-hopping strategy: the replacement of benzene ring with a small ring containing a

heteroatom as thiophene and furane, respectively 109 and 114.
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Both strategies resulted in a series of compounds that showed an increase of ATP rescue, but
also high toxicity.
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Figure 79 Efficacy of ATP rescue in presence of rotenone and cytotoxicity of synthetized naphthoquinones
(SAR-4) The graph a shows the ATP rescue activity of quinones was determined in rotenone-treated HepG2 cells,
treating the cells with 1 uM of quinones in presence of 25 uM of Rotenone. ATP levels expressed as percentage
of ATP in DMSO-treated cells in absence of rotenone (untreated). The graph b shows the quinone cytotoxicity in
HepG2. Cells were treated with 25 uM of compounds and incubated for 24 hours at 37 °C. The cell viability was
determined as percentage of untreated cells. Bars represent mean + SEM of at least three independent
measurements. Data were analysed using one-way ANOVA test a [F (9, 266) = 204.4, P<0.0001] graph b [F (10,
285) = 81.03, P<0.0001] followed by Dunnet’s post hoc test for multiple comparisons, P values were calculated
versus DMSO, * =p <0.05, **=p <0.01, *** =p <0.001, **** =p <0.0001

6.1.5 Conclusion ATP rescue assay and cytotoxicity assay

Taking into consideration all the biological data obtained for the 50 naphthoquinone derivatives
of 19, an analysis of the structure-activity relationships was performed. Molecules retaining
the aniline group in position 3 showed slightly better activity than benzylamine and
phenylethylamine analogs. A complete lost of activity was observed when an electron donating
group was introduced in position 2, on the other hand, the presence of strong electron
withdrawing groups increased the cytotoxicity of these family. The presence of a hindering
group in position 2 decreased activity, while replacement of methoxy group 47 with a
thiomethyl group 78, slightly improved activity. Consequently, for methoxy-derivatives and
thiol-derivatives, changes on aromatic were explored. Overall, the introduction of fluorine or
the replacement of CF3; with SFs was associated with activity and cytotoxicity retention.
Instead, the introduction of nitrogen in the naphthoquinone core or the replacement with
heterocyclic rings improved the ATP rescue activity, but they also showed higher cytotoxicity
than 19. In order to select the top candidates for further investigation in vitro assays, the ATP
rescue activity and cytotoxic effect of all synthetized compounds were considered and

analysed. Figure 80
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Figure 80 Overview of the results obtained for the ATP rescue activity and cytotoxicity of studied
naphthoquinones. The graph shows the correlation between the ATP rescue activity of synthesised compounds,
at 1 uM and their cytotoxicity at 25 uM. The red dot shows the cytotoxicity effect of rotenone and the remaining
ATP level after the rotenone incubation in free-glucose media. The green dots show the ATP rescue and cytotoxic
results obtained treating the cell with 19 (best compound selected by virtual screening) and idebenone.

The Figure 80 shows that 9 compounds have similar ATP rescue activity than idebenone at 1
pM and low toxicity profile at 25 uM. In addition, these compounds were tested at lower
concentration in the ATP rescue assay (100 nM) and in the cytotoxicity assay (10 uM), in order

to investigate if they could retain the activity.
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Figure 81 Efficacy of ATP rescue in presence of rotenone and cytotoxicity of selected naphthoquinones. The
graph a shows the ATP rescue activity of quinones was determined in rotenone-treated HepG2 cells, treating the
cells with 1 uM of quinones in presence of 25 uM of Rotenone. ATP levels expressed as percentage of ATP in
DMSO-treated cells in absence of rotenone (untreated). The graph b shows the quinone cytotoxicity in HepG2.
Cells were treated with 25 uM of compounds and incubated for 24 hours at 37 °C. The cell viability was
determined as percentage of untreated cells. Bars represent mean + SEM of at least three independent
measurements. Data were analysed using one-way ANOVA test a [F (21, 96) = 37.85, P<0.0001] graph b [F (28,
266) = 11.93, P<0.0001] followed by Dunnet’s post hoc test for multiple comparisons, P values were calculated
versus dmso, * =p <0.05, ** =p <0.01, *** =p <0.001, **** =p <0.0001

Interestingly, Figure 81 shows idebenone is not able to rescue the ATP level under complex |
inhibition at 100 nM concentration, but 7 compounds (37, 83, 91, 92, 104, 109 and 114) have
a significant ATP rescue effect with a low cytotoxic profile, except for 104, which shows

significant cytotoxicity even at 10 uM.
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Figure 82 Chemical structures of compounds showing significant ATP rescue activity at 100nM

6.1.6 Results and discussion Pro-oxidant activity

As mentioned in Chapter 2, the naphthoquinones are reported in the literature as cytotoxic drug
generating superoxide species in the cells and consequentially led to oxidative stress damage.
The naphthoquinones selected in the previous ATP rescue and cytotoxic assays, have been
tested for their capacity to generate ROS in the cells. Menadione, a well known pro-oxidant

naphthoquinone, was used as control in both the development of both assays in this study.

Interesting, compounds 54, 86, 104 and 114 despite a high cytotoxic effect, did not show any
particular increase of mitochondrial ROS level in comparison with Menadione, but they are
able to produce a significant amount of ROS in the cytoplasm, as shown in Figure 83. On the
other hand, compound 7 has the opposite effect; it can generate a high amount of ROS in the
mitochondria but limited in the cytoplasm. These results are in line with the cytotoxic detected
with the MTT assay. 54, 86 and 104 might be easily reduced by NQO1 and in their reduced
form may be unstable producing reactive oxygen species in the cytoplasm. Instead, Menadione
and 7 might be mitochondrial pro-oxidant due to the interaction with mitochondrial complex I
as showed in the enzymatic assay (Chapter 5.1.1) Moreover, Menadione and other
naphthoquinone showing a free position in conjugation to one of the carbonyls, can cause a

depletion of glutathione due to a nucleophilic attack via Michael addition reaction
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Figure 83 Evaluation of intracellular ROS induce by naphthoquinones. The graph a shows the relative ROS
level detected using CellROX Reagent, normalised to untreated cell. Menadione (25 pM) was used as positive
control. Mean background value from cell-free wells incubated dye was subtracted from signals. Bars represent
mean + SEM of at least three independent measurements. Data were analysed using one-way ANOVA test [F (15,
107) =27.78, P<0.0001], followed by Dunnet’s post hoc test for multiple comparisons, P values were calculated
versus DMSO , * =p <0.05, ** =p <0.01, ***=p <0.001, **** =p <0.0001
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Figure 84 Evaluation of intracellular H20: induces by naphthoquinones in HepG2 and SH-SY cells. The
graphs show the relative H>O» level detected using ROS-Glo™ H.0,, normalised to the untreated cell. Menadione
(25 uM) was used as positive control. Mean background value from cell-free wells incubated dye was subtracted
from signals. Bars represent mean + SEM of at least three independent measurements. Data were analysed using
one-way ANOVA test a [[F (13, 91) = 142.7, P<0.0001] graph b [F (13, 28) = 247.1, P<0.0001] followed by
Dunnet’s post hoc test for multiple comparisons, P values were calculated versus dmso, * = p < 0.05, ** =p <
0.01, *** =p <0.001, **** = p < 0.0001
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6.1.7 Quinone reduction in cells

The tetrazolium dye WST-1 was used to detect quinone-mediated NQOI1 activity (Chapter
4.2.1.3). As mentioned in the enzymatic results (Chapter 5.1.1), the naphthoquinones are good
substrates of NQO1 with a low affinity for the mitochondrial enzymes, but that not exclude a
possible reduction from other oxidoreductases present in the cells. For this reason, the assay
was performed in the two different cells, HepG2 and SH-SY5Y in order to detect cell-specific
reduction rates of the selected naphthoquinones. As reported in Figure 85, all naphthoquinones
were highly reduced in HepG2, only if NQOI is available. In fact, in presence of Dicoumarol,
an inhibitor of NQO1, WST-1 was not converted into its formazan structure due to the lack of
electron mediator (hydroquinone). The same result was obtained using cell lines featuring very
low NQO1 expression as SH SYS5Y, the addition of naphthoquinone did not result in an
increase of absorption at 450 nm. The fact that each substrate for NQO1 exhibited individual

turnover rates depends on different affinities of substrates towards the recombinant enzyme.
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Figure 85 WST-1 reduction in presence of hydroquinone as electron donator in HepG2 cell line in presence
of absence of Dicoumarol. The graph shows the variations of absorbance at 450 nm due to the reduction of WST-
1 in HepG2 cell lines respectively, in presence or absence of quinones. Dicoumarol (20 pM) was added to confirm
the quinone reduction by NQO1. Menadione in presence of recombinant NQO! in free-cell environment was used
as positive control. Data were analysed using Two-way ANOVA test [F (2, 15) = 67.1, P<0.0001], followed by
Sidak's post hoc test for multiple comparisons and adjusted P values were calculated versus untreateed (**** =
p<0.0001)
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Figure 86 WST-1 reduction in presence of hydroquinone as electron donator in SH-SY5Y cell line. The
graph shows the variations of absorbance at 450 nm due to the reduction of WST-1 in SH-SYSY cell lines in
presence or absence of quinones. Menadione in presence of recombinant NQO1 in free-cell environment was used
as positive control. Data were analysed using one-way ANOVA test [F (2, 14) = 326.0, P<0.0001], followed by
Dunnet’s post hoc test for multiple comparisons, P values were calculated versus untreated **** =p < 0.0001

6.1.8 Seahorse bioenergetics analysis

The naphthoquinones were tested for their capacity to affect oxygen consumption, and the data
show all the selected naphthoquinones cause an oligomycin-sensitive increase in oxygen
consumption, indicating that they have complex I-bypass activity. In particular, the comparison
between the mitoATP production rate and GlycoATP production rate showed that
naphthoquinones increase only the production of ATP correlated to mitochondria respiration.
The rotenone pre-treatment blocks the oxidative phosphorylation through complex I inhibition,
shifting the burden of ATP supply entirely to glycolysis, and consequently increasing
glycolytic rate. After quinone injection, this trend was reversed, the ATP production related to
the oxidative phosphorylation increased, suggesting a reactivation of electron flow in

mitochondrial ETC.
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Figure 87 Comparison between the mitoATP production rate and GlycoATP production after quinone
injection. The graphs show the difference of mitoATP production rate and glycoATP production before quinone
injection (blue) and after quinone injection (orange) in Rotenone pre-treatment sample. No rotenone pre-treated
cells (untreated) was used as control. Data are means = SEM of n = 6 independent biological replicates

The naphthoquinones 71, 78, 86, 103 and 104 showed a higher rescue of mitochondria
respiration than other naphthoquinones. 13 did not show an increase of OCR, confirming its

inactivity in the ATP assay due to the lack of NQO1 interaction, as reported in the enzymatic

130



assay (Chapter 5.1.1). Overall, the seahorse data are in line with the results obtained in the ATP
rescue assay, confirming the interaction of naphthoquinone with the mitochondria electron

transport chain.
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Figure 88 Total ATP production rate of naphthoquinones in presence of Rotenone. The graph shows the
contribution of mitochondrial ATP and glycolytic ATP production rates in live cells after naphthoquinones
injection in Rotenone pre-treated samples. The mitochondrial ATP was defined as change in the percentage of the
total ATP production. Bars represent mean + SEM of at least three independent measurements. Data were analysed

using Two-way ANOVA test [F (19, 74) = 9.822, P<0.0001], followed by Tukey 's post hoc test for multiple
comparisons, P values were calculated versus Rotenone pre-treatment

However, despite showing a substantial increase of mitochondrial respiration, 104 did not
entirely respond to OXPHOS inhibitors, indicating they might affect the oxygen consumption
in other ways and its activity cannot be considered significant. Indeed, one potential limitation
of this test is the fact that naphthoquinones can promote the generation of reactive oxygen
species (ROS), with resulting consumption of oxygen not correlated with mitochondrial
metabolism. The compounds 104 and 78 show a higher significant increase of OCR than other
selected naphthoquinones, but 104 is only modestly sensitive to oligomycin, confirming that
this compound has a pro-oxidant and consequently a cytotoxicity activity, as already reported

in Chapter 5.1.5.
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Figure 89 OCR rescue by 78,104 and idebenone in complex I impairment. Graph shows the rescue of OCR
after quinone injection (10 uM) in Rotenone pre-treatment sample. DMSO injection was used as control in the
No pre-treatment samples and Rotenone pre-treatment sample. After DMSO/quinone injection, oligomycin 1 uM,
Antimycin/Rotenone 1 uM was injected in order to exclude OCR not correlated with the mitochondrial electron
transport chain. Data are means = SEM of n = 6 independent biological replicates

6.1.9 Dose-response curve ATP rescue and cytotoxicity

Compound 37 and 92 showed promising results in several biological assays:

e Rescue of ATP level under inhibition of complex I
e Rescue of mitochondrial respiration under inhibition of complex I
e Low cytotoxicity profile

e No pro-oxidant activity

For this reason, a concentration-Response studies were performed to determine the half
maximal efficacy response (ECso) and the half maximal inhibitory concentration (ICso) using
7 data points. The calculation was performed on two different cell lines: HepG2 and SH-SYS5Y,
which express different level of NQO1.
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Figure 90 Dose response curve and EC50 values for idebenone, 37 and 92. Dose response curves of ATP in

HepG2 cells in presence of Rotenone (25 uM) and 7 different concentrations of quinone. Each plot point reflects
data obtained from 4 independent experiments mean = SEM

37 and 92 showed a higher activity than idebenone at lower concentration 100 nM-1 uM, but
they reached a plateau-phase early. Meanwhile, idebenone was able to almost entirely rescue
the ATP level - 37 and 92 did not show a complete ATP rescue at higher concentration. This
result suggests that 37 and 92 might be partial agonists, which showed higher potency than
idebenone, but lower efficacy. Indeed, the decrease of activity at 10 uM could not be correlated
with the toxic effect of compounds. The naphthoquinones 37 and 92 showed low toxicity in

SH-SYS5Y and HepG2 cell lines, with an IC50 34 uM and 32 uM respectively.
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Figure 91 Dose response curve for idebenone, 37 and 92 in SH-SY5Y and HepG2. Dose dependent curve of
quinone (10-100 pM) treatment on HepG2 and SH-SY5Ycells for 24 h. Each value is a ratio of the level in the
treated cells to that in the control cells. Bars represent mean £ SEM of at least three independent measurements.

Our study suggested that these compounds are acting as cytosolic-mitochondrial electron
carrier rescuing the ATP level under inhibition of complex I. If the ATP rescue —activity depend
on these enzymes the rescue should be sensitive to inhibition of complex III and NQOI,
Myxothiazol and Antimycin were used as inhibitor of complex III and Dicoumarol as inhibitor
of NOQI; they were added to cells simultaneously with rotenone and DMSO or quinones. In
all the cases the ATP rescue of compounds was lost, confirming the direct involvement of two

enzymes in the 37 and 92 activity.
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Figure 92 Efficacy of ATP rescue in presence of rotenone by debenone,37 and 92 at a concentration of 10
pM and the influence of inhibitors. The ATP rescue activity of idebenone (10 uM) in presence of Rotenone (25

uM), ATP levels expressed as percentage of DMSO-treated cells in the absence of rotenone. The effect of
Dicoumarol, Antimycin, Myxothiazol on the ATP rescue activity of idebenone. Bars represent mean + SEM of
two independent measurements. Data were analysed using Two-way ANOVA test [F (12,39) = 17.32, P<0.0001],

followed by Tukey 's post hoc test for multiple comparisons, P values were calculated versus Rotenone pre-
treatment

6.2 Upregulation of the NQO1 Expression and ATP results

The expression of NQOI enzyme may limit the potential therapeutic effect of these novel
compounds as evident by the results obtained in the SH-SYSY cell line. The expression of
different detoxification enzymes, including NQOI1, is known to be up-regulated by an Nrf2-
dependent mechanism. The nrf-2 pathway can be stimulated by different phytochemical
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inducers, the most potent are Organosulfur compounds as Lipoic acid and Sulforaphane'*

(Figure. 93).

S
0 N s
N I \n/ S °N P
C\\N/\/\/S\ s K = s
Sulforaphane Disulfiram Diallyl disulfide
(o)
~& =S
WOH ) \/\/\N//C
Lipoic acid Erysolin

Figure 93 Chemical Structures of NQO1 inducers

o-lipoic acid (LA) is a thiol antioxidant present in numerous vegetables, such as broccoli,
spinach, and tomatoes; it is an essential cofactor for pyruvate dehydrogenase complex and other
enzymes, which components the aerobic metabolism. LA and its reduced form, dihydrolipoic
acid (DHLA), can act as direct antioxidant or indirect, recycling other cellular antioxidants,
such as glutathione. Recently, it was reported that the expression of NQO1 can be modulated
by LA and DHLA in neuroblastoma SH-SY5Y cells'%. Given the antioxidant activity and the
induction of NQO1 as lipoic acid, the low expression of NQOI in neurons, as well in other

tissue, may be bypassed by a treatment with this molecule.

In previous works, researchers have demonstrated that a concentration of lipoic acid up to 500
UM was able to increase the concentration of NQO1 in SH-SY5Y cell line!®. In order to assess
a dose curve response of lipoic acid in these two cells line, a western blot analysis was used.
In this study, the activity of lipoic acid was examined at 5 different concentrations (1000 uM,
2000 uM, 3000 pM, 5000 uM). Incubation with LA for 48 h resulted in a significant induction
of cellular NQOI1, in particular, a concentration of 1 mM of LA-induced nearly 3.5-fold
increase in SH-SYSY (Figure. 94). The treatment with SmM of LA did not show any increase
of NQO1 expression, likely due to the toxic effects and loss of cell viability at this high dose.
From these results, it is evident the NQO1 expression in SH-SYS5Y drastically increase after

treatment with lipoic acid
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Figure 94 Protein expression of NQO1 induced by lipoic Acid. The graph shows the relative NQO1 level in
SH-SYSY after lipoic acid treatment. The Cells were cultured with 0.1% DMSO alone or with various
concentrations of lipoic acid for 48 h (*cells were treated with fresh Lipoic acid after 24h). The NQO1 protein
was determined by immunoblot assay. A total of 30 pg protein for each sample was used. The protein was
quantified by densitometry. Bars represent mean = SEM of experiment in triplicates

Idebenone did not show any positive results on SH-SY5Y, and a concentration over 25 uM
reduce the cell viability. The low activity/toxicity effect may be correlated to the lack of NQO1
and indirect interaction with complex I and production of ROS. In order to demonstrate this
hypothesis, idebenone and interesting naphthoquinones were tested after having induced
NQO1 with 3mM of lipoic acid. The results showed quinones failed to rescue the ATP
production, suggesting there is a strict correlation between NQO/1 protein expression and the
biological activity of these compounds. These results are in agreement with the study conduct
by Gueven and collaborators ®, in which they compared the activity of idebenone in several

cell line expressing different NQO1 mRNA levels.
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Figure 95 ATP rescue activity by idebenone and naphthoquinone after inducing NQO1.Graph shows the
difference between the ATP rescue activity in presence of Rotenone after Lipoic acid pre-treatment (orange) or
No pre-treatment (untreated). The SH-SYSY cells were incubated in presence or absence of Lipoic acid (3 mM)
for 48h before testing the quinone activity. After 48h Rotenone (25 uM) and quinones (5 pM) were added at same
time and the cells were incubated for 6h before evaluating the ATP level using CellTiter-Glo®. Bars represent
mean = SEM of at least three independent measurements.

