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Abstract

The last few decades have provided stunning progresses in the understanding of
physiopathology of several diseases. The remarkable progress in research fields, like
genetics, immunology, neurobiology, among others, as well as the advent of more
powerful tools, have made it possible to characterize, monitor, and understand far more
of the basis of physiology and disease. However, for some diseases the treatment
remains a problematic issue as the efforts performed so far were not translated into
therapeutic solutions. Notwithstanding the steady increase in the total amount of
money spent on pharmaceutical research and development over the past decade, the
number of new drug approvals has declined in recent years. Despite the advances in
technology, drug discovery is still a lengthy, expensive, difficult, and inefficient process,
with a low rate of success. Therefore, the search for new chemical entities is still an
unmet need for the drug discovery process.

Application of new drug discovery approaches/concepts for multifactorial
diseases, such as cancer and neurodegenerative diseases, have prompted a switch on
the strategy of one-molecule one-target to a new one, the multi-target approach, where
a single chemical entity may be able to modulate multiple targets simultaneously.

In the present project, the main challenges were the validation of chromones as a
privileged structure for the design of new drug candidates for Parkinson disease and
the development dual-target lead compounds. Accordingly, the design of a chromone
library to attain structure-activity relationships and the development of concise and
diversity-oriented synthetic strategies has been carried out along this project. The small
but innovative chromone libraries were screened to ascertain their potential as MAO-B
inhibitors as well as A,» adenosine receptor ligands. The output of the biological
screening assays gave rise to preliminary structure-activity relationship regarding both
of the targets. The overall data showed that chromones are privileged structures for
drug discovery and development processes in the field of Parkinson disease and that
chromone-3-(3’-hydroxy-4’-methoxyphenyl)carboxamide and chromone-3-(4’-
chlorophenyl)carboxamide, exhibiting a 1Cso for AIMAO- B in a nanomolar range and
affinity towards A,a ARs, can be regarded as putative leads for further optimisation. In
addition, during the drug discovery process interesting A; AR ligands based on
chromone scaffold have been found, namely chromone-2-carboxamides such as the
chromone-2-(4’-methoxyphenyl)carboxamide which presented a Ki value for hA; AR of
9,580 nM and reasonable to good selective indexes regarding the other ARs ligands.
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Complementarily, the work described along this thesis was sustained on
molecular docking studies performed over MAQOs isoforms and ARs, for the most active

chromone derivatives.
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Resumo

As Ultimas décadas tém sido pautadas por um impressionante progresso em
areas como a genética, imunologia, neurobiologia, entre outras. O crescente
conhecimento cientifico, bem como o desenvolvimento de novas e mais potentes
tecnologias, tornaram possivel ndo sé a caracterizagao e monitorizagdo dos processos
fisiologicos mas também uma maior compreensdao dos processos patoldgicos de
inameras doencas. No entanto, para algumas enfermidades os esforgcos até agora
realizados nao conseguiram ser traduzidos em solugdes terapéuticas.

O processo de descoberta e desenvolvimento de novos farmacos é dispendioso,
demorado e com uma baixa taxa de sucesso De facto, e apesar do crescente
investimento econémico por parte da industria farmacéutica, o numero de novos
farmacos tem diminuido ao longo das ultimas décadas. Neste contexto, a descoberta
de novas entidades quimicas (NCEs), candidatas a novos farmacos, continua a ser um
topico da maior relevancia na quimica medicinal.

No caso das doencas de natureza multifatorial, como cancro e eventos
neurodegenerativos, o processo de descoberta e desenvolvimento de novos farmacos
€ ainda um desafio. Numa tentativa de acelerar o processo assiste-se actualmente a
uma modificacdo da estratégia do desenho racional de farmacos com passagem do
paradigma “uma molécula-um alvo terapéutico” para uma abordagem multi-alvo, onde
uma unica entidade quimica tem ser capaz de modular, simultaneamente, mais do que
um alvo.

O presente projeto consistiu na validagdo da cromona como uma estrutura
privilegiada para a descoberta de novos candidatos a farmacos para a doenga de
Parkinson e no desenvolvimento de compostos lider com um mecanismo de acgdo em
dois alvos terapéuticos. Neste contexto procedeu-se a obtencao e desenvolvimento de
estratégias sintéticas para a construgdo de pequenas e inovadoras bibliotecas
baseadas no nucleo da cromona. Adicionalmente, foram efetuados estudos para
avaliacdo do seu potencial como inibidores da MAO-B e ligandos do recetor Ao da
adenosina. Os resultados obtidos foram interpretados através do estabelecimento de
relagdes de estrutura-atividade e em estudos de modelizagdo molecular, envolvendo
as isoformas da MAO e os recetores da adenosina. os quais foram realizados para os
derivados de cromonas mais potentes.

Os dados obtidos até a data permitiram concluir que a cromona pode ser uma
estrutura privilegiada para a descoberta e desenvolvimento de novos fadrmacos para
doenca de Parkinson. Do estudo efectuado salienta-se os resultados obtidos para dois

derivados da cromona sintetizados, nomeadamente a cromona-3-(3'-hidroxi-4'-
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metoxifenil)carboxamida e a cromona-3-(4'-clorofenil)carboxamida, os quais exibiram
um Clsg para hMAO-B na ordem dos nanomolar e afinidade relevante para o recetor
Aon da adenosina. Estes compostos, ap6s uma etapa subsequente de otimizacao,
podem produzir candidatos inovadores, com um mecanismo de acao duplo-alvo, e
uma nova solucdo terapéutica para a doenga de Parkinson. Salienta-se ainda os
resultados obtidos para uma biblioteca de cromonas (cromona-2-carboxamidas), as
quais evidenciaram, de uma foram geral, uma afinidade relevante para os recetores A;
da adenosina, nomedamente a cromona-2-(4'-metoxifenil)carboxamida a qual
apresentou um valor de Ki = 9,580 nM para o referido recetor. Os dados obtidos,
assim como a seletividade apresentada, leva a considerar este tipo de derivados de
cromonas compostos passiveis de ser otimizados para o desenvolvimento de novos

anticancerigenos.