6.3 Discussion Ex-vivo studies of compounds 37 and 92

All the assays and the related results shown in this section were conducted by Dr. Kathy Bernie,
and they were acquired in the permission of Prof. Marcela Voltubra, Dr. Malgorzata

Rozonaswa and Dr. Kathy Bernie, Cardiff University.

Compounds 37 and 92 were further tested ex vivo using mouse explant retina to assess whatever
they are able to rescue rotenone-induced retinal ganglion cell loss. Firstly, different retina
sections were examined to study the levels of NQO1 expression in the murine retina and
specifically in the RGC cells. Overall, strong immunoreactivity was found predominantly in
the RGC cell layer and the photoreceptor layer (Figure 96), suggesting the quinones can be

metabolised into hydroquinones in the retinal ganglion cells.
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a) anti-NQO1 b) nuclear staining (Hoechst) c) Merge

Figure 96 NQO1 expression in retina layer. The Figure shows the Distribution of NQO1 in the mouse retina
stained with rabbit anti-NQO1 (green) and nuclear staining using Hoechst (blue) antibodies.

Successively, the naphthoquinones were tested on retina explant to assess their rescue
rotenone-induced RGC loss. Briefly, explant retina was cultured for 24 hours in the presence
of Rotenone (100 pM) and compounds before quantifying the RGC degeneration measured by
immunochemistry. The graph showed that 92 has proved a superior therapeutic efficacy than

idebenone, almost completely rescuing the retinal ganglion cells.
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Figure 97 Treatment of retinal explants with selected naphthoquinones (37, 92). The graph shows the rescue
of retinal ganglion cells (RGC) by quinones in presence of rotenone. RBPMS (RNA-binding protein with multiple
splicing) was used as marker to enable RGC counting in retina explants after 24 hours. Data were analysed using
one-way ANOVA test [F (5, 81)=7.075, p<0.0001], followed by Tukey’s post hoc test for multiple comparisons,

P values were calculated versus Rotenone +Idebenone 3 pM
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6.4 Conclusion: biological results obtained using synthesised compounds

Taking into consideration all the biological data obtained from the five different cell-based
assays described above, consistency of activity was found among the test compounds. In
summary, compounds showing significant ATP rescue activity at 1uM (e.g. 85, 86, 91, 92,
103) also demonstrated increased oxygen consumption rate under inhibition of complex [ using
the Seahorse XF96 analyser (Chapter 6.1.8), suggesting direct interaction of these compounds
with mitochondrial respiration. Moreover, these compounds exhibited high affinity for the
NQOI1 enzyme as shown in the WST-1 assay, which confirmed the involvement of this enzyme
in compound activity, as was hypothesised in the computational studies (Chapter 2). These data
were then cross-referenced with the results obtained from the cytotoxicity and pro-oxidant
assays to pinpoint the most promising compound (92) to take forward and define the structure-

activity relationship of this family, as depicted in Figure 95.

Although 92 did not in fact provide the highest activity in terms of ATP and OCR rescue, this
compound showed important reduced cytotoxic and pro-oxidant effects compared to more
active naphthoquinones. Based on this combination of properties, compound 92 was selected

as lead compound for further ex-vivo and in vivo evaluations.

SAR analysis of 92 highlighted the importance of a number of specific features for the activity,
including (1) the aniline substituent in position 2, which might increase the affinity with the
mitochondrial complex III (Chapter 2.1.8); (2) the presence of CF3 in the aniline ring, which
might increase the overall membrane permeability of the molecule; (3) the presence of a mild
EDG such as SCH3, which might affect the electronic behaviour and consequently the potential
reduction of the molecule. The results obtained from the structural modifications of the studied
naphthoquinones suggested that the biological effect is strongly determined by the electrophilic
capacities of the entire molecule rather than particular structural features. The standard
reduction potential of naphthoquinones determines the reduction by oxidoreductases,
influencing their ATP rescue capacity and cytotoxicity. The model described in this study,
although limited by the number of naphthoquinones used, showed a cut-off above which the
naphthoquinone showed significant cytotoxicity, and below which the compounds are inactive

due to the lack of reduction by NQO1.
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Figure 98 Chemical structure of compound 92 and the general overview of the SAR study
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CHAPTER 7

CONCLUSION AND FUTURE
PERSPECTIVES

141



7.1 Conclusion

The naphthoquinones identified in this study are an interesting class of compounds, which
possess unique properties. They showed to possess a “bypass complex I function” and be
capable of rescuing OXPHOS activity in several assays, despite a low toxic profile. These
observed effects of naphthoquinones are mainly attributed to their interaction with NQO1 and
mitochondrial complex III.

Molecular modelling techniques have been used to explore the feature involved in the binding
with both enzymes, and to design naphthoquinones, which have a specific affinity. Taking into
consideration these computational studies, several compounds have been synthesised with the
aim to improve the activity of idebenone, the current gold standard for LHON diseases.

50 compounds were successfully synthesised to study the SAR of these naphthoquinone family,
revealing the key structural factors for tuning their biological activities. Among them, 4 novel
compounds showed very promising mitochondrial rescue properties at low concentrations —
each being superior to the current gold standard, idebenone. Moreover, it was very encouraging
to find the majority of the compounds evaluated in this project demonstrated a lack of cytotoxic
effects using the neuron cell line SH-SY5Y, demonstrating a better cytotoxic profile than
idebenone. In particular, one of these, 92 demonstrated superior therapeutic efficacy than
idebenone in an ex vivo model of mitochondrial optic neuropathy, and thus is believed to be
particularly good candidate for in vivo studies.

A study of the mechanism of action was performed for the best compound 92. Although the
activity of the compound was lost when NQO1 and complex III were inhibited in cell-based
assay (Chapter 6.1.9), a further confirmation using the isolated enzymes are needed. In fact,
data from the enzymatic assays used in this work suggest the possible specific interaction of
the identified naphthoquinone with the NQO1 and complex III, but they are limited by the
interference of the compounds, which did not allow us to determine their binding constant and
provide definitive evidence of their interaction. However, based on this proposed possible
mechanism, the naphthoquinones identified in this study are versatile class of compounds, that
potentially can be drug treatments for several diseases. In fact, mitochondrial complex I
deficiency can be a direct cause of mitochondrial diseases such as LHON, but it was shown to
play a central role in neurodegenerative diseases such as Parkinson's disease, Alzheimer's
disease and Mitochondrial Encephalomyopathy, Lactic Acidosis, Stroke-like episodes

(MELAS)>*. The observed in vitro results clearly show these class of compound could prevent
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the cell death induced by the ATP lost and possible achieve an amelioration in complex I
deficiency phenotype diseases.

In conclusion, in the absence of alternative treatments, Idebenone is in the only drug approved
for the treatment of LHON, but there is still uncertainty on its clinical benefit %; the data
presented in this thesis show that compound 92 may be a potential new drug treatment in the

area of great clinical need.
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7.2 Future perspectives

The 50 naphthoquinone synthesised in this study provide useful information on the biological
activity of these family, but further substitution and chemical modifications may better define
the structure-activity relationship and the role of the standard reduction potential in their
biological effect. The most interesting compounds will be further investigated in vitro using
primary retinal ganglion cells and ex vivo using mouse retina. In particular, compound 92,
although it showed a lower efficacy than idebenone, it demonstrated a far superior retinal
ganglion cells rescue in the explant mouse retina. These results might be explained by a higher
potency at lower concentration than idebenone and/or better drug permeability, better NQO1
targeting than idebenone.

Pharmacokinetic and metabolic studies of idebenone showed a low bioavailability of parent
Idebenone, with an intraocular concentration of 111 nM in the aqueous humour after a single
oral administration of 60 mg/kg of idebenone to male mice '>7*. According to these data, the
novel identified compound might be within the therapeutic range shown to be more effective
in protecting cells from rotenone-induced cell death than idebenone, and with significantly
lower toxic side effects. This hypothesis needs to be further investigated using in vivo model,
but for the potential use of 92 as a treatment for mitochondrial optic neuropathies, a true benefit
of the drug can only be realised through effective delivery to the retina. In fact, previous
metabolic studies showed that CYP enzymes are primarily responsible for the rapid metabolism
of quinone, reducing their bioalavility'%¢.

This rapid metabolism can severely limit the application of compounds as therapeutic agents
in complex I deficient diseases; unfavourable pharmacokinetics is the most common reason for
a drug therapy failure. However, in the last years, several drug delivery systems have been
formulated to overcome the challenges associated with drug metabolism. Liposomes,
microspheres, solid lipid nanoparticles, cyclodextrins have been successfully used to enhance
the solubility, stability, safety and bioavailability of drug molecules 7.

A specific delivery system of 92 to the cells of the retina over a sustained period (e.g. use of
biodegradable nanoparticles in eye drops) may improve ocular drug bioavailability, prolonging
precorneal residence time, maximising ocular permeability and minimising the necessary

therapeutic dose'®®.
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CHAPTER 8

METHODS AND MATERIALS
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8.1 Statistic analysis

Statistical analysis was performed with Prism 7.1 software (Prism version 7.00 for Windows,

GraphPad Software, La Jolla California USA):

1) Anova, Dunnet’s multiple comparisons, Sidak’s multiple comparisons and Tukey’
multiple comparisons: to compare each compound against the other and each compound
against the positive controls, respectively.

2) Michaelis-Menten enzyme kinetics: to determine enzyme's Km (substrate

concentration that yield a half-maximal velocity) and Vmax (maximum velocity).

8.2 Mitochondrial isolation

Mitochondria were isolated from heart and brain of mice as described in the Overview of

mitochondrial bioenergetics / Vitor M.C. Madeira'®® with slight modifications.

This method is based on the typical differential centrifugation procedure. Fresh brain and heart
were rapidly washed and minced on the glass dishes. The next step is the homogenization,
crucial for the quality and quantity of mitochondria isolated from tissues and it is different

between hard and soft tissue. Two different procedures were carried out.

e The brain tissue, once was it chopped into fragments, was homogenized at 4°C using a
cold small glass Potter-Elvehjem containing 10 mL of brain isolation buffer BIB (225
mM mannitol (Sigma), 75 mM sucrose (Sigma), 5 mM HEPES (Sigma), 1 mg/mL BSA
(Sigma), | mM EDTA pH7.4 (Sigma)).

e The brain homogenate was transferred to a fresh pre-chilled 10ml tube and centrifuged
at 2000 x g at 4°C for 4 minutes.

e The supernatant was decanted and the pellet was re-suspended in BIB and subject to a
second centrifugation.

e The two supernatants were combined and transferred to a fresh pre chilled 30ml tube

and centrifuged at 12,000 x g for 10 minutes at 4°C.
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e The supernatant was discarded and the pellet was re-suspended in brain resuspension
buffer BRB, (225 mM mannitol, 75 mM sucrose, 0.02 % digitonin (Sigma) and 5 mM
HEPES pH 7.4) 12,000 x g for other 8 min.

e The resulting pellet was re-suspended in brain in 300 uL of buffer BRB(without
digitonin), and stored at - 80°C.

Heart is a hard tissue and needs a different homogenization force to disrupt its cells, and in
some procedures, the use of proteases is reported in order to improve effective disruption of

the heart cells but with the risk to damage mitochondria.

e The heart homogenization took place with 4 homogenizations with a refrigerated
Teflon-glass Potter-Elvehjem.

e The homogenate was transferred to a fresh pre-chilled 30 ml tube containing 20 mL of
heart isolation buffer HIB (250 mM sucrose, 10 mM HEPES, 1 mg/mL BSA, 0.5mM
EDTA pH7.4) and centrifuged at 12000 x g at 4°C for 8 minutes.

e The pellet was recovered and transferred to a smaller glass manual Potter-Elvehjem
homogenizer containing 10 ml of HIB and promoted a gentle homogenization

e The homogenate was transferred to a fresh pre-chilled 10ml tube and centrifuged at
2000 x g at 4°C for 10 minutes.

e The supernatant was collected at centrifuged at centrifuge at 12,000 x g for other 8 min.

e The new supernatant was discarded, and the pellet was resuspended in 20 mL of re-
suspended heart buffer HBR (250 mM sucrose, 10 mM HEPES, pH 7.4) at centrifuged
at 12,000 x g for 8min

e The isolated mitochondria were resuspended in 300 pL HRB and stored at -80°C.

8.3 Determination of protein concentration-bicinchonic acid assay (BCA)

Protein concentrations of mitochondria were measured using a commercial protein assay kit
(Thermo Scientific). BSA standards and mitochondria were plated in triplicate in a flat
bottomed 96-well plate and incubated for 30 minutes at room temperature. The plate was read
at 562 nm wavelength. A standard curve was determined from a set of know concentrations of
bovine albumin serum (0.1 mg/mL, 0.25 mg/mL, 0.5 mg/mL, 0.75 mg/mL, 1 mg/mL, 2

mg/mL) and used to extrapolate the relative concentration of protein extracts.
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8.4 Investigation of interactions of quinone compounds with NQO1

Reduction of quinones by recombinant NQO1 was evaluated according to a procedure reported
by Haefel et al’®. The NQOI1 assay was performed using the CLARIOstar® microplate reader
measuring the change in absorbance of NADH (Sigma) at 340nm. In each well was added the
reaction buffer containing 25 mM Tris-HCI pH 7.4, 0.7 mg/mL BSA, NQO1 1pug/mL (Sigma),
50 uM quinone. Since quinones showed an absorbance at 340nm, the absorbance at time zero
was evaluated before adding NADH (100 uM) to the reaction buffer. The reaction started with
the added of NQO1 and the decrease of absorbance at 340 nm was followed for 5 minutes.
Specificity of the assay was confirmed using dicoumarol (Sigma) at a concentration of 20 uM.
The Michaelis menten curves were determined using the Hitachi U-2900 UV-Vis
spectrophotometer. The reaction was performed in 1-ml cuvettes (10 mm) at room temperature
using the same reaction buffer (25 mM Tris-HCI pH 7.4, 0.7 mg/mL BSA, NQOI1 Iug/mL,
NADH 100 uM). The quinone activity was tested using 4 different concentrations (5, 10, 25

and 50 uM) and the decrease of absorbance at 340 nm was followed for 5 minutes.

8.5 Investigation of interactions of quinone compounds with Complex I

Complex I activity was analysed wusing the artificial electron acceptor 2,6
dichlorophenolindophenol, DCPIP (Sigma). The quinone was reduced to quinol in presence of
NADH by complex I, the resulting quinol reduced DCPIP, turning it from blue to colourless.
The expected absorbance of DCPIP at 600 nm was calculated from the extinction coefficient
of DCPIP 19.1 x 10° M'em™!. Enzyme activity was measured as a decrease in absorbance at
600 nm during 10 minutes at room temperature, using the CLARIOstar® microplate reader.
The assay was performed following the procedure described by Spinaza et al'®, with
modifications. In each well of flat bottomed 96-well micro plate was added the reaction buffer
(50 mM buffer phosphate pH 7.4, 3 mg/mL BSA, 20 pg/ml bovine hearth isolated
mitochondria, 300 puM KCN (Sigma), 80 uM DCPIP ). The compounds were tested at a
concentration of 80 uM, and NADH was added at a concentration of 100 uM. The specificity
of the assay was confirmed using rotenone (Sigma) at a concentration of 10 uM. Isolated

mitochondria were subject to three cycles of freeze-thawing in hypotonic buffer (10 mM Tris-
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HCI) before measuring complex I in order to maximize the enzymatic rates. The Michaelis
menten curve was determined using the Hitachi U-2900 UV-Vis spectrophotometer in 1ml

cuvette, using the same protocol, with the exception of DCPIP concentration (52 uM).

8.6 Investigation of interactions of quinone compounds with Complex II

Complex II activity was analysed using the oxidation of succinate with DCPIP. The assay was
performed at room temperature in 50 mM phosphate buffer pH 7.4 containing 10 mM
succinate, 80 uM quinones, 3mg/mL BSA, 20 pug mitochondria and 300 uM KCN. Specificity
of the assay was confirmed using TFFA (Sigma) at a concentration 20 uM. Isolated
mitochondria were subject to three cycles of freeze-thawing in hypotonic buffer 10 mM Tri-
HCI before measuring complex II activity. The Michaelis menten curve was determined using

the Hitachi U-2900 UV-Vis spectrophotometer in 1ml cuvette, using the same protocol, with

the exception of DCPIP concentration (52 puM).

8.7 Investigation of interactions of novel compounds with cytochrome ¢ and
Complex III in presence of NQO1

Complex III activity was analysed by measuring the change in absorbance at 550 nm of
oxidized cytochrome c. The expected absorbance of 60 uM cytochrome c (Sigma) was
calculated from the extinction coefficient (18.5 x 10° M cm !). The expected reduced
cytochrome ¢ was obtained adding few grams of sodium dithionite to a solution of oxidised
cytochrome c¢ in Tri-HCI. The reaction was performed at room temperature in 50 mM
phosphate buffer pH 7.4 containing 60 uM quinones, 1 pg/mL NQOI1, 3 mg/mL BSA, 20 pg
mitochondria and 300 uM KCN. The reaction was initiated by automated dispensing of the
NADH solution (100 uM) into the wells. The tested quinone was reduced into quinol by NQO1,
the potential binding of the quinol to complex III, was evaluated following the increase of
absorbance at 550 nm, due to the reduction of cytochrome c. Specificity of the assay was
confirmed using dicoumarol at a concentration 20 uM to inhibit the NQOI1 activity or
antimycin 10 uM to inhibit the complex III activity. The directly reduction of cytochrome by
naphthoquinone was determined using the same protocol, but removing mitochondria from the

reaction buffer.
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8.8 Culturing of Cells

HepG2 cell line was kindly provided by Prof. Karl Hoffmann’s lab, IBERS, (Aberystwyth
University), while SH-SY5Y was provided Dr. Emma Kidd’s lab (Cardiff University). Both
cell lines were cultivated under normal culture conditions (37 °C, 5% CO2, and 90% relative
humidity [rH]). All media were supplemented with antibiotics (100 units/mL penicillin, 1
pg/mL streptomycin, (Gibco), Glutamax (Gibco) as 1% of volume in a mixed solution. fetal
bovine serum (FBS, Gilbco) was used as serum at a final concentration 10%. The cells were
cultivated in flasks of 75 cm? with 15 mL of medium. Confluent adherent cells were washed
once with PBS (Gibco) to remove FBS and cellular debris. Cells were then incubated to
detachment with 0. 25% Trypsin-EDTA (Gibco). Detached-cells were resuspended in growth
media and harvested (125 x g; 5 min; RT). Cells were resuspended in their growth medium and

split at a ratio of 1:3 to 1:5 depending on cell type.

8.9 Thawing and Freezing of Cells

Cells stored in liquid nitrogen were thawed at 37 °C in a water bath and resuspended in growth
medium to a final volume of 15 ml. After harvesting by centrifugation (125 x g; 5 min; RT),
the cells were resuspended in their growth medium and seeded into a flask. For
cryopreservation of cells, they were resuspusend in media containing 5% DMSO and 10% FBS
and transferred into cryotubes (Nunc) at concentrations of 2,000,000 cells/mL. In a first step,
cells were slowly frozen at -80 °C in an isopropanol-containing tube box for 24 h and then

transferred to liquid nitrogen for long-term storage.

8.10 Compound Treatment Solution Preparation

Most compounds were stored at a stocks concentration 25.7 mM at -20 °C in DMSO; except
for dicoumarol (in 0.1% sodium hydroxide). Stock solutions were diluted in DMSO to obtain
a solution of 4 mM used to test compounds at concentration 1 uM of lower. The resulting
DMSO solutions were diluted in the medium at a concentration 10X of the one used for the
experiment. Finally, 10 pL of this solution was added on the top of cells for a maximum of

0.1% DMSO concentration.
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8.11 Determination of ATP level

Cellular ATP levels were quantified by CellTiter-Glo® Luminescent Cell Viability Assay
(Promega). The Kit was used as recommended by the manufacturer. Briefly, after treating the
cells as described in the results section (3.2.1), 50 uL of CellTiter-Glo® were added in each
wells and the 96 well plate was gently mixed on a shaker for 2 min in the CLARIOstar at 300
rpm. Afterl0 minutes of incubation at room temperature, the luminescence signal was
quantified in the CLARIOstar, plate reader. The luminescence of each well was normalized

according to untreated cells (in absence of rotenone).

8.11.1 Rescue of ATP level in HepG2 and SH-SYSY

The day prior to the assay cells were seeded in 96-well plates (10 x 10*) in DMEM (Gibco)
containing 1g/L glucose supplemented with 1x penicillin/streptomycin, 1x Glutamax, 2% FBS.
The day after, the media was replaced with fresh media DMEM (without glucose and FBS)
containing rotenone 25 uM, tested compounds were added at same time. Cells were incubated

at 37°C for 2 hours, before measuring the ATP content. using the Cell Titer Glo assay.

8.11.2 Rescue of ATP level SH-SY5Y

The day prior to the assay cells were seeded in 96-well plates (5 x 10*) in DMEM: F12 (Gibco)
containing 1g/L glucose supplemented with 1x penicillin/streptomycin, 1x Glutamax, 2% FBS.
The day after the media was replaced with fresh media DMEM (without glucose and FBS)
containing rotenone 25 uM, tested compounds were added at same time. Cells were incubated

at 37°C for 5 hours. ATP content is measured using the Cell Titer Glo assay.

8.11.3 Rescue of ATP level SH-SYSY after lipoic Acid treatment

The day prior to the assay cells were seeded in 96-well plates (5 x 10%) in DMEM: F12

containing 1g/L glucose supplemented with 1x penicillin/streptomycin, 1x Glutamax, 2% FBS.
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The day after the media was replaced with fresh media containing lipoic acid (sigma) 3mM
and the plate was incubated for 72 h. After 72 h, the media was replaced with fresh media
DMEM (0% glucose) containing rotenone 25 uM, tested compounds were added at the same
time (5 uM). Cells were incubated at 37°C for 6 hours. ATP content is measured using the Cell
Titer Glo assay (Promega). The CellTiter Glo reagent was added to each well at 50 mL, and
the plate is allowed to incubate for 10 minutes at room temperature. Following incubation,
luminescence is measured using a CLARIOstar plate reader. The luminescence of each well

was normalized according to untreated cells

8.12 Determination of cell viability assessed by MTT

To quantify the amount of live and dead cells, The MTT assay was used. The MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma)) tetrazolium is a dye, that can
be converted into a purple coloured formazan product by viable cells with active metabolism.
The formazan product of the MTT tetrazolium accumulates as an insoluble precipitate inside
cells. After removing the media, the precipitate can be solubilized in DMSO, and the
absorbance at 570 nm can be read. The absorbance of each well was normalized according to

untreated cells.

8.12.1 Cytotoxicity assay HepG2 assessed by MTT

The day prior to the assay cells were seeded in 96-well plates (10 x 10°) in DMEM containing
1g/1 glucose supplemented with 1x penicillin/streptomycin, 1x Glutamax, 2% FBS. The day
after, the media was replaced with fresh media DMEM (2% FBS, 1g/L glucose) containing 25
uM of tested compound. Cells were incubated at 37°C for 24 hours. After 24 hours, the media
was removed, and 100 ul of MTT solution (0.5 mg/mL) was added to each well. The plate was
incubated for 3h at 37°C. After 3h the solution was removed, and the purple solid was dissolved

adding 50 pl of DMSO. The absorbance at 570 nM was read for each well

8.12.2 Cytotoxicity assay SH-SYSY assessed by MTT

The day prior to the assay cells are seeded in 96-well plates (5 x 10°) in DMEM: F12 containing
1g/l glucose supplemented with 1x penicillin/streptomycin, 1x Glutamax, 2% FBS. The day
after, the media was replaced with fresh media DMEM: F12 (2% FBS, 1g/L glucose)
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containing 25 pM of tested compound. Cells were incubated at 37°C for 24 hours. After this
time, the media was removed, and 100 pl of MTT solution (0.5mg/mL) was added to each well.
The plate was incubated for 3h at 37°C. After 3h the solution was removed, and the purple
solid was dissolved adding 50 ul of DMSO. The absorbance at 570 nm was read for each well.

8.12.3 Determination of cell viability assessed by ATP quantification

Dose-cytotoxicity curve of idebenone, 37 and 92 was assessed by ATP quantification using
CellTiter Glo assay. In order to confirm the results obtained by MTT assay, the dose
cytotoxicity curve of the best compounds was assessed by CellTiter-Glo kit. The ATP detection
assay using CellTiter-Glo is more sensitive and has the least amount of interference than the
MTT assays, where the use of tetrazolium is less expensive!”’. In both cell lines, the cells were
treated using the same procedure described in the Chapter 7.12.1 and 7.12.2 for HepG2 and
SH-SYS5Y respectively. After the incubation with the tested compound for 24. The CellTiter
Glo reagent was added to each well at 50 mL, and the plate is allowed to incubate for 10 minutes
at room temperature. Following incubation, luminescence is measured using a CLARIOstar

plate reader. The luminescence of each well was normalized according to untreated cells

8.14 Seahorse assay

Oxygen consumption rate is measured using Seahorse Extracellular Flux (XF) 96 Analyzer
(Seahorse Bioscience, North Billerica, MA, USA). The oxygen consumption rate was
measured before and after adding the pharmacological agents to respiring cells. Measurement
of oxygen consumption over 3 min was made repeatedly. Three measurements were made and
averaged to provide reliable measurements. For the first 18 minutes, basal respiration was
measured, followed by the injection of tested quinone, oligomycin (Agilent Seahorse XF ATP
Real-Time) and antimycin/rotenone (Agilent Seahorse XF ATP Real-Time) for the reaming 54

minutes, divided equally for all injections.

On the day of the experiment, the cell plate was washed two times with Seahorse assay media
(Agilent Seahorse XF ), (low-glucose (1 g/L), supplemented with 1x Glutamax, 1x pen-strep
and adjusted to pH 7.4). The cell plate and the loaded chemical cartridge were both incubated
at 37°C without CO> for 45 minutes before the start of the experiment. To testing the activity
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of quinones compounds, Rotenone was dissolved in the assay media at a concentration of 0.5

puM, and the tested compound was injected before the three inhibitors.

Before testing the quinones activity, the cell density and concentration of drugs were optimized.
The day prior to the assay, the cell is seeded 25 x 10* on plates. On the day of the experiment,
the media was removed, and the cell plate was washed with Seahorse twice, before incubating
the plate with assay media containing rotenone 0.5 uM. After incubating the cells for 45
minutes, the machine injected sequentially 10 uM of quinones, 1.5 uM oligomycin, 1 uM

Antimycin separated by periods of mixing and measurement.

8.15 Determination of Reactive Oxygen Species by CelROX®

The fluorescent dye CelROX® Green reagent (Invitrogen) was used to quantify the level of
mitochondrial ROS in cells. The dye passively diffuses and accumulates into cells in non-
fluorescent oxidized form. In the presence of reactive oxygen species, the dye is reduced, and
it changes to a fluorescent compound. This fluorescent signal has an emission of ~ 520 nm.
The method was performed as instructed by the manufacturer. Briefly, HepG2 cells were
seeded in black 96-well plates, and the day of the assay the media was replaced with a fresh
media containing 25 uM of Menadione or interested compounds. After the incubation for 3h
in the dark, the fluorescent dye was added at a concentration of 5 uM. Subsequently, cells are
washed twice with 100 pul PBS, and fluorescence signals were measured immediately in 100
ul PBS (excitation: 485 nm, emission: 520 nm). Mean background value from cell-free wells

incubated dye was subtracted from signals. An increase in fluorescence represented an increase

in ROS level.

8.16 Determination of H20:level by the ROS-Glo™ H;O:

The reagent ROS-Glo™ H>O» (Promega) was used to quantify the level of H,O: in cells, used
as indicator of ROS generation. ROS-Glo™ H,O; assay was carried out as instructed by the
manufacturer. Briefly, HepG2 cells were seeded in white 96-well plates, and the day of the
assay the media was replaced with 80 pL of a fresh media containing 25 uM of Menadione or
tested compounds, followed by 20 uL of H2O> substrate dilution buffer (containing 125uM of
H>0O; substrate). The plates were incubated for 4h, and after that, 100 uL of ROS-GLO

detection solution was added to the plates. The plates were incubated at room temperature for
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another 20 minutes. Subsequently, the luminescence signals were measured immediately using
the CLARIOstar plate reader. Mean background value from cell-free wells incubated dye was

subtracted from signals.

8.17 Determination of quinone reduction by WST-1

The intracellular reduction of quinones was determined using the water-soluble tetrazolium
salts ~ WST-1((2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-  tetrazolium
(Santa Cruz Biotechnology,). The conversion of salt into the corresponding formazan dye, upon
reduction by hydroquinones, was followed by reading the increase of absorbance at 450 nm
using the CLARIOstar plate reader. The assay was performed as described by Tan and Berridge
work!** Menadione cell-free NQO1 enzyme solution was used as positive control. In detail, 10
uL of 4.5 mM Menadione DMSO-solution was added to 90 pL of NQOI1 enzyme solution
containing 25mM Tris-HCI pH 7.4, 0.7 mg/ml bovine serum albumin (BSA), NQO1 1ug/mL,
and 50 uM Menadione.

8.17.1 Quinone reduction in SH-SYSY cell line

The day prior to the assay, cells were seeded in 96-well plates (5 x 10°) in DMEM: F12
containing 1g/1 glucose supplemented with 1x penicillin/streptomycin, 1x Glutamax, 2% FBS.
The day after, the media was replaced with HBSS containing 450 uM WST-1 and 25uM of
testing compounds. Cells were incubated at 37°C and WST-1 reduction was followed over a
period of 8 hours. The mean background value from cell-free wells incubated dye was

subtracted from signals.

8.17.2 Quinone reduction in HepG2 cell line

The day prior to the assay cells were seeded in 96-well plates (10 x 10°) in DMEM containing
1g/1 glucose supplemented with 1x penicillin/streptomycin, 1x Glutamax, 2% FBS. The day
after, the media was replaced with HBSS containing 450 uM WST-1 and 25 pM of testing

compounds, with or without dicoumarol (20 uM). Cells were incubated at 37°C and WST-1
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reduction was followed over a period of 4 hours. Mean background value from cell-free wells

incubated dye was subtracted from signals.

8.18 Western blot

The quantification of a specific protein was determined using western blots. Briefly, cells were
lysed in an RIPA lysis buffer (50 mM Tris pH 7.4 (Sigma), 1% NP-40 (Thermo Scientific),
150 mM NaCl (Sigma), 0.25% sodium deoxycholate (Sigma), ]| mM EDTA (Sigma) for 30

min on ice.

Gel chambers were assembled and filled with separation buffer (1.5 M Tris pH 8.8, 30%
acrylamide (Bio-Rad), 10% SDS (Bio-Rad), and freshly added 0.1% APS (Sigma) and 1%
TEMED (Bio-Rad)). Ethanol was added on top of the gel to smoothen the border. After the
hardening of the gel, ethanol was removed and washed with water. Stacking buffer (1 M Tris
pH 6.8, 30% acrylamide, 10% SDS, and freshly added 0.1% APS and 1% TEMED) was poured
on top and mini-protean 15-well combs (Bio-Rad) was positioned. After the hardening of
stacking gel, the comb was gently removed, and gaps were thoroughly rinsed with water. Gels
were placed into electrophoresis rack, and the tank was filled with running buffer (25 mM Tris,
192 mM glycine, 10 % SDS). Protein samples were denaturised for 10 minutes at 100 °C.
Approximately 30ug protein supernatant was applied to each well. Electrophoresis was
performed at a constant current (25 mA/gel). The gel was carefully removed from the glass,
and the protein was transferred to nitrocellulose membrane. The transfer was performed at a
constant voltage (150V) in a tank filled with transfer buffer (25 mM Tris, 192 mM glycine, 20
% SDS, 20% methanol) at 4°C. Membrane was washed in TBST (50 mM Tris-HCI pH 7.4,
150 mM NaCl, 0.1% Tween 20 (Sigma)). After incubation for one hour in blocking buffer (5%
milk powder in PBS), membranes were subjected to primary antibodies in cold blocking buffer
overnight at 4 °C. the concentration of primary antibody was 1:1000 and 1:2000 for NQO1
(Anti-NQOT1, Abcam) and actin respectively. The following day, the membranes were washed
with PBS before secondary antibodies were added in blocking buffer for one hour. After
washing the secondary antibodies, the relative amount of protein in different bands was

analysed using software Molecular Imager Gel Doc XR+ imaging system.
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8.19 Induce NQOL1 lipoic acid in SH-SYSY

The cells were plated on 6 well plates at a density of 1.000.000 cells/ml and were allowed to
grow for 24 h. Fresh culture medium containing various concentrations of lipoic acid (Sigma)
(ImM, 2mM, 3mM, SmM) was added, and the cells were incubated for the indicated times (24
or 48h), adding or no fresh amount of lipoic Acid after 24h. Cells treated with 0.1% DMSO
alone were used as controls. After lipoic acid treatment, the cells were washed twice with PBS,
detached with trypsin and were then harvested, the pellet was resuspended in RIPA buffer with
protease inhibitor cocktail (Sigma) and gently mixed for 30 minutes at 4°C. After 30 minutes,
the solution was centrifuged at 13,000 rpm for 13 min. Protein concentrations were determined

with the BCA Protein Assay Reagent kit.
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CHAPTER 9

EXPERIMENTAL SECTION
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9.1 COMPUTATIONAL METHODS

9.1.2 General information

A PC 1.80 GHz Intel Xeon (8 cores), running Ubuntu 14.04 LTS was used for molecular
modelling studies. Two molecular modelling software were used: Molecular Operating

Environment (MOE) 2015.10 and Maestro (Schrodinger version 10).

9.1.3 Protein preparation

All target structures were downloaded from the Protein Data Bank and completed with
MAESTRO (Schrédinger version 10). In all of them, all water and co-crystallised molecules
were removed, except for the ligand and FADH or HEME groups. Predicting protonation states

of protein residues was calculated considering a temperature of 300K and a pH of 7.

9.1.4 Pharmacophore

For NQOI1 target protein (PDB: 1D4A, 2F10, 1GGS,) a pharmacophore was built with MOE
2015.10 protein ligand interaction fingerprints (PLIF). PLIF automatically detected the
potential location features (annotation points), that constitute the pharmacophore query and
binding interactions. Hydrophobic areas (Hs), aromatic rings (ARs), hydrogen bond acceptors
(HBAs), aromatic rings (ARs) have been used as ligand annotation points, exclusion volumes
(XVOLs) were added for binding site size definition. The prepared ligand conformations,
originated from commercially available database of four different vendors (SPECS, Enamine,
Life Chemicals and ChemDiv), were screened for structures that match the pharmacophore

query. The molecule that matched at least three essential features of the total were saved.
9.1.5 Homology modelling

The homology model was computed with the Homology Model tool of MOE 2015.10 suite.
The FASTA sequence of the protein (P00156) was downloaded from the Swiss-Prot database,
and was modelled on the template crystal structure (PDB:1ntz). Protein crystal structure was

prepared before the homology modelling, removing water molecules and unwanted ligands.
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9.1.6 Molecular Docking

All molecular docking studies were performed Maestro (Schrodinger version 10) Glide
program. Prior docking, the receptor grids were built selected the co-crystallised ligands as
center and a 12 A grind length. The docking calculations were performed with standard

precision and the selected compounds poses were visually with MOE 2015.10

9.1.10 Prediction of standard reduction potential

The prediction of standard potential reduction of quinone compounds was performed using
Gaussian 09. Molecular structures were optimized at the B3LYP/6-31G(d) level of theory and
the presence of water was simulated using the Conductor-like Polarizable Continuum Model

(CPCM).
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9.2 SYNTHESIS

9.2.1 General Information

The compounds selected by virtual screening were purchased from SPECS, ChemDiv and Life
Chemicals. All chemical reagents and solvents used in the synthesis were purchased from

Aldrich, Alfa Aesar, Flurochem, Enamine.

9.2.2 Thin Layer Chromatography

Silica gel plates (Merck Kieselgel 60F2s4) were used and were developed by the ascending
method. After solvent evaporation, compounds were visualized by irradiation with UV light at

254 nm and 366 nm.
9.2.3 Purification and isolation of final products

The final products and intermediate of reactions were purified by re-crystallisation in Ethanol
or flash column chromatography. The purity of synthetized compounds was assessed uby

UPLC-MS, meanwhile the presence of residual solvent was assessed by NMR.

9.2.4 Column Chromatography

Chromatography was performed using a Biotage Isolera™ Prime with SNAP Cartridges KP-
Sil column. Samples were applied as a concentrated solution in the same eluent. Fractions

containing the product were identified by TLC, combined and the solvent removed in vacuum.

9.2.5 NMR Spectroscopy

'H and 1*C, NMR spectra were recorded on a Bruker AVANCE 500 spectrometer (500 MHz
and 75 MHz respectively) and auto-calibrated to the deuterated solvent reference peak.
Chemical shifts are given in 0 relative to tetramethylsilane (TMS); the coupling constants (J)
are given in Hertz. TMS was used as an internal standard (8 = 0) for 'H- NMR and CDCl;
served as an internal standard (8 = 77.0) for *C- NMR.
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9.2.6 UPLC-MS analysis

UPLC-MS analysis was conducted on a Waters UPLC system with both Diode Array detection,
and Electrospray (+’ve and —‘ve ion) MS detection. The stationary phase was a Waters Acquity
UPLC BEH C18 1.7um 2.1x50mm column. The mobile phase was H20 containing 0.1%
Formic acid (A) and MeCN containing 0.1% Formic acid (B). Column temperature: 40°C.
Sample diluent: acetonitrile. Sample concentration 10 pg/mL. Injection volume 2 ul. Three

methods were used:

Linear gradient standard method A: 90% A (0.1 min), 90%-0% A (2.6 min), 0% A (0.3
min), 90% A (0.1 min); flow rate 0.5 mL/min.

Linear gradient standard method B: 90% A (0.1 min), 90%-0% A (2.1 min), 0% A (0.8
min), 90% A (0.1 min); flow rate 0.5 mL/min.

Linear gradient standard method C: 90% A (0.1 min), 90%-0% A (1.5 min), 0% A (1.4

min), 90% A (0.1 min); flow rate 0.5 mL/min.
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9.3 Chemistry: general procedure and compound characterization

General procedure 1: synthesis of 2-chloro-3-amino derivatives

H
Cl N
SO @k
049
cl 15-94% cl
o (o)
36 42-59

A mixture of 2,3-dichloronaphthoquinone and the corresponding amine 2 (1.5 eq) in absolute
ethanol was stirred at room temperature and monitored by TLC until completion. The resulting
mixture was concentrated in vacuum, and the residue was partitioned between a HC1 1 N
solution and AcOEt. The organic layer was dried over anhydrous magnesium sulphate, filtered
and concentrated. The crude product was purified using silica gel column chromatography,
Biotage Isolera One system, using nHexane/EtOAc as eluent to afford the pure compound. In

same reactions, the precipitated pure product was collected by vacuum filtration

General procedure 2 : synthesis of 2-alkoxy-3-chloro naphthoquinones

0 o
ci ci
O‘ ROH, K,CO,, THF O‘
cl o o
]
o 0O R

A mixture of 2,3-dichloronaphthoquinone, the corresponding alcohol (1.2 eq) and KoCOs (1.2
eq) in THF (0.2 M) was stirred at room temperature for 12 h. The resulting mixture was
concentrated in vacuum, and the residue was partitioned between a HCl 1IN solution and
AcOEt. The combined organic layers were dried over anhydrous magnesium sulfate, filtered
and concentrated. The crude product was purified using silica gel column chromatography
Biotage Isolera One system, using nHexane/EtOAc as eluent to afford the pure compound. .
When possible, the precipitated pure product was collected by vacuum filtration without further

purification
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General procedure 3 : synthesis of 2-alkoxy-3-benzammine naphthoquinones
o o

Cl t-BuOK, aniline, XPhos, Pd,(dba); O‘ N
O‘ 0o Toluene, mw 130, 30 minutes (o)

A microwave tube-with a magnetic stir bar was charged with t-BuOK (1.5 eq) naphthoquinone

(1.0 eq), XPhos (10 mol %), Pd2(dba); (10 mol %) and the appropriate aniline (1.5 eq), sealed

with a septum, and degassed by alternating vacuum evacuation and nitrogen (three times)
before a anhydrous toluene (0.3 M) was added by a syringe. The reaction mixture was irradiated
at the MW for 30 min at 130°C. After the reaction was complete, the mixture was dissolved in
AcOEt, filtered on Celite and washed with HCI 2 N. The organic layer was dried over
anhydrous magnesium sulfate, filtered and concentrated. The crude product was purified using
silica gel column chromatography, Biotage Isolera One system, using nHexane/EtOAc as

eluent to afford the final compound.

General procedure 4 : synthesis of 2-methylthio -3-benzammine naphthoquinones
o o
H H
N\@ NaSCH, *N R
_—
cl ETOH O‘ s\©
o fo} |

To a mixture of 2-chloro-3-amino-naphthoquinone (1 eq) in EtOH ( 0.3 M), sodium
methanethiolate (2 eq) was added, and the reaction was stirred at room temperature for 3 h The
resulting mixture was concentrated in vacuum, and the residue was partitioned between a water
and AcOEt. The combined organic layers was dried over anhydrous magnesium sulfate, filtered
and concentrated. The crude product was purified using silica gel column chromatography,

Biotage Isolera One system, using nHexane/EtOAc as eluent to afford the final compound
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General procedure 5 synthesis of 2-sulfanyl -3-benzammine naphthoquinones
Q H
\©/ R-SH, cho3 N CF
‘ radl 00 Q0
o R

To a mixture of 2-chloro-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (1 eq)
in EtOH appropriate Thiols (2 eq) and K>COs (2 eq) were added, and the reaction was stirred
at room temperature. The resulting mixture was concentrated in vacuum, and the residue was
partitioned between a water and AcOEt. The combined organic layers was dried over
anhydrous magnesium sulfate, filtered and concentrated. The crude product was purified using
silica gel column chromatography, Biotage Isolera One system, using nHexane/EtOAc as

eluent to afford the final compound.

General procedure 6: synthesis of 2-aminonaphthalene-1,4-dione

0 o]
CeCl;*7TH,0, NH,R H s
_—
O = 0
o o

The 1,4 naphthoquinone (1.0 eq) was stirred with cerium trichloride heptahydrate (1.5 eq) in
EtOH at room temperature. After 15 minutes, the appropriate aniline (1.5 eq) was added, and
the reaction was stirred for 12 h. The resulting mixture was concentrated in vacuum, and the
residue was partitioned between satd. aq. NH4Cl and AcOEt. The combined organic layers
were washed with HCl 6N and dried over anhydrous magnesium sulfate, filtered and
concentrated. The crude product was purified using silica gel column chromatography, Biotage
Isolera One system, usingnHexane/EtOAc as eluent to afford the final compound. In same

reactions, the precipitated pure product was collected by vacuum filtration.
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General procedure 7: synthesis of 2-chloro-3-aminonaphthalene-1,4-dione

o o
¢l CeCl;*7TH,0, NH,R H_R
F—
O‘ EtOH, 60C O‘
Cl Cl
o o]

The 2-chloronaphthalene-1,4-dione (1.0 eq) was stirred with cerium trichloride heptahydrate
(1.5 eq) in EtOH at room temperature. After 15 minutes, the appropriate aniline (1.5 eq) was
added, and the reaction was stirred for 24 h at 60°C. The reaction mixture was cooled and the

precipitated was collected by vacuum filtration.

General procedure 8: synthesis of 2-chloro-3-aminonaphthalene-1,4-dione

[o) H CUZ(OH)ch3*H20 (0] H
N-R K25;0s N-R
SO T Iee:
MeCN, 65C 12h SCF;
lo) o

A Schlenk tube equipped with a magnetic stir bar was charged with naphthoquinones (1.0 eq),
Cu2(OH)2CO3-H>0 (1.5 eq), AgSCF3 (3.0 eq) and K2S>05 (3.0 eq). The tube was sealed with
a septum, and degassed by alternating vacuum evacuation and nitrogen (three times) before
anhydrous CH3CN (0.3 M) was added by a syringe. The mixture was stirred at 65 °C overnight
for 12 h. The solution was then cooled to room temperature and a satd. aq. NH4Cl solution was
added. The resulting mixture was filtered by Celite, eluted with DCM. Separated the organic
layers, the water phase was extracted with DCM two times. The combined organic phases were
dried over anhydrous magnesium sulfate, filtered and concentrated. The crude product was
purified using silica gel column chromatography, Biotage Isolera One system, using

nHexane/EtOAc as eluent to afford the final compound.
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Synthesis of 2-(10-hydroxydecyl)-3-methylnaphthalene-1,4-dione (28)

o AgNO; o
o (NH),;S,0¢ OH
¥ J\/\/\/\/\/\ > O‘
CLL - W on
MeCN,water
o 75°C, 2h 0
40 41 28

To a solution of 40 (1 eq in acetonitrile/water 5 ml 4/1) was added 11-mono-carboxylic acids
41 (1.5 eq) and AgNO3 (0.3 eq). The mixture was heated to 75°C and a solution of K2S>Og (2
eq) in distilled water 3mL was added dropwise over 10 minutes, then the reaction mixture was
stirred for another 90minutes.The resulting mixture was cooled, evaporated and the residue
was extracted with CH2Cl,. The organic layer was washed with water, then dried over
anhydrous Na>SO4 and evaporated under reduced pressure. The crude product was purified by
flash column chromatography, Biotage Isolera One system, Cartridge: ZIP KP 20g, using

nHexane/EtOAc, as eluent to afford the title compound.
T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.62
Yellow solid

Yield: 30%

Purity: 95 %

'TH-NMR (500 MHz, CDCl3) 6 ppm 8.12-8.10 (m, 2H, ArH), 7.33-7.71 (m, 2H, ArH), 3.67 (4,
J=6.8 Hz, 2H, CH2OH), 2.66 (t, ] = 7.4 Hz, 2H, CH>), 2.22 (s, 3H, CH3), 1.60-1.20 (m, 16H,
CHo).

I3C-NMR (125 MHz CDCIl3), 4 ppm 181.2, 180.4 (C=0), 144.4, 140.2 (C, C- aromatic), 135.0,
134.7, 132.8, 132.4, 126.0, 125.4 (CH, C-aromatic), 64.3 (OH), 32.4, 29.6, 28.5, 28.0, 27.7,
24.4,23.3,22.5,21.4 (CHy), 14.0 (CH3)
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2-(methylthio)-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (37)

(o}

: \©/ch

o

General procedure 4

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.63
Purification column chromatography hexane/AcOEt
Yield: 75%

Purity: 100 %

UPLC-MS method C: 2.46 MS (ESI)+: 364[M+H] +

TH-NMR (500 MHz, DMSO) §: 8.16 (dd, J= 7.6, 1.4 Hz, 1H, ArH), 8.10 (dd, /= 7.6, 1.4 Hz,
1H, ArH), 7.83 (s, 1H, NH), 7.75 (td, J = 7.5, 1.4 Hz, 1H, ArH), 7.72 — 7.66 (m, 1H, ArH),
7.45 (d, J=7.9 Hz, 1H, ArH), 7.39 (d, J = 7.8 Hz, 1H, ArH), 7.26 (d, J = 3.3 Hz, 1H, ArH),
7.16 (dt, J= 8.0, 1.4 Hz, 1H, ArH), 2.12 (s, 3H, CHs).

I3C-NMR (125 MHz DMSO, § 180.9, 180.3 (C=0), 142.9, 138.6 (C, C aromatic), 134.7 (CH,
C-aromatic), 133.4 (C, C aromatic), 133.1, 131.0 (CH, C-aromatic), 130.8 (C, C aromatic),

130.4, 128.9, 126.8, 124.9, 124.6, 121.6, 120.8, 118.5 (CH, C-aromatic), 17.9(CHa).

19F NMR (471 MHz, CDCls) § -62.5.
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Synthesis of 2-fluoro-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (38)

CF3 CF3
Q H Q H
O‘ N Selectfluor O‘ N
MeCN, 18h F
(o) (o)

To a mixture of 2-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (1 eq) was
dissolved in anhydrous MeCN (0.2 M) Selectflour (2 eq) was added and the reaction was stirred
for 18h at room. The resulting mixture was concentrated in vacuum and the residue was
partitioned between satd. aq. NH4Cl and AcOEt. The combined organic phases were dried over
anhydrous magnesium sulfate, filtered and concentrated. The crude product was purified using
silica gel column chromatography, Biotage Isolera One system, using nHexane/EtOAc, as

eluent to afford the title compound.

Orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.44

Yield: 25%

Purity: 93%

UPLC-MS method c: Rt: 2.709, MS (ESI)-: 332.1-334.1[M-H]-

'"H-NMR (500 MHz, CDCl3) 6 ppm 8.17 (dd, /= 7.6, 1.3 Hz, 1H, ArH), 8.13 (dd, J=7.7, 1.3
Hz, 1H, ArH), 7.80 (td, J=7.5, 1.3 Hz, 1H, ArH), 7.72 (td, /= 7.6, 1.3 Hz, 1H, ArH), 7.48 (t,
J=17.9 Hz, 1H, ArH), 7.43 (d, J = 7.8 Hz, 1H, ArH), 7.37 (m, 1H, ArH), 7.21 — 7.18 (m, 1H,
ArH).

I3C-NMR (125 MHz CDCl), & ppm 182.2, 182.1 (C=0), 175.9(C, C aromatic), 143.6,
141.5(C, C aromatic), 138.5, 135.3(CH, C-aromatic), 133.4(C, C aromatic), 131.3, 130.9,
129.4, 128.7, 126.8, 125.2, 121.6, 118.9(CH, C-aromatic).

19F NMR (471 MHz, CDCl3) 6 -62.13. 131.22
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2-((3-(trifluoromethyl)phenyl)amino)-3-((trifluoromethyl)thio)naphthalene-1,4-dione
(39)

H
OO0
SCF3
o

General procedure 8

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.28
Purification: column chromatography hexane/AcOEt
Yield: 70%

Purity: 100 %

UPLC-MS method C: 2.48 MS (ESD)+: 418[M+H] +

IH-NMR (500 MHz, DMSO) 5: 8.20 (dd, J= 7.8, 1.3 Hz, 1H, ArH), 8.15 (s, 1H, ArH), 8.11
(dd, J=17.7, 1.3, 1H, ArH), 7.78 (td, J = 7.6, 1.4 Hz, 1H, ArH), 7.68 (td, J=7.6, 1.3 Hz, 1H,
ArH), 7.55 - 7.51 (m, 1H, NH), 7.48 (t, J = 7.8 Hz, 1H, ArH), 7.36 (d, J = 1.9 Hz, 1H, ArH),
7.28 (dd, J=17.9, 1.9 Hz, 1H, ArH).

I3C-NMR (125 MHz DMSO, &: 5 180.3, 179.8(C=0), 150.4, 138.5 (C, C aromatic), 135.8
(CH, C-aromatic), 133.2 (C, C aromatic), 133.1, 129.9 (CH, C-aromatic), 129.8 (C, C

aromatic), 128.9, 127.7, 127.3, 124.1, 122.8 (CH, C-aromatic).

19F NMR (471 MHz, CDCl3) § -41.3, -62.9.
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2-chloro-3-((3-Chlorobenzyl) amino) naphthalene-1,4-dione (42)

General procedure 1;

brown solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.42

Purification: re-crystallation from EtOH

Yield: 73%

Purity: 99 %

UPLC-MS method B: Rt: 2.709, MS (ESI)-: 332.1-334.1[M-H]-

IH-NMR (500 MHz, CDCls) & 8.23-8.21 (m, 1H, ArH), 8.18 (d, J=7.7, Hz 1H, ArH), 8.08 (d,
J=17.6, Hz, 1H, ArH), 7.64— 7.62 (m, 1H, ArH), 7.76 (dt, J = 6.3, 1.4 Hz, 1H, ArH), 7.66 (t, J
=7.7,1.2 Hz, 1H, ArH), 7.34-7.33 (m, 1H, ArH),7.23-7.22 (m, 1H, ArH), 5.05 (s, 2H, CH)

13C-NMR (125 MHz CDCL) &: 176.9, 176.1 (C=0), 140.1, 135.0 (C, C aromatic), 134.8,
1347, 132.7, 132.5, 130.3, 129.7, 1282, 127.8, 127.6, 126.9,125.6 (CH, C-aromatic),
48.1(CHy).
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Methyl 3-(((3-chloro-1,4-dioxo-1,4-dihydronaphthalen-2-yl) amino) methyl) benzoate
(43)

General procedure 1;

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.58

Purification: re-crystallation from EtOH

Yield: 90%

Purity: 100%

UPLC-MS method B: Rt: 2.507, MS (ESI)-: 356.2-358.2[M-H]-

IH-NMR (500 MHz, CDCL3) &: 8.18 (d, J=7.6, Hz 1H, ArH), 8.08 (d, J = 7.6, 1, 3H, ArH),
7.78 (dt, J=7.6, 1.2 Hz, 1H, ArH), 7.68 (dt, J = 7.8,1.2 Hz, 1H, ArH), 7.43 (d, J=8.8 2H),7.23-
7.22 (m, 1H, ArH), 5.35 (s, 2H, CH,),3.94 (s,1H, CHs)

13C NMR (DMSO-d6), 8: 176.9, 176.1 (C=0), 166.6(C=0), 148.2, 136.1 (C, C aromatic),
,132.7, 132.6, 130.3, 129.8, 127.2, 126.9 (CH, C-aromatic), 52.2(CH2),48.3(CHa).
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3-(((3-Chloro-1,4-dioxo-1,4-dihydronaphthalen-2-yl) amino) methyl) benzoic acid (44)

General procedure 1;

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.12

Purification: re-crystallation

Yield: 71%

Purity: 100 %

UPLC-MS method B: Rt: 1.939, MS (ESI)+: 280.04[M+H] +

'H-NMR (500 MHz, CDCls), 5: 10.12 (s, 1H, COOH) 8.18 (d, J=7.6, Hz, 1H, ArH), 8.08 (d,
J=7.6,1,3H, ArH), 7.78 (dt, J = 7.6, 1.2 Hz, 1H, ArH), 7.68 (dt, J = 7.8,1.2 Hz, 1H), 7.43 (d,
J=8.8 2H, ArH),7.23-7.22 (m, 1H, NH), 5.45 (s, 2H, CH>)

BC-NMR (125 MHz CDCls), &: 176.9, 176.1 (C=0), 166.6(C=0), 148.2, 136.1 (C, C
aromatic), 132.7, 132.6, 130.3, 129.8, 127.2, 126.9 (CH, C-aromatic), 52.2(CHa).
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2-chloro-3-((3-(methylthio) benzyl) amino) naphthalene-1,4-dione (45)

General procedure 1;

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.31

Purification: column chromatography using as eluent nHexane/EtOAc
Yield: 44%

Purity: 92%

UPLC-MS method B: Rt: 2.706, MS (ESI)-: 344.2-146.1[M-H]-

IH-NMR (500 MHz, CDCl3) §: 8.13-8.11 (m, 1H, ArH), 8.08 (d, ] = 7.7, 1, 1H, ArH), 7.97
(d, J=7.8 Hz, 1H, ArH), 7.75-7.73 (m, 1H, ArH), 7.67 (dt, J=7.1, 1.1 Hz, 1H, ArH), 7.57 (dt,
J=7.8,1.1 Hz, 1H, ArH), 7.20 (m, 1H, ArH),7.23-7.22 (m, 1H, ArH), 4.94 (s, 2H, CH,), 4.67
(s, 3H, CHa)

I3C-NMR (125 MHz CDCl3), &: 180.4, 176.1 (C=0), 138.5 (C, C aromatic), 134.9, 134.6
(CH, C-aromatic), 134.6 (C, C aromatic), 132.6, 130.9, 128.2, 127.8, 127.1, 126.8 (CH, C-
aromatic), 58.4 (CH), 18.4 (CH3).
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2-chloro-3-((3-(trifluoromethyl) benzyl) amino) naphthalene-1,4-dione (46)

9@ 3
Cl

General procedure 1;

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.52

Purification: re-crystallation in EtOH

Yield: 66%

Purity: 100 %

UPLC-MS method B: Rt: 2.306, MS (ESI)-: 368.2-370.2[M-H]-

IH-NMR (500 MHz, CDCls) &: 8.20(dd, J=7.78,1.0 1H, ArH), 8.09 (dd, J = 7.7, 1.1, 1H,
ArH), 7.79 (dt, J = 7.6, 1.3 Hz, 1H, ArH), 7.60 (dt, J = 7.64,1.1 Hz, 1H, ArH), 7.20 (m, 1H,
ArH),7.62-7.60 (m, 2H, ArH), 7.56-7.54 (m, 2H, ArH), 6.28(bs, 1H, NH) 5.15 (dd, 2H, CH,)

BC-NMR (125 MHz CDCh), 8: 180.4, 176.6 (C=0), 143.4, 135.1 (C, C aromatic), 132.2,
132.6, 129.9, 126.2, 127.8, 127.0, 126.8(CH, C-aromatic), 48.2 (CH>).

19F NMR (471 MHz, CDCl3) 6 -62.67.
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2-chloro-3-(phenylamino) naphthalene-1,4-dione (47)

o H
CL O
Cl
(o)

General procedure 1;

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.52

Purification: column chromatography using as eluent nHexane/EtOAc
Yield: 38%

Purity: 100 %

UPLC-MS method B: Rt: 2.535, MS (ESI)-: 284.0-285.8[M-H]-

IH-NMR (500 MHz, CDCls) &: 8.09(d, J=7.67,1.0 1H, ArH), 7.97 (dd, ] = 7.44, 1.1, 1H,
ArH), 7.68 (dt, J = 8.2, Hz, 1H, ArH), 7.57 (t, J = 6.86,1.1 Hz, 1H, ArH), 7.20 (m, 1H,
ArH),7.33-7.30 (m, 2H, ArH), 7.27-7.26 (m, 2H, ArH), 6.15 (bs, 1H, NH)

BC-NMR (125 MHz CDCl3), &: 180.4 (C=0), 137.9 (C, C aromatic), 134.95(CH, C-
aromatic), 132.6 (C, C aromatic), 132.5, 129.8 (CH, C-aromatic), 129.1 (C, C aromatic), 128.1,
127.7, 126.8 (CH, C-aromatic).

2-chloro-3-((3-hydroxyphenyl)
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amino) naphthalene-1,4-dione (48)

a H
CooTT
(o]

o

General procedure 1;

brown solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.35

Purification: column chromatography using as eluent nHexane/EtOAc
Yield: 15%

Purity: 94 %

UPLC-MS method B: Rt: 1.939, MS (ESD)+: 280.04[M+H] +

IH-NMR (500 MHz, CDCls) 5: 9.08(s, 1H, OH), 8.11-8.09 (m, 1H, ArH), 8.05-8.02 (m, 1H,
ArH), 7.93-7.90 (m, 1H, ArH), 7.87 (dt, J = 6.58,1.51 Hz, 1H, ArH), 7.82 (dt, ] = 7.31,1 Hz,
1H, ArH),7.72(t, J=7.7,1H, ArH), 7.10(t=7.1 1H, ArH),6.74-6.70(m, 1H, ArH)

I3C-NMR (125 MHz CDCls), 8: 180.4 (C=0), 137.8 (C, C aromatic), 134.9(CH, C-aromatic),
132.6 (C, C aromatic), 129.6 (C, C aromatic), 129.1, 128.1, 127.7, 126.7, 125.6(CH, C-

aromatic).
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2-chloro-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (49)

a H
coo
Cl

o

General procedure 1;

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.48

Purification: re-crystallation from EtOH

Yield: 36%

Purity: 94 %

UPLC-MS method B: Rt: 2.314 MS (ESI)-: 352.2-354.1[M-H]-

IH-NMR (500 MHz, CDCls) &: 7.94-7.92(m, 1H, ArH), 7.66-7.62 (m, 2H, ArH), 7,53 (s, 1H,
ArH), 7.49-7.45 (m, 2H, ArH), 7.36-7.35 (m, 2H, ArH),

I3C-NMR (125 MHz CDCl), §: 178.4 (C=0), 147.6 (C, C aromatic), 134.7, 134.3, 134.2
(CH, C-aromatic), 132.5 (C, C aromatic), 129.6, 127.8, 127.4, 124.8 (CH, C-aromatic),

1F NMR (471 MHz, CDCl3) 6 -62.82.
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2-chloro-3-((4-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (50)

9 N
CLCCL
cl CF,
0

General procedure 1;

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.48

Purification: re-crystallation from EtOH

Yield: 40%

Purity: 88%

UPLC-MS method B: Rt: 2.412 MS (ESI)-: 352.2-354.4[M-H]-

IH-NMR (500 MHz, CDCls) §: 8.25(d, J=6.42 Hz, 1H, ArH), 8.18 (d=7.25, 2H, ArH), 7.83
(dt, J = 7.7 Hz, 1H, ArH), 7.78 (dt, ] = 7.7,1 Hz, 1H, ArH),7.66 (d, J=7.9,2H, ArH), 7.16(d,
J=8.2 2H, ArH)

13C-NMR (125 MHz CDCls), &: 180.1, 176.2 (C=0), 138.5 (C, C aromatic), 134.4, 132.5(CH,
C-aromatic), 132.6 (C, C aromatic), 130.6, 130.9, 129.2, 127.8, 127.3, 126.8, 125.6 (CH, C-

aromatic).

1F NMR (471 MHz, CDCl3) § -62.13.
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2-chloro-3-((4-methoxy-3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (51)

a H
COC,
Cl 0/
o

General procedure 1;

brown solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.55

Purification: column chromatography using as eluent nHexane/EtOAc
Yield: 34%

Purity: 100 %

UPLC-MS method B: Rt: 2.408, MS (ESI)-: 382.2-384.1[M-H]-

IH-NMR (500 MHz, CDCl:) &: 8.24 (d, J=7.11H, ArH), 8.16 (d=7.05, 2H, ArH), 7.81 (dt, J
= 7.7 Hz, 1H, ArH), 7.73 (dt, ] = 7.7,1 Hz, 1H, ArH), 7.62 (bs,1H, NH) ,7.37(d, J=7.9,2H,
ArH), 7.26(d, J=8.2 1H, ArH), 3.97(s,1H, CHs)

BC-NMR (125 MHz CDCl), : 180.3, 179.0 (C=0), 138.5 (C, C aromatic), 135.15, 133.04,
129.54, 127.21, 127.04, 123.92, 111.87(CH, C-aromatic), 56.27 (CH3).

YF NMR (471 MHz, CDCls) § -62.66.
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2-chloro-3-(3-methyl-4-phenoxyphenoxy) naphthalene-1,4-dione (52)

Seao s

General procedure 1;

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.69

Purification: column chromatography using as eluent nHexane/EtOAc
Yield: 32%

Purity: 94%

UPLC-MS method B: Rt: 2.700, MS (ESI)-: 280.04[M-H]-

TH-NMR (500 MHz, CDCLs) 8: 8.14 (dd, ] = 7.7, 0.9 Hz, 1H, ArH), 8.07 (dd, ] =7.7, 0.9 Hz,
1H, ArH), 7.72 (td, J = 7.6, 1.3 Hz, 1H, ArH), 7.65 (td, J = 7.6, 1.3 Hz, 1H, ArH), 7.54 (s, 1H,
ArH), 7.34 (d, J = 2.6 Hz, 1H, ArH), 7.31 — 7.23 (m, 2H, ArH), 7.10 (dd, J = 8.8, 2.7 Hz, 1H,
ArH), 6.96 — 6.89 (m, 2H, ArH), 6.84 (d, ] = 8.8 Hz, 1H, ArH), 1.47 (s, 3H, CHs).

BC-NMR (125 MHz CDCl), : 179.5 (C=0),138.5, 135.2(C, C aromatic), 133.4, 133.2,
130.0, 129.0(CH, C-aromatic), 127.3(C, C aromatic), 127.1, 123.3, 120.5, 119.2 (CH, C-
aromatic), 17.3 (CH3).
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2-chloro-3-((4-propylphenyl) amino) naphthalene-1,4-dione (53)

0 H
CLr
CI\©\/\
(o)

General procedure 1;

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.45
Purification: re-crystallation from EtOH

Yield: 38%

Purity: 90%

UPLC-MS method B: Rt: 2.704, MS (ESD)-: 280.04[M+H] +

TH-NMR (500 MHz, CDCL3) : 8.24(d, ]=6.88 Hz, 1H, ArH), 8.14 (d, J=8.11 Hz, 1H, ArH),
7.85-7.83(m, 1H, ArH), 7.79 (dt, J = 7.5,1.70 Hz, 1H, ArH), 7.72 (dt, J = 7.4,1.4 Hz, 1H,
ArH),7.19 (d, J=7.9 Hz, 2H, ArH), 7.16 (d, J=8.8 Hz 2H, ArH), 2.63(t, J=7.8 Hz, CHy),1.72-
1.60 (m, 2H, CHy), 0.99(d, J=7.3 Hz, CH)

BC-NMR (125 MHz CDCl3), é: 177.4 (C=0), 140.5, 135.0 (C, C aromatic), 134.7, 132.9,
132.7, 129.9, 128.4(CH, C-aromatic), 127.8 (C, C aromatic), 127.1, 127.0, 124.3, 124.1(CH,
C-aromatic), 37.5, 24.5(CH»), 13.8(CHas).
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2-chloro-3-((3-(2-hydroxyethyl) phenyl) amino) naphthalene-1,4-dione (54)

9 H
l I N\©/\/OH
cl
)

General procedure 1;

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.10; n-hexane-EtOAc 2:8 v/v, Rf: 0.69
Purification: column chromatography using as eluent nHexane/EtOAc

Yield: 31%

Purity: 94%

UPLC-MS method B: Rt: 1.962, MS (ESI)-: 328.2-330.2[M-H]-

TH-NMR (500 MHz, CDCL): 8.22 (dd, J = 7.7, 0.9 Hz, 1H, ArH), 8.14 (dd, J = 7.6, 0.9 Hz,
1H, ArH), 7.78 (td, J = 26.4, 16.3, 1.3 Hz, 1H, ArH), 7.76 — 7.59 (m, 2H, ArH), 7.24 (d, J =
8.3 Hz, 2H, ArH), 7.06 (d, J = 8.2 Hz, 2H, ArH), 3.91 (t, ] = 6.5 Hz, 2H, CHa), 2.92 (t, ] = 6.5
Hz, 2H, CH,).

BC-NMR (125 MHz CDCl3), &: 180.5, 177.4 (C=0), 141.5, 136.2, 135.8(C, C aromatic),
135.1, 133.0(CH, C-aromatic), 132.6, 129.9(C, C aromatic), 129.0, 127.1, 127.0, 124.5(CH, C-
aromatic), 63.5(CH), 38.7 (CH3).
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2-chloro-3-((1-phenylethyl) amino) naphthalene-1,4-dione (55)

a H
484
Cl

(0]

General procedure 1;

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.62

Purification: column chromatography using as eluent nHexane/EtOAc
Yield: 35%

Purity: 100 %

UPLC-MS method B: Rt: 2.445, MS (ESI)-: 312.1-314.1 [M-H]-

IH-NMR (500 MHz, CDCl3) &: 8.15 — 7.95 (m, 2H, ArH), 7.95 (dd, J = 7.7, 0.8 Hz, 1H, ArH),
7.64 —7.56 (m, 1H, ArH), 7.56 — 7.46 (m, 1H, ArH), 7.31 — 7.25 (m, 2H, ArH), 7.20 (dt, J =
7.0,2.4 Hz, 1H, ArH), 5.80 — 5.65 (m, 1H, ArH), 1.57 (d, J = 6.7 Hz, 3H, CHa).

I3C-NMR (125 MHz CDCl3), 8: 180.5, 176.9(C=0), 143.8(C, C aromatic), 134.9, 132.6(CH,
C-aromatic), 132.5, 129.8 (C, C aromatic), 128.9, 127.6, 126.9, 125.7(CH, C-aromatic), 53.4
(CH»), 24.6 (CH3).
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2-chloro-3-(phenethylamine) naphthalene-1,4-dione (56)

o H
0
Cl

o)

General procedure 1;

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.59

Purification: re-crystallation from EtOH

Yield: 76%

Purity: 100 %

UPLC-MS method B: Rt: 2.458, MS (ESI)-: 312.2-314.1 [M-H]-

IH-NMR (500 MHz, CDCls) &: 8.17 (dd, J = 7.7, 0.8 Hz, 1H, ArH), 8.04 (dd, J = 7.7, 0.9 Hz,
1H, ArH), 7.75 (td, ] = 7.6, 1.3 Hz, 1H, ArH), 7.64 (td, ] = 7.6, 1.2 Hz, 1H, ArH), 7.36 (t, ] =
7.3 Hz, 2H, ArH), 7.27 (d, ] = 8.1 Hz, 2H, ArH), 6.12 (s, 1H, NH), 4.15 (dd, J = 13.9, 6.9 Hz,
2H, CHy), 3.02 (t, ] = 7.2 Hz, 2H, CHy).

I3C-NMR (125 MHz CDCl), $:180.4 (C=0), 137.7(C, C aromatic), 134.9, 134.7, 132.7(CH,
C-aromatic), 132.4(C, C aromatic), 128.9, 128.8, 127.8, 126.9, 126.8, 126.8(CH, C-aromatic),
46.0, 37.3 (CH).

185



2-chloro-3-((4-(trifluoromethyl) phenethyl) amino) naphthalene-1,4-dione (57)

9 N
L
cl CF,
o

General procedure 1;

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.59

Purification: re-crystallation from EtOH

Yield: 78%

Purity: 88%

UPLC-MS method B: Rt: 2.525, MS (ESI)-: 380.2-382.2[M-H]-

'TH-NMR (500 MHz, CDCI3) 6: 8.18 (dd, J = 7.7, 0.9 Hz, 1H, ArH), 8.05 (dd, J= 7.7, 0.9 Hz,
1H, ArH), 7.76 (td, J = 7.6, 1.3 Hz, 1H, ArH), 7.66 (td, J = 7.6, 1.3 Hz, 1H, ArH), 7.61 (m, 2H,
ArH), 7.39 (d, J = 8.0 Hz, 2H), 6.10 (s, 1H, NH), 4.16 (dd, J = 14.3, 6.7 Hz, 2H, CHa), 3.09 (1,
J=7.2 Hz, 2H, CH>).

I3C-NMR (125 MHz CDCl), 6: :180.4 (C=0), 137.7(C, C aromatic), 135.0, 134.7, 132.6 (CH,
C-aromatic), 132.4(C, C aromatic), 128.9, 127.5, 127.3, 126.9, 126.5, 126.3, 125.3(CH, C-
aromatic), 46.0, 37.3 (CHb).

19F NMR (471 MHz, CDCl3) 5 -62.49.
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2-chloro-3-((4-hydroxyphenethyl) amino) naphthalene-1,4-dione (58)

9 H
SURAs!
Cl OH
o)

General procedure 1;

brown solid

TLC system n-hexane/AcOEt 2:8 v/v Rf:0.69
Purification: re-crystallation from EtOH
Yield: 69%

Purity: 92%

UPLC-MS method B: Rt: 2.055 MS (ESI)-: 228.1-330.2[M-H]-

'H-NMR (500 MHz, CDCLs) : 8.08 (d, J = 7.6 Hz, 1H, ArH), 7.94 (d, J = 7.2 Hz, 1H, ArH),
7.65 (d, J = 7.5 Hz, 1H, ArH), 7.56 (d, J = 6.7 Hz, 1H, ArH), 7.04 (d, ] = 8.4 Hz, 2H, ArH),
6.73 (d, ] = 8.4 Hz, 2H, ArH), 6.02 (s, 1H, NH), 4.00 (dd, J = 13.7, 6.8 Hz, 2H, CH,), 2.85 (t,

J=7.1 Hz, 2H, CHy).

13C-NMR (125 MHz CDCl), 3: 180.4 (C=0), 154.6(C, C aromatic), 134.9, 132.5, 130.0 CH,

C-aromatic), 129.8(C, C aromatic), 126.8, 115.7 CH, C-aromatic), 46.2, 36.4 (CH>).
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2-amino-3-chloronaphthalene-1,4-dione (59)
(o)
Crx
(o]

(o)

General procedure

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.11; : n-hexane-EtOAc 2:8 v/v, Rf: 0.69
Purification re-crystallation from EtOH

Yield: 78%

Purity: 95 %

UPLC-MS method B: Rt: 1.651

TH-NMR (500 MHz, DMSO) 5 7.99 — 7.95 (m, 2H, ArH), 7.82 (td, J= 7.5, 1.4 Hz, 1H, ArH),
7.74 (td, J=17.5, 1.3 Hz, 1H, ArH), 7.32 (s, 2H, NHy).

BC-NMR (125 MHz DMSO, 5179.74, 175.63180.4, 176.1 (C=0), 147.47, 135.36(C, C
aromatic), 133.13, 132.76, 130.21, 126.72, 126.32, 109.31(CH, C-aromatic).
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Synthesis of 2-chloro-3-hydroxynaphthalene-1,4-dione (60)

(o} (¢}
|
COX, v OO0
—_—
ol H0,70°C OH
o o

To a suspension of 2,3-dichloro-1,4-naphthoquinone (1 eq) in water (0.2 M), an aqueous
solution of KOH (4.4 mM) was added carefully over 10 minutes, the reaction mixture was
heated at 70 °C for 1h. Unreacted dichloro naphthoquinone was excreted with DCM and the
reaming aqueous later was acidified with HCI. A yellow precipitate was obtained filtered and

recrystallized using methanol, to afford the title compound.

Yellow solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.13; n-hexane-EtOAc 8:2 v/v, Rf: 0.59
Yield:83%

Purity: 100 %

UPLC-MS method C: Rt: 1.47, MS (ESI)-: 205.1[M-H]-

1H-NMR (500 MHz, CDCI3)  ppm 8.24 (dd, J = 7.7, 1.4 Hz, 1H, ArH), 8.17 (dd,J = 7.7, 1.4
Hz, 1H, ArH), 7.85 (td, J = 7.6, 1.4 Hz, 1H, ArH), 7.79 (td, J = 7.5, 1.3 Hz, 1H, ArH), 7.63 (s,
1H, OH).
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2-hydroxy-3-(phenylamino) naphthalene-1,4-dione (61)

CLG0

General procedure 3

orange solid

TLC system n-hexane/AcOEt 2:8 v/v Rf:0.59
Purification column chromatography hexane/AcOEt
Yield: 76%

Purity: 96%

UPLC-MS method C: 1.14 MS (ESD)+: 266|M+H] +

IH-NMR (500 MHz, DMSO) 5: 8.13 (dd, J= 7.7, 1.4 Hz, 1H, ArH), 8.05 (dd, J= 7.7, 1.4 Hz,
1H, ArH), 7.68 (dd, J = 7.6, 1.4 Hz, 1H, ArH), 7.65 (dd, J= 7.6, 1.4 Hz, 1H, ArH), 7.28 (dd, J
=8.5,7.4 Hz, 2H, ArH), 7.15 (s, I H, OH), 7.15 — 7.08 (m, 1H, ArH), 7.08 — 7.02 (m, 2H, ArH)

I3C-NMR (125 MHz DMSO, §: 183.2, 179.7 (C=0), 139.4, 138.7 (C, C aromatic), 134.6,
133.8 (CH, C-aromatic), 132.7, 132.2 (C, C aromatic), 130.17, 128.31, 126.31, 126.28, 124.06,
122.22(CH, C-aromatic)
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2-chloro-3-methoxynaphthalene-1,4-dione (62)

o

General procedure 2

yellow solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.75
Purification: re-crystallation from MeOH

Yield: 73%

Purity: 100%

UPLC-MS MS method C: Rt: 2.21(ESI)+: 224[M+H] +

TH-NMR (500 MHz, DMSO) &: 8.15 — 8.05 (m, 1H, ArH), 8.06 — 7.97 (m, 1H, ArH), 7.78 —
7.58 (m, 2H, ArH), 4.25 (s, 3H, OCH3).
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2-chloro-3-ethoxynaphthalene-1,4-dione (63)

O

o N

General procedure 2

yellow solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.75

Purification re-crystallation from EtOH

Yield: 71%

Purity: 100 %

UPLC-MS MS method C: Rt: 2.02 MS (ESD)+: 237[M+H] +

IH-NMR (500 MHz, DMSO) &: 8.11 — 8.04 (m, 1H, ArH), 8.06 — 7.93 (m, 1H, ArH), 7.71 —
7.63 (m, 2H, ArH), 4.56 (q, J= 7.1 Hz, 2H, CHa), 1.40 (t, J = 7.1 Hz, 3H, CH).
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2-chloro-3-propoxynaphthalene-1,4-dione (64)

cl

O
" Y

General procedure 2
yellow solid
T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.75
Purification: re-crystallation from MeOH
Yield: 75%
Purity: 98 %
UPLC-MS MS method C: Rt: 2.39 MS (ESI)+: 251[M+H] +

IH-NMR (500 MHz, DMSO) &: 8.12 — 8.05 (m, 1H, ArH), 8.07 — 7.96 (m, 1H, ArH), 7.72 —
7.61 (m, 2H, ArH), 4.47 (t, J= 6.5 Hz, 2H, CHy), 1.77 (dt, J= 7.5, 6.5 Hz, 2H, CH2), 1.00 (t,
J=17.4Hz, 3H, CHs).
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2-chloro-3-isopropoxynaphthalene-1,4-dione (65)

O

o N

General procedure 2

yellow solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.75
Purification: re-crystallation from MeOH

Yield: 73%

Purity: 100 %

UPLC-MS MS method C: Rt: 2.19 MS (ESI)+: 272[M+Na]

TH-NMR (500 MHz, DMSO) &: § 8.15 — 8.12 (m, 1H, ArH), 8.10 — 7.90 (m, 1H, ArH), 7.73
~7.68 (m, 2H, ArH), 5.21 — 5.10 (m, 1H, CH), 1.32 (d, J = 6.2 Hz, 6H, CH3).
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2-chloro-3-phenoxynaphthalene-1,4-dione (66)

cl

O
is

General procedure 2
yellow solid
T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.78
Purification re-crystallation from MeOH
Yield: 63%
Purity: 84%
UPLC-MS MS method C: Rt: 2.36 MS (ESI)+: 272[M+Na]

TH-NMR (500 MHz, DMSO) &: 8.03 — 7.98 (m, 1H, ArH), 7.79 — 7.63 (m, 2H, ArH), 7.32 —
7.25 (m, 1H, ArH), 7.17 (d, J= 7.4 Hz, 2H, ArH), 7.12 — 7.06 (m, 2H, ArH), 6.99 — 6.93 (m,
1H, ArH),
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2-chloro-3-(methyl-12-azaneyl) naphthalene-1,4-dione (67)

ot

General procedure: 1

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.58
Purification: re-crystallation from MeOH

Yield: 93%

Purity: 100 %

UPLC-MS MS method C: Rt: 1.91 MS (ESI)+: 222[M+Na]

TH-NMR (500 MHz, DMSO) §: 8.08 (dd, J= 7.8, 1.4, Hz, 1H, ArH), 7.96 (dd, J=7.7, 1.4,
Hz, 1H, ArH), 7.66 (td, J= 7.6, 1.4 Hz, 1H, ArH), 7.55 (td, J= 7.6, 1.3 Hz, 1H, ArH), 3.38 (d,
J=5.2Hz, 3H, CHs).
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2-chloro-3-(ethyl-12-azaneyl) naphthalene-1,4-dione (68)

o3

General procedure: 1

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.58
Purification: re-crystallation from MeOH

Yield: 95%

Purity: 100 %

UPLC-MS MS method C: Rt: 2.10 MS (ESI)+: 236[M+Na]

IH-NMR (500 MHz, DMSO) 5: 8.14 — 8.04 (m, 1H, ArH), 7.96 (dd, J= 7.6, 1.3 Hz, 1H, ArH),
7.65 (td, J= 7.6, 1.3 Hz, 1H, ArH), 7.55 (td, J = 7.6, 1.3 Hz, 1H, ArH), 3.84 (qd, /= 7.2, 6.1
Hz, 2H, CHa), 1.27 (t, J = 7.2 Hz, 3H, CHz).

197



2-chloro-3-(dimethylamino) naphthalene-1,4-dione (69)

o

General procedure: 1

red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.65
Purification: re-crystallation from MeOH

Yield: 85%

Purity:92%

UPLC-MS MS method C: Rt: 2.29 MS (ESI)+: 250[M+Na]

TH-NMR (500 MHz, DMSO) 5 8.08 (ddd, /= 7.8, 1.3, 0.5 Hz, 1H, ArH), 7.97 (ddd, J = 7.6,
1.3,0.5 Hz, 1H, ArH), 7.65 (td, J= 7.6, 1.3 Hz, 1H, ArH), 7.55 (td, J= 7.5, 1.3 Hz, 1H, ArH),
1.25 (d, J= 6.4 Hz, 6H, CH3).
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2-methoxy-3-(phenylamino) naphthalene-1,4-dione (70)

e

General procedure 3

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.69
Purification column chromatography hexane/AcOEt
Yield: 80%

Purity: 100 %

UPLC-MS method C: 1.14 MS (ESI)+: 266|M+H] +

TH-NMR (500 MHz, DMSO) §: 8.11 (dd, J= 7.7, 1.4 Hz, 1H, ArH), 8.07 (dd, J= 7.7, 1.4 Hz,
1H, ArH), 7.72 (dd, J = 7.6, 1.4 Hz, 1H, ArH), 7.66 (dd, J= 7.6, 1.4 Hz, 1H, ArH), 7.31 (dd, J
=8.5,7.4 Hz, 2H, ArH), 7.18 (s, 1H, NH), 7.15 — 7.08 (m, 1H, ArH), 7.08 — 7.02 (m, 2H, ArH),
3.52 (s, 3H, CHs).

I3C-NMR (125 MHz DMSO, §: 183.2, 179.7 (C=0), 139.4, 138.7 (C, C aromatic), 134.6,
133.8 (CH, C-aromatic), 132.7, 132.2 (C, C aromatic), 130.17, 128.31, 126.31, 126.28, 124.06,
122.22(CH, C-aromatic), 59.92 (CHz).
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2-ethoxy-3-(phenylamino) naphthalene-1,4-dione (71)

e

General procedure 3

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.67
Purification column chromatography hexane/AcOEt
Yield: 64%

Purity: 100 %

UPLC-MS method C: 1.14 MS (ESD)+: 266|M+H] +

TH-NMR (500 MHz, DMSO) §: 8.11 (dd, J= 7.6, 1.3 Hz, 1H, ArH), 8.07 (dd, J= 7.6, 1.4 Hz,
1H, ArH), 7.72 (td, J = 7.5, 1.3 Hz, 1H, ArH), 7.70 — 7.62 (m, 1H, ArH), 7.36 — 7.28 (m, 2H,
ArH), 7.16 — 6.94 (m, 3H, ArH), 3.74 (q, J = 7.0 Hz, 2H, CHa), 0.85 (t, /= 7.0 Hz, 3H, CHs).

I3C-NMR (125 MHz DMSO, §: 183.3, 179.9 (C=0), 143.3, 138.6 (C, C aromatic), 134.5 (CH,
C-aromatic) 134.5 (C, C aromatic), 132.6 (CH, C-aromatic), 132.5 (C, C aromatic), 130.5 (CH,
C-aromatic) 130.3, 128.9, 128.4, 126.2, 125.4, 124.1, 122.8 (CH, C-aromatic), 68.5 (CH>), 14.6
(CH3).
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2-isopropoxy-3-(phenylamino) naphthalene-1,4-dione (72)
Y
OU O
0
o N

General procedure 3

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.75
Purification column chromatography hexane/AcOEt
Yield: 63%

Purity: 99 %

UPLC-MS method C: 1.22 MS (ESD)+: 310[M+H] +

TH-NMR (500 MHz, DMSO) §: 8.11 (dd, J= 7.6, 1.4 Hz, 1H, ArH), 8.07 (dd, J= 7.7, 1.4 Hz,
1H, ArH), 7.74 — 7.69 (m, 1H, ArH), 7.65 — 7.60 (m, 1H, ArH), 7.41 (dd, J = 5.0, 2.0 Hz, 1H,
ArH), 7.33 — 7.28 (m, 2H, ArH), 7.20 (bs, IH,NH), 7.13 — 7.05 (m, 2H, ArH), 7.05 — 7.00 (m,
2H, ArH), 4.41 — 421 (m, 1H, CH), 0.88 (d, J= 6.1 Hz, 6H, CHs).

I3C-NMR (125 MHz DMSO, §: 181.3, 178.4 (C=0), 141.4, 136.6 (C, C aromatic), 135.4 (CH,
C-aromatic) 133.1 (C, C aromatic), 132.6 (CH, C-aromatic), 130.7 (C, C aromatic), 130.3 (CH,
C-aromatic) 128.6, 128.5, 127.1, 126.5, 126.2, 124.4, 124.3, 123.6, 121.9, 120.8, 73.1 (CH),
19.9 (CH3)

201



2-(phenylamino)-3-propoxynaphthalene-1,4-dione (73)
O

" Y
General procedure 3
orange solid
T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.75
Purification: column chromatography hexane/AcOEt
Yield: 67
Purity: 92%

UPLC-MS method C: 2.45 MS (ESI)+: 308[M+H] +

TH-NMR (500 MHz, DMSO) &: 8.10 (dt, J="7.6, 0.9 Hz, 1H, ArH), 8.09 — 8.04 (m, 1H, ArH),
7.72 (td, J= 7.5, 1.3 Hz, 1H, ArH), 7.64 (td, J = 7.5, 1.4 Hz, 1H, ArH), 7.33 — 7.27 (m, 2H,
ArH), 7.15 (s, 1H, NH), 7.12 — 7.09 (m, 1H, ArH), 7.08 — 7.03 (m, 2H, ArH), 3.68 (t, J = 6.7
Hz, 2H, CH,), 1.36 — 1.22 (m, 2H, CHy), 0.65 (t, J = 7.4 Hz, 3H, CHs).

I3C-NMR (125 MHz DMSO, &: 183.2, 179.8 (C=0), 143.3, 138.8(C, C aromatic), 134.5,
132.6 (CH, C-aromatic), 132.3 (C, C aromatic), 130.5 (CH, C-aromatic), 130.3 (C, C aromatic),
128.9,128.2,126.3,126.2,125.6, 123.9, 122.4 (CH, C-aromatic), 74.6, 22.8 (CH»), 10.0 (CHz).
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2-phenoxy-3-(phenylamino) naphthalene-1,4-dione (74)
L0

is
General procedure 3
orange solid
T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.64
Purification column chromatography hexane/AcOEt
Yield: 59%
Purity: 94%

UPLC-MS method C: 2.34 MS (ESI)+: 342[M+H] +

'TH-NMR (500 MHz, DMSO) 6: 8.18 —8.11 (m, 1H, ArH), 7.82 — 7.71 (m, 2H, ArH), 7.69
(dd, J=17.6, 1.3 Hz, 1H, ArH), 7.17 (t, J=7.8 Hz, 2H, ArH), 7.10 — 7.00 (m, 3H, ArH), 6.96
(dd, J=7.4, 1.7 Hz, 2H, ArH), 6.90 (dd, /= 8.7, 1.1 Hz, 1H, ArH), 6.88 — 6.80 (m, 1H, ArH),
6.58 — 6.46 (m, 2H, ArH).

I3C-NMR (125 MHz DMSO, §: 183.5, 179.9 (C=0), 142.4, 138.9 (C, C aromatic),
135.53(CH, C-aromatic), 134.98(C, C aromatic), 132.79, 129.01, 128.04(CH, C-aromatic),
127.63(C, C aromatic), 127.11, 126.81, 126.55(CH, C-aromatic), 125.05(C, C aromatic),
124.20, 123.74, 121.99, 120.40, 119.32, (CH, C-aromatic),
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2-(methyl-12-azaneyl)-3-(phenylamino) naphthalene-1,4-dione (75)

(o)

sear

(o)

General procedure 3

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.57
Purification column chromatography hexane/AcOEt
Yield: 45%

Purity: 89%

UPLC-MS method C: 1.16 MS (ESI)+: 279[M+H] +

TH-NMR (500 MHz, DMSO) 6 8.21 —7.99 (m, 2H, ArH), 7.63 (m, 1H, ArH), 7.32 — 7.15 (m,
2H, ArH), 6.98 — 6.84 (m, 2H, ArH), 6.75 (m, 2H, ArH), 6.42 (s, 1H, NH) 2.73 (dd, J = 5.7,
2.5 Hz, 3H, CHs).

I3C-NMR (125 MHz DMSO, § 181.9, 181.1 (C=0), 143.68, 137.86(C, C aromatic), 134.06,
132.6 (CH, C-aromatic), 132.1, 130.9 (C, C aromatic), 129.0, 128.4, 126.2, 126.1, 120.4, 120.3,
116.5, 113.8 (CH, C-aromatic), 30.4 (CHa).
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2-(ethyl-12-azaneyl)-3-(phenylamino) naphthalene-1,4-dione (76)

(o)

L0

I

General procedure 3

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.60
Purification: column chromatography hexane/AcOEt
Yield: 35%

Purity: 96%

UPLC-MS method C: 1.21 MS (ESD)+: 293[M+H] +

IH-NMR (500 MHz, DMSO) &: 8.06 — 8.23 (m, 2H, ArH), 7.64 -7.62 (m, 2H, ArH), 7.43 —
7.41 (m, 2H, ArH), 6.98 — 6.84 (m, 2H, ArH), 6.42 (s, 1H, NH), 3.14 — 2.96 (m, 2H, CH.), 0.96
(t,J=17.2 Hz, 3H, CHs).

I3C-NMR (125 MHz DMSO, 5 188.9, 182.1 (C=0), 143.3, 143.3 (C, C aromatic), 134.8, 134.0

(CH, C-aromatic), 133.5 (C, C aromatic), 132.6, 130.5, 128.9, 127.4, 126.3, 126.2, 126.1, 125.4
(CH, C-aromatic), 37.8 (CHz), 15.7 (CH3).
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2-(dimethylamino)-3-(phenylamino) naphthalene-1,4-dione (77)

Eess

General procedure 3

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.65
Purification column chromatography hexane/AcOEt
Yield: 49%

Purity: 100 %

UPLC-MS method C: 2.48 MS (ESI)+: 293[M+H] +

TH-NMR (500 MHz, DMSO) §: 8.09 — 7.89 (m, 2H, ArH), 7.62 (m, 2H, ArH), 7.39 — 7.18 (m,
2H, ArH), 7.19 — 7.06 (m, 1H, ArH), 7.04 — 6.95 (m, 1H, ArH), 6.91 — 6.71 (m, 2H, ArH), 2.74
(s, 6H, CHs).

I3C-NMR (125 MHz DMSO, §: 182.1, 181.9 (C=0), 140.2, 133.5 (C, C aromatic), 133.3,

132.7 (CH, C-aromatic), 130.8 (C, C aromatic), 128.8 (CH, C-aromatic), 128.2 (C, C aromatic),
127.4,126.3, 125.5, 121.8, 121.6 (CH, C-aromatic), 41.0 (CH3).
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2-(methylthio)-3-(phenylamino) naphthalene-1,4-dione (78)

e

General procedure 4

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.67
Purification: column chromatography hexane/AcOEt
Yield: 78%

Purity: 100 %

UPLC-MS method C: 1.18 MS (ESI)+: 296[M+H] +

TH-NMR (500 MHz, DMSO) 6: 8.08 (dd, /= 7.8, 1.4 Hz, 1H, ArH), 8.02 (dd, J=7.6, 1.4 Hz,
IH, ArH), 7.74 (s, 1H, ArH), 7.67 (td, J = 7.6, 1.4 Hz, 1H, ArH), 7.60 (td, J=7.5, 1.4 Hz, 1H,
ArH), 7.35 = 7.25 (m, 2H, ArH), 7.15 — 7.04 (m, 1H, ArH), 7.04 — 6.80 (m, 2H, ArH), 2.04 (s,
3H, CH3).

BC-NMR (125 MHz DMSO, : 180.4, 176.6 (C=0), 138.3 (C, C aromatic), 134.6 (CH, C-

aromatic), 133.6 (C, C aromatic), 132.8, 128.5, 126.8, 126.7, 124.5, 122.1(CH, C-aromatic),
17.5 (CH3).
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2-(ethylthio)-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (79)

(0]

seas

o

General procedure 5

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.64
Purification: column chromatography hexane/AcOEt
Yield: 73%

Purity: 100%

UPLC-MS method C: 2.53 MS (ESI)+: 378§ M+H] +

TH-NMR (500 MHz, DMSO) 5: 8.09 (dd, J=7.6, 1.3 Hz, 1H, ArH), 8.03 (dd J=7.6, 1.5 Hz,
1H, ArH), 7.74 (s, 1H, ArH), 7.68 (td, J = 7.6, 1.4 Hz, 1H, ArH), 7.67 — 7.59 (m, 1H, ArH),
7.38 (t, J= 7.8 Hz, 1H, ArH), 7.32 (d, J = 7.8 Hz, 1H, ArH), 7.09 (dt, /= 8.1, 1.5 Hz, 1H,
ArH), 2.57 (d, J= 7.4 Hz, 2H, CHy), 0.98 (t, J = 7.4 Hz, 3H, CHs).

I3C-NMR (125 MHz DMSO, 6 181.1, 180.2(C=0), 144.1, 138.9 (C, C aromatic), 134.7 (CH,
C-aromatic), 133.4 (C, C aromatic), 133.1 (CH, C-aromatic), 130.5 (C, C aromatic), 128.9,

127.0, 126.8, 125.0, 120.9, 119.9, 118.8(CH, C-aromatic), 28.0(CH,), 14.4 (CHs).

1F NMR (471 MHz, CDCls) § -62.35
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2-(isopropylthio)-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (80)

(0}

seas

o N

General procedure 5

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.64
Purification: column chromatography hexane/AcOEt
Yield: 69%

Purity: 99 %

UPLC-MS method C: 2.58 MS (ESI)+: 378§ M+H] +

TH-NMR (500 MHz, DMSO) &: 5 8.09 (dd, J= 7.8, 1.4 Hz, 1H, ArH), 8.01 (dd, J=7.7, 1.4
Hz, 1H, ArH), 7.77 (s, 1H, ArH), 7.68 (td, J= 7.6, 1.4 Hz, 1H, ArH), 7.61 (td, J=7.5, 1.4 Hz,
1H, ArH), 7.35 (dd, J = 20.3, 7.8 Hz, 2H, ArH), 7.09 (dt, J= 7.6, 1.6 Hz, 1H, ArH), 3.21 (p, J
= 6.7 Hz, 1H, CH), 1.00 (d, J= 6.7 Hz, 6H, CHs).

I3C-NMR (125 MHz DMSO, §: 5 181.1, 180.2 (C=0), 145.1, 139.0 (C, C aromatic), 134.6
(CH, C-aromatic), 133.3 (C, C aromatic), 133.0 (CH, C-aromatic), 130.7 (C, C aromatic),

128.9, 127.0, 126.8, 125.6, 121.1, 119.3, 37.9 (CH, C-aromatic), 24(CH3).

1F NMR (471 MHz, CDCl3) § -62.45.

209



2-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (81)

oo

(o}
General procedure 6

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.65
Purification: column chromatography hexane/AcOEt
Yield: 84%

Purity: 92%

UPLC-MS method C: 2.29 MS (ESI)+: 318§[M+H] +

TH-NMR (500 MHz, DMSO) &: 8.07 (dd, J=9.7, 7.8 Hz, 2H, ArH), 7.72 (td, J=7.5, 1.3 Hz,
1H, ArH), 7.63 (td, J="7.5, 1.4 Hz, 1H, ArH), 7.55 (s, 1H, ArH), 7.49 (t, J= 7.9 Hz, 1H, ArH),
742 (dd,J=17.1, 8.2 Hz, 2H, ArH), 6.35 (s, 1H, ArH).

19F NMR (471 MHz, CDCLs) § -62.5
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2-methoxy-3-(pyridin-4-ylamino) naphthalene-1,4-dione (82)

General procedure 3

orange solid

Purification column chromatography hexane/AcOEt 2:8 v/v Rf:0.33

Yield: 82%

Purity: 99%

UPLC-MS method C: 1.31 MS (ESD)+: 281[M+H] +

'"H-NMR (500 MHz, DMSO) &: 8.53 — 8.28 (m, 2H, ArH), 8.12 (ddd, J = 17.3, 7.6, 1.4 Hz,
2H, ArH), 7.73 (dtd, J=27.9, 7.5, 1.4 Hz, 2H, ArH), 7.10 (s, 1H, ArH), 6.87 — 6.77 (m, 2H,

ArH), 3.79 (s, 3H, CHs).
13C-NMR (125 MHz DMSO, 3: 180.5, 179.6 (C=0), 149.1, 146.2 (C, C aromatic),140.30,

134.88(CH, C-aromatic), 134.3(C, C aromatic), 133.2 (CH, C-aromatic), 130.3 (C, C

aromatic), 127.2, 126.8, 124.6, 122.8 (CH, C-aromatic), 60.2 (CHs).
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2-methoxy-3-((3-(pentafluoro-16-sulfaneyl) phenyl) amino) naphthalene-1,4-dione (83)

(o)

seary

(o)

General procedure 3

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.65
Purification: column chromatography hexane/AcOEt
Yield: 78%

Purity: 98%

UPLC-MS method C: 2.47 MS (ESI)+: 406[M+H] +

IH-NMR (500 MHz, DMSO) &: 8.20 — 8.07 (m, 2H, ArH), 7.77 (td, J=7.6, 1.4 Hz, 1H, ArH),
7.71 (td, J= 7.6, 1.4 Hz, 1H, ArH), 7.51-7.49 (m, 1H, ArH), 7.49 — 7.37 (m, 2H, ArH), 7.22 —
7.07 (m, 2H, ArH), 3.72 (s, 3H, CHs).

I3C-NMR (125 MHz DMSO, 6:182.7, 179.8 (C=0), 176.6, 134.7(C, C aromatic), 133.1(CH,
C-aromatic), 132.4, 131.9 (C, C aromatic), 128.4, 126.5, 124.5, 120.8, 119.3(CH, C-aromatic),

60.2 (CHs).

F NMR (471 MHz, CDCl3) 6 62.79 (d, J = 150.1 Hz, 4F), 84.84-83.56 (m, 1F)

212



2-((4-(2-hydroxyethyl) phenyl) amino)-3-methoxynaphthalene-1,4-dione (84)

o

seqolll

o |

General procedure 3

orange solid

TLC system n-hexane/AcOEt 2:8 v/v Rf:0.69
Purification column chromatography hexane/AcOEt
Yield: 66%

Purity: 100%

UPLC-MS method C: 1.92 MS (ESI)+: 324[M+H] +

TH-NMR (500 MHz, DMSO) §: 8.17 — 8.08 (m, 1H, ArH), 8.06 (dd, /= 7.8, 1.3 Hz, 1H, ArH),
7.73 (td, J = 7.6, 1.4 Hz, 1H, ArH), 7.65 (td, J = 7.5, 1.3 Hz, 1H, ArH), 7.23 — 7.11 (m, 3H,
ArH), 7.11 — 6.90 (m, 2H, ArH), 3.87 (t, J = 6.6 Hz, 2H, CH,), 3.53 (s, 3H, CHz), 2.87 (t, J =
6.6 Hz, 2H, CH,).

BC-NMR (125 MHz DMSO, § 183.2, 179.6 (C=0), 137.3(C, C aromatic), 134.6(CH, C-

aromatic), 134.3, 132.7(C, C aromatic), 132.2, 128.8, 126.3, 122.5(CH, C-aromatic),
63.6(CH3), 60.0(CH3), 38.6(CH>).
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2-((4-(hydroxymethyl) phenyl) amino)-3-methoxynaphthalene-1,4-dione (85)

SR,

General procedure 3

orange solid

TLC system n-hexane/AcOEt 2:8 v/v Rf:0.69
Purification column chromatography hexane/AcOEt
Yield: 65%

Purity: 93%

UPLC-MS method C: 1.86 MS (ESI)+: 310[M+H] +

IH-NMR (500 MHz, DMSO) &:  8.10 — 8.00 (m, 2H, ArH), 8.03 — 7.92 (m, 1H, ArH), 7.77
~7.65 (m, 1H, ArH), 7.65 — 7.57 (m, 1H, ArH), 7.31 — 7.20 (m, 1H, ArH), 7.07 — 6.98 (m, 2H,
ArH), 6.98 — 6.81 (m, 1H, ArH), 4.64 (d, J= 5.8 Hz, 2H, CHa), 3.48 (s, 3H, CHs).

3C-NMR (125 MHz DMSO, § 183.2, 179.6 (C=0), 137.3, 134.6 (C, C aromatic), 134.3,
132.6, 132.2, 128.8, 126.3, 122.5 (CH, C-aromatic), 63.6(CHz), 60.0 (CH>).
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2-((2-fluoro-5-(trifluoromethyl) phenyl) amino)-3-methoxynaphthalene-1,4-dione (86)

o , F
*N
o

o | c¢r

General procedure 3

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.65
Purification column chromatography hexane/AcOEt
Yield: 72%

Purity: 91%

UPLC-MS method C: 2.45 MS (ESD)+: 366[M+H] +

IH-NMR (500 MHz, DMSO) 3: § 8.07 — 7.95 (m, 1H, ArH), 7.72 — 7.64 (m, 1H, ArH), 7.62
(dd,J=17.5, 1.4 Hz, 1H, ArH), 7.59 — 7.52 (m, 2H, ArH), 7.35 (m, 2H, ArH), 6.96 (s, 1H, NH),
3.68 (s, 3H, CHs).

I3C-NMR (125 MHz DMSO, §: 182.3, 179.9(C=00, 143.4, 134.8(C, C aromatic), 134.6,
133.1 (CH, C-aromatic), 132.3 (C, C aromatic), 131.9 (CH, C-aromatic), 130.5 (C, C aromatic),

130.0, 128.9, 128.4, 126.4, 126.3, 125.4, 121.5, 120.9, 115.5 (CH, C-aromatic), 60.24 (CHa).

1F NMR (471 MHz, CDCls) § -61.9, -121.3
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2-chloro-3-((4-fluoro-3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (88)

General procedure 7

orange solid

TLC system n-hexane/AcOEt 8:2 v/v Rf:0.65
Purification column chromatography hexane/AcOEt
Yield: 83%

Purity: 100%

UPLC-MS method C: 2.20 MS (ESD)+: 370[M+H] +

IH-NMR (500 MHz, DMSO) &:8.16 — 8.11 (m, 2H, ArH), 8.07 (dd, J= 1.4, 7.7 Hz, 1H, ArH),
7.77 —7.70 (m, 1H, ArH), 7.66 (td, J = 1.4, 7.6 Hz, 1H, ArH), 7.52 (bs, 1H, NH) 7.26 (dd, J =
2.7,6.1 Hz, 1H, ArH), 7.13 (t, J= 9.2 Hz, 1H, ArH).
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2-chloro-3-((2-fluoro-5-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (89)

cols

General procedure 7

orange solid

TLC system n-hexane/AcOEt 8:2 v/v Rf:0.65
Purification column chromatography hexane/AcOEt
Yield: 80%

Purity: 100%

UPLC-MS method C: 2.18 MS (ESI)+: 370[M+H] +

IH-NMR (500 MHz, DMSO) &: 8.28-8.23 (m, 1H, ArH), 8.20 — 8.12 (m, 1H, ArH), 7.82 (td,
J=14,7.6 Hz, 1H, ArH), 7.76 (td, J = 1.3, 7.5 Hz, 1H, ArH), 7.54 — 7.48 (m, 1H, ArH), 7.45
(s, 1H,NH), 7.39 (dd, J=2.3, 7.3 Hz, 1H, ArH), 7.28 — 7.24 (m, 1H, ArH).

1F NMR (471 MHz, CDCls) § -62.2, -118.0.
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2-((3-fluoro-5-(trifluoromethyl)phenyl)amino)-3-(methylthio)naphthalene-1,4-dione (91)

General procedure 4

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.67
Purification: column chromatography hexane/AcOEt
Yield: 63%

Purity: 97 %

UPLC-MS method C: 2.48 MS (ESD)+: 382[M+H] +

TH-NMR (500 MHz, DMSO) 5: 8.08 (dd, J=7.6, 1.3 Hz, 1H, ArH), 8.03 (dd, J=7.7, 1.4 Hz,
1H, ArH), 7.77 — 7.65 (m, 2H, ArH), 7.63 (dd, J= 7.6, 1.4 Hz, 1H, ArH), 7.10 (dd, J=7.7, 1.5
Hz, 2H, ArH), 2.07 (s, 3H, CHs).

BC-NMR (125 MHz DMSO, §: 180.8, 180.21 (C=0), 143.5 (C, C aromatic), 135.3,
134.8(CH, C-aromatic), 134.5, 133.4 (C, C aromatic), 133.3, 133.1(CH, C-aromatic), 132.5,

130.5 (C, C aromatic), 127.3, 127.1, 127.0, 126.8, 116.8(CH, C-aromatic), 17.4 (CH3).

1F NMR (471 MHz, CDCl3) § -61.5, -119.4.
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2-((4-fluoro-3-(trifluoromethyl)phenyl)amino)-3-(methylthio)naphthalene-1,4-dione (92)
o

COLC

o

General procedure 4

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.67
Purification column chromatography hexane/AcOEt
Yield: 68%

Purity: 94%

UPLC-MS method C: 2.46 MS (ESD)+: 382[M+H] +

IH-NMR (500 MHz, DMSO) &: 5 8.10 — 8.07 (m, 1H, ArH), 8.04 — 8.01 (m, 1H, ArH), 7.68
(td, J=7.6, 1.4 Hz, 1H, ArH), 7.64 (s, 1H, NH), 7.61 (td, J= 7.5, 1.4 Hz, 1H, ArH), 7.20 (d, J
=2.1 Hz, 1H, ArH), 7.11 — 7.07 (m, 2H. ArH), 2.08 (s, 3H, CHs).

180.9, 180.3 (C=0), 142.9 (C, C aromatic), 138.6, 134.7(CH, C-aromatic), 134.7, 133.4 (C, C
aromatic), 133.3, 133.1(CH, C-aromatic), 131.5, 130.7 (C, C aromatic), 128.9, 126.7, 124.8,

124.6, 121.6, 120.6(CH, C-aromatic), 16.8 (CH3).

1F NMR (471 MHz, CDCl3) § -61.5, -119.4.
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2-((2-fluoro-5-(trifluoromethyl) phenyl) amino)-3-(methylthio) naphthalene-1,4-dione
93)

o ., F
*N
S

o | ¢

General procedure 4

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.67
Purification column chromatography hexane/AcOEt
Yield: 65%

Purity: 100%

UPLC-MS method C:

IH-NMR (500 MHz, DMSO) :8.08 (dd, J = 7.6, 1.3 Hz, 1H, ArH), 8.03 (dd, J= 7.7, 1.4 Hz,
1H, ArH), 7.78 — 7.65 (m, 2H, ArH), 7.65 — 7.55 (m, 1H, ArH), 7.10 (dd, J= 7.7, 1.5 Hz, 2H,
ArH), 2.07 (s, 3H, CHs).

13C-NMR (125 MHz DMSO, &: 180.8, 180.2 (C=0), 143.5, 135.3(C, C aromatic), 134.8(CH,
C-aromatic), 133.4(C, C aromatic), 133.1, 130.3, 127.3, 126.8, 120.6, 117.0, 116.8(CH, C-

aromatic), 17.4 (CH3).

YF NMR (471 MHz, CDCl3) § -61.5, -119.4.
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2-(methylthio)-3-((2-(trifluoromethyl) pyridin-4-yl) amino) naphthalene-1,4-dione (95)

General procedure 4

orange solid

Purification column chromatography hexane/AcOEt 2:8 v/v Rf:0.45
Yield: 75%

Purity: 95%

UPLC-MS method C: 2.20 MS (ESI)+: 365[M+H] +

'H-NMR (500 MHz, DMSO) &:8.61 (d, /= 11.3 Hz, 1H, ArH), 8.16 (dd, J=7.7, 1.3 Hz, 1H,
ArH), 8.11 (dd, J = 7.6, 1.5 Hz, 2H, ArH), 7.86 (s, 1H, NH), 7.77 (td, J = 7.6, 1.4 Hz, 1H,
ArH), 7.71 (td, J= 7.5, 1.4 Hz, 1H, ArH), 7.43 (t, J = 2.2 Hz, 1H, ArH), 2.14 (s, 3H, CHa).

I3C-NMR (125 MHz DMSO, & 180.8, 179.9 (C=0), 146.1, 142.2 (C, C aromatic),141.30,
134.8 (CH, C-aromatic), 133.3 (C, C aromatic), 133.2 (CH, C-aromatic), 130.3 (C, C aromatic),
127.1, 126.8, 124.6, 122.8 (CH, C-aromatic), 17.3 (CH3).

1F NMR (471 MHz, CDCl3) § -62.5.
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2-((4-fluoro-3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione (96)

General procedure 6

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.75
Purification column chromatography hexane/AcOEt
Yield: 85%

Purity: 90%

UPLC-MS method C: 2.31 MS (ESI)+: 366 M+H] +

TH-NMR (500 MHz, DMSO) 6 8.23 (dd, J=7.6, 1.4 Hz, 1H, ArH), 8.16 (dd, J= 7.8, 1.4 Hz,
2H, ArH), 7.85 —7.79 (m, 1H, ArH), 7.79 — 7.68 (m, 1H, ArH), 7.62 (s, 1H, NH), 7.56 — 7.48
(m, 1H, ArH), 6.28 (s, 1H, ArH).
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2-((4-fluoro-3-(trifluoromethyl) phenyl) amino)-3-((trifluoromethyl)thio) naphthalene-
1,4-dione (98)

H
OO
SCF; F
o

General procedure 8

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.28
Purification column chromatography hexane/AcOEt
Yield: 77%

Purity: 100%

UPLC-MS method C: 2.48 MS (ESI)+: 436[M+H] +

TH-NMR (500 MHz, DMSO) &: & 8.19 (dd, J = 7.7, 1.3 Hz, 1H, ArH), 8.14 — 8.02 (m, 2H,
ArH), 7.78-7.76 (m, 2H, ArH), 7.70-7.66 (m, 1H, ArH), 7.37-7.35 (m, 1H, ArH), 7.30-7.27 (d,
J=13.5Hz, 2H, ArH).

I3C-NMR (125 MHz DMSO, $:180.1, 179.7 C=0), 159.4, 157.3 (C, C aromatic), 150.5 (CH,
C-aromatic), 135.8 (C, C aromatic), 134.8, 133.9 (CH, C-aromatic), 133.9 (C, C aromatic),

133.3,133.0, 131.5, 129.9, 127.8, 127.3, 117.9, 117.8 (CH, C-aromatic).

YF NMR (471 MHz, CDCl3) § -41.1, -61.7, -114.7
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2-((2-(trifluoromethyl) pyridin-4-yl) amino)-3-((trifluoromethyl)thio) naphthalene-1,4-
dione (99)

H
oo
N
SCF?
o}

General procedure 8

orange solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.28
Purification column chromatography hexane/AcOEt
Yield: 78%

Purity: 89%

UPLC-MS method C: 2.29 MS (ESI)+: 419[M+H] +

IH-NMR (500 MHz, DMSO) §: 8.77 (d, J= 1.9 Hz, 1H, ArH), 8.60 (d, J = 2.4 Hz, 1H, ArH),
8.20 (dd, J= 7.7, 1.3 Hz, 1H, ArH), 8.17 — 7.99 (m, 2H, ArH), 7.80 (td, J= 7.6, 1.3 Hz, 1H,
ArH), 7.71 (td, J= 7.6, 1.3 Hz, 1H, ArH), 7.66 (d, J= 2.4 Hz, 1H, ArH).

I3C-NMR (125 MHz DMSO, & 180.8 176.6(C=0), 146.3, 142.2 (C, C aromatic), 135.9(CH,
C-aromatic),134.8 (CH, C-aromatic),134.8 (C, C aromatic), 133.4 (CH, C-aromatic), 133.2 (C,
C aromatic), 129.9, 127.8, 127.4, 125.4. (CH, C-aromatic),

19F NMR (471 MHz, CDCl:) § -40.8, -62.5.
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Synthesis of 6,7-dichloroquinoline-5,8-dione (101)

NH, Q o
X NaClO A
, neo
N/ HCI 37% N Cl
1h fo}

Sodium chlorate (4 eq) was added over a period of 1 h to a solution of 5-aminoquinolin-8-ol (1

eq) in conc. HCI (37%, 0.3 M) at 55 °C. The reaction mixture stirred for 1 h before being

diluted with water. The resulting yellow precipitate was collected and the water phase

discarded. The precipitate was then re-crystallised in MeOH to afford the title compound.

Yellow solid
T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.23
Yield: 56%

Purity: 100 %

UPLC-MS method C: Rt: 1.031, MS (ESI)+: 230.0-232.0[M+H] +

TH-NMR (500 MHz, CDCl3) é ppm 9.11 (dd, J= 4.6, 1.7 Hz, 1H, ArH), 8.54 (dd, J=7.9, 1.8

Hz, 1H, ArH), 7.77 (dd, J = 7.9, 4.7 Hz, 1H, ArH).
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Synthesis of 7-chloro-6-((3-(trifluoromethyl) phenyl) amino) quinoline-5,8-dione (102)

CF3
AN cl aniline N
» —
N cl NZ cl
EtOH,12h o

A mixture of 6,7-dichloroquinoline-5,8-dione and 3-(trifluoromethyl) aniline (1.5 eq) in
absolute ethanol was stirred at room temperature for 4h. The resulting mixture was
concentrated in vacuum, and the residue was partitioned between a HCl 1N solution and
AcOEt. The organic layer was dried over anhydrous magnesium sulphate, filtered and
concentrated. The crude product was purified using silica gel column chromatography, Biotage
Isolera One system, Cartridge: ZIP KP 30g, using nHexane/EtOAc as eluent to afford the title

compound as a mixture of the two regioisomer (30:70)

Red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.31

Yield: 56%

Purity: 87%

UPLC-MS method C: Rt: 2.061, MS (ESD)+: 353.1[M+H], 2.157, MS (ESI)+: 353.1[M+H],

TH-NMR (500 MHz, CDCl3) 6 9.09 (dd, J = 1.8, 4.7 Hz, 1H, ArH), 9.03 (dd, /= 1.7, 4.7 Hz,
1H, ArH), 8.46 (dd, J = 1.8, 7.9 Hz, 1H, ArH), 8.42 (dd, J = 1.8, 7.8 Hz, 1H, ArH), 7.75 (s,
1H, NH), 7.68 (m, 1H, ArH), 7.64 (m, 2H, ArH), 7.50 (m, 1H, ArH), 7.47 (m, 1H, ArH), 7.42
(m, 1H, ArH), 7.17 (m, 1H, ArH).
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Synthesis of 7-(methylthio)-6-((3-(trifluoromethyl) phenyl) amino) quinoline-5,8-dione
(103)

CF3

CF,
N
N N NaSCH,, EtOH I\
| —— ~
N S
o |

N Cl
o

To a mixture of 7-chloro-6-((3-(trifluoromethyl) phenyl) amino) quinoline-5,8-dione in EtOH
sodium methanethiolate was added and the reaction was stirred at room temperature. The
resulting mixture was concentrated in vacuum, and the residue was partitioned between a water
and AcOEt. The combined organic layers was dried over anhydrous magnesium sulfate, filtered
and concentrated. The crude product was purified using silica gel column chromatography,
Biotage Isolera One system, Cartridge: ZIP KP 30g, using nHexane/EtOAc as eluent to afford

the title compound as a mixture of the two regioisomer (30:70).

Red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.33

Yield:36%

Purity:100%

UPLC-MS method C: Rt: 2.085, MS (ESD)+: 365.2[M+H] +, 387.2 [M+Na]+

TH-NMR (500 MHz, CDCls) 8 9.09 (dd, J= 1.8, 4.7 Hz, 1H, ArH), 9.03 (dd, J= 1.7, 4.7 Hz,
1H, ArH), 8.46 (dd, J = 1.8, 7.9 Hz, 1H, ArH), 8.42 (dd, J = 1.8, 7.8 Hz, 1H, ArH), 7.75 (s,
1H, ArH), 7.68 (m, 1H, ArH), 7.64 (m, 2H, ArH), 7.50 (m, 1H, ArH), 7.47 (m, 1H, ArH), 7.42
(m, 1H, ArH), 7.17 (m, 1H, ArH), 2.24 (s, 3H, CHs)

I3C-NMR (125 MHz CDCl3),5 176.6 (C=0), 155.1, 145.9 (C, C aromatic), 142.7, 138.6, 134.6
(CH, C-aromatic), 129.1(C, C aromatic), 127.0, 124.9, 121.3, 121.2, 118.8, 106.9(CH, C-
aromatic), 17.4(CHz).

1F NMR (471 MHz, CDCl3) § -62.14.

227



Synthesis of 7-chloro-6-(phenylamino) quinoline-5,8-dione (104-105)

0 o} O H
H
Cl i N N
N aniline N—@ A _O
l ~Z | D * l =
P
N cl EtOH,12h N cl Cl
o] o o
Isomer A Isomer B

A mixture of 6,7-dichloroquinoline-5,8-dione and aniline (1.5 eq) in absolute ethanol was
stirred at room temperature for 4 h. The resulting mixture was concentrated in vacuum, and the
residue was partitioned between a HCI IN solution and AcOEt. The organic layer was dried
over anhydrous magnesium sulphate, filtered and concentrated. The crude product was purified
using silica gel column chromatography, Biotage Isolera One system, using nHexane/EtOAc

as eluent to afford the title compounds

Red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.28
Yield: 73%

Purity: 100%

Isomer A

IH-NMR (500 MHz, CDCL3) 8 8.99 (dd, J=4.7, 1.7 Hz, 1H, ArH), 8.52 (dd, J=7.9, 1.7 Hz,
1H, ArH), 7.85 (bs, 1H, NH), 7.71 (dd, J= 7.9, 4.7 Hz, 1H, ArH), 7.44 — 7.34 (m, 2H, ArH),
7.14 - 7.07 (m, 2H, ArH).

13C-NMR (125 MHz CDCl3), & ppm 8 179.4, 176.5 (C=0), 153.8 (CH, C-aromatic), 146.2,
141.9 (C, C-aromatic), 136.9, 134.9, 129.9, 128.5, 126.2, 124.6 (CH, C-aromatic).

Isomer B

TH-NMR (500 MHz, CDCls) 5 9.06 (dd, J=4.7, 1.8 Hz, 1H, ArH), 8.44 (dd, J=7.8, 1.8 Hz,
1H, ArH), 7.78 (bs, 1H, NH), 7.65 (dd, J= 7.9, 4.7 Hz, 2H, ArH), 7.38 (dd, /= 8.4, 7.4 Hz,
2H, ArH), 7.16 — 7.05 (m, 2H, ArH).

I3C-NMR (125 MHz CDCl), 6 180.1, 179.5(C=0), 155.43(CH, C-aromatic), 148.4, 137.04
(C, C-aromatic), 134.82, 128.56, 126.95, 126.91,126.10, 124.43 (CH, C-aromatic).
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Synthesis of benzo[b]thiophene-4,7-dione (107)

74 Fremy’s salt, KH,PO,,
S — > /
OH Acetone/H,0, 12h S
o

To a solution of benzo[b]thiophen-7-0l in Acetone, a solution of Fremy’s salt in a 0.1 M of
aqueous dipotassium phosphate was added, and the mixture was stirred for 12 h. The mixture
was concentrated in vacuum and extracted with DCM 3 times. The combined organic layers
was dried over anhydrous magnesium sulfate, filtered and concentrated. The formed yellow

precipitate was collected by vacuum.

Yellow solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.28

Yield: 67%

Purity: 100 %

UPLC-MS method C: Rt: 1.66, MS (ESI)+: 165.2[M+H] +

1H-NMR (500 MHz, CDCl3) & 7.74 (d, /= 1.8 Hz, 1H, ArH), 6.89 (d, J= 1.9 Hz, 1H, ArH),
6.76 (s, 2H, ArH).

I3C-NMR (125 MHz CDCl), 181.4, 179.9 (C=0), 141.1, 138.1 (C, C aromatic), 137.6, 133.5,
126.1(CH, C-aromatic).
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Synthesis of 5-((3-(trifluoromethyl) phenyl) amino) benzo[b]thiophene-4,7-dione (108)

o Q H
CeCl3, amine N CFs

/ >
S EtOH,4h S

o 0
The benzo[b]thiophene-4,7-dione (1.0 eq) was stirred with cerium trichloride heptahydrate (1.2
eq) in EtOH at room temperature. After 15 minutes, the appropriate aniline (2 eq) was added,
and the reaction was stirred for 12 h. The resulting mixture was concentrated in vacuum, and
the residue was partitioned between satd. aq. NH4Cl and AcOEt. The combined organic layers
were washed with HCl 6N and dried over anhydrous magnesium sulfate, filtered and
concentrated. The crude product was purified using silica gel column chromatography, Biotage
Isolera One system, Cartridge: ZIP KP 30g, using nHexane/EtOAc as eluent to afford the title

compound as mixture of two region-isomer (80:20).

Yellow solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.37

Yield: 67%

Purity: 100%

UPLC-MS method C: 1.95 MS (ESD)+: 324.0[M+H] +, 1.99 MS (ESI)+: 324.0[M+H] +,

IH-NMR (500 MHz, CDCl3) & 7.71 (dd, J = 6.5, 5.0 Hz, 2H, ArH), 7.57 (dd, J = 5.0, 2.6 Hz,
3H, ArH), 7.55 — 7.46 (m, 2H, ArH), 7.46 —7.35 (m, 3H, ArH), 7.25 — 7.22 (m, 2H, ArH), 7.15
(dt, J=17.6,2.1 Hz, 3H, ArH), 6.16 (s, 1H, ArH), 6.09 (s, 1H, ArH).
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Synthesis of 6-(ethylthio)-5-((3-(trifluoromethyl) phenyl) amino) benzo[b]|thiophene-4,7-
dione (109)

(ﬁ @/C 3CH3CHZSH (ﬁ 0/

To a solution of 2-chloro-3-((3-(trifluoromethyl) phenyl) amino) naphthalene-1,4-dione in
DCM ethanethiol and DIPEA were added, and the reaction was stirred at room temperature.
The resulting solution was washed with HC1 1N and NaHCO3. The combined organic layers
was dried over anhydrous magnesium sulfate, filtered and concentrated. The crude product was
purified using silica gel column chromatography, Biotage Isolera One system, Cartridge: ZIP

KP 30g, using nHexane/EtOAc EtOAc as eluent to afford the title compound.
Purple solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.37

Yield: 86%

Purity:92%

UPLC-MS method C: 2.46 MS (ESI)+: 384.0[M+H] +,

'H NMR (500 MHz, CDCls) & 7.80 — 7.69 (m, 1H, ArH), 7.61 (dd, J= 8.3, 5.0 Hz, 1H, ArH),
7.55 (d, J= 5.0 Hz, 1H, ArH), 7.50 — 7.43 (m, 1H, ArH), 7.42 (d, J= 7.7 Hz, 1H, ArH), 7.19
(d, J= 8.0 Hz, 1H, ArH), 2.72 — 2.57 (m, 2H, CHa), 1.08 (td, J = 7.4, 3.6 Hz, 3H, CHa).

13C NMR (126 MHz, CDCl3) 6 176.6, 176.1 (C=0), 144.6, 139.0 (C, C-aromatic), 135.1,
132.1, 128.9, 127.4, 125.5, 125.4, 121.2, 119.2 (CH, C-aromatic), 116.6, 28.3(CH>), 14.4

(CH3).

1F NMR (471 MHz, CDCls) § -62.14.
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Synthesis of benzofuran-4,7-dione (111)

o
74 Fremy’s salt, KH,PO,,
o —_— > %
OH Acetone/H,0, 12h (o]
(o)

To a solution of benzofuran-7-ol in Acetone, a solution of Fremy’s salt in a 0.1 M of aqueous
dipotassium phosphate was added, and the mixture was stirred for 12h. The mixture was
concentrated in vacuum and extracted with DCM 3 times. The combined organic layers were
dried over anhydrous magnesium sulfate, filtered and concentrated. The crude product was
purified using silica gel column chromatography, Biotage Isolera One system, Cartridge: ZIP

KP 30g, using nHexane/EtOAc as eluent to afford the title compound
Yellow solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.28

Yield: 45%

Purity: 100 %

TH NMR (500 MHz, CDCl3) & 7.63 (d, J = 5.0 Hz, 1H, ArH), 7.49 (d, J = 5.0 Hz, 1H, ArH),
6.80 (d,J=10.2 Hz, 1H, ArH), 6.73 (d, /= 10.2 Hz, 1H, ArH).
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Synthesis of 5-((3-(trifluoromethyl) phenyl) amino) benzofuran-4,7-dione (112)

0 Q W
CeCl;, amine N CFs
Y >
o EtOH,4h o}
o o
The benzofuran-4,7-dione (1.0 eq) was stirred with cerium trichloride heptahydrate (1.2 eq) in
EtOH at room temperature. After 15 minutes, the appropriate aniline (2 eq) was added, and the
reaction was stirred for 12 h. The resulting mixture was concentrated in vacuum, and the
residue was partitioned between satd. aq. NH4Cl and AcOEt. The combined organic layers
were washed with HCl 6N and dried over anhydrous magnesium sulfate, filtered and
concentrated. The crude product was purified using silica gel column chromatography, Biotage

Isolera One system, Cartridge: ZIP KP 30g, using nHexane/EtOAc as eluent to afford the final

compound as mixture of two regioisomer (98:2)

Red solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.28

Yield: 58%

Purity: 98 %

UPLC-MS method C: 2.17 MS (ESD)+: 308.0[M+H] +, 2.22 MS (ESI)+: 308.0[M+H] +,

H NMR (500 MHz, CDCl3) 5 7.73 (s, 1H, ArH), 7.67 (d, J= 1.9 Hz, 1H, ArH), 7.46 (dt, J =
16.0, 7.9 Hz, 2H, ArH), 7.20 (d, J= 7.8 Hz, 1H, ArH), 6.86 (d, J= 1.9 Hz, 1H, ArH), 2.64 (q,
J=7.4Hz, 2H, CH,), 1.08 (t, J = 7.4 Hz, 2H, CH;).
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Synthesis of 6-(ethylthio)-5-((3-(trifluoromethyl) phenyl) amino) benzofuran-4,7-dione
(113)

(jr\\:;r ©/ CH3CHzSH DIPEA (jij\‘)[ \©/

To a solution of 5-((3-(trifluoromethyl) phenyl) amino) benzofuran-4,7-dione in DCM
ethanethiol and DIPEA were added and the reaction was stirred at room temperature. The
resulting solution was washed with HCI 1N and NaHCO3. The combined organic layers were
dried over anhydrous magnesium sulfate, filtered and concentrated. The crude product was
purified using silica gel column chromatography, Biotage Isolera One system, Cartridge: ZIP

KP 30g, using nHexane/EtOAc as eluent to afford the title compound
Purple solid

T.L.C system: n-hexane-EtOAc 8:2 v/v, Rf: 0.28

Yield: 86%

Purity: 88 %

UPLC-MS method B: Rt: 2.709, MS (ESI)-: 332.1-334.1[M-H]-

'H NMR (500 MHz, CDCls) & 7.83 — 7.70 (m, 1H, ArH), 7.61 (dd, J= 8.3, 5.0 Hz, 1H, ArH),
7.55 (d, J = 5.0 Hz, 1H, ArH), 7.47 (d, J = 7.8 Hz, 1H, ArH), 7.19 (d, J = 7.9 Hz, 1H, ArH),
2.65 (dq, J=9.5, 7.4 Hz, 2H, CHa), 1.08 (td, J = 7.4, 3.6 Hz, 3H, CHs).
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