vi
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Abbreviations

Ach — Acetylcholine
AChE — Acethylcolinesterase
Amino acids:
Asn — Asparagine
Cys — Cysteine
Gin — Glutamine
Glu — Glutamic acid
His — Histidine
lle — Isoleucine
Leu — Leucine
Phe — Phenylalanine
Ser — Serine
Thr — Threonine
Trp — tryotophan
Tyr — Tyrosine
Val — Valine
ARs — Adenosine receptors
BOP — O-Benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate
CNS - Central nervous system
COMT - Catechol-O-methyltransferase
COSY - Correlation spectroscopy
DA — Dopamine
DBU — Diazabicyclo[5.4.0Jundec-7-ene
DOPAC - Dihydroxyphenylacetic acid
EI/MS — Electron Impact Mass Spectrometry
EL — Extra loop
GABA — Gamma aminobutyric acid
GP — Globus pallidus,
GPCRs — G protein coupled receptors
GPe — Globus pallidus pars externa
GPi — Globus pallidus pars interna
hA; AR — Human adenosine subtype A; receptor
hAx AR — Human adenosine subtype Aza receptor
hAs AR — Human adenosine subtype A.g receptor
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hA; AR — Human adenosine subtype A; receptor
hMAO-A — Human monoamine oxidase type A isoform
hMAOQO-B — Human monoamine oxidase type B isoform
HMBC — Heteronuclear multiple bond correlation
HMPA — Hexamethylphosphoramide
HMQC — Heteronuclear multiple quantum coherence
HTS — High-throughput screening
HVA — Homovanillic acid
IL — Intra loop
L-AAD - L-Aromatic amino acid decarboxylase or dopa decarboxylase
L-dopa — L-Dihydroxyphenylalanine
MAO-A — Monoamine oxidase type A isoform
MAO-B — Monoamine oxidase type B isoform
MPP* — 1-Methyl-4-phenylpyridinium ion
MPTP — 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NCEs — New chemical entities
NMR — Nuclear magnetic resonance
PD — Parkinson’s disease
PyBOP — O-Benzotriazol-1-yloxytris(pyrrolidino)phosphonium hexafluorophosphate
PyBrOP — Bromotripyrrolidinophosphonium hexafluorophosphate
SARs — Structure—activity relationships
SN — Substantia nigra
SNr — Substantia nigra pars reticulata
STN — Subthalamic nucleus
TH — Tyrosine hydroxylase

Metric units

Hg — Microgram

uL — Microliter

UM — Micromolar

g — Gram

K — Degrees Kelvin
L — Litre

M — Molar

mg — Milligram

min — Minute

mL — Mililiter



mM — Milimolar

ng — Nanogram

nL — Nanoliter

nM — Nanomolar

°C — Degrees Celsius
ppm — Parts per million

Symbols

6 — Chemical shift in ppm

d - Duplet

dd — Double duplet

ddd — Double double duplet
J — Coupling constant

m — Multiplet

m/z — mass charge ratio

s — Singulet

t— Triplet
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1.1 Introduction

The Committee of the International Union of Pure and Applied Chemistry
(IUPAC) defines medicinal chemistry as “a chemistry-based discipline, also involving
aspects of biological, medical and pharmaceutical sciences. It is concerned with the
invention, discovery, design, identification and preparation of biologically active
compounds, the interpretation of their mode of interaction at the molecular level, the
construction of their structure-activity relationships, and the study of their
metabolism" . The interdisciplinarity between Chemistry and Biology, essential for
medicinal chemistry, was brilliantly recognized by Arthur Kornberg, a Nobel laureate, in
1959 who wrote: “We have the paradox of the two cultures, chemistry and biology,
growing further apart even as they discover more common ground.” . Due to the
harmonization of these apparently distinct two sciences, conditions have been created
for the growth of medicinal chemistry and consequently for drug discovery and
development processes.

Nowadays, medicinal chemistry is seen as a science situated at the interface of
organic chemistry and life sciences, encompassing the knowledge of biochemistry,
pharmacology, molecular biology, genetics, immunology, pharmacokinetics and
toxicology on one side, and chemistry based disciplines, such as organic and physical
chemistry, crystallography, spectroscopy and computer-based techniques, data
analysis and data imaging on the other side ©.

Medicinal chemistry is a dynamic science that changes as the drug discovery
paradigms shifts. Before 1990 the lead generation in the drug discovery processes was
based on natural ligands and massive synthesis .. Usually, the therapeutic purpose
is fixed in advance and a large number (several thousands) of molecules is tested on a
limited number of experimental models. This method, called as random screening, has
been used for the discovery of several drugs, particularly antibiotics. The common
criticism of this type of methodology is that it constitutes, by the absence of a rational
lead, a sort of fishing.

The steep increase in the knowledge about biological processes, the factors
leading to their misregulation and ultimately to disease as well as the development of
new technologies, such as high-throughput screening (HTS), microwave assisted
synthesis and parallel and combinatorial technology, have a tremendous impact on the
methodologies of drug discovery, and correspond to the entrance of a new era - the so-
called “rational drug design”. Classically, the drug discovery process embraces four
stages of: i) target identification (enzyme, receptor, ion channel, signalling protein,
transport protein or DNA.), ii) target validation, iii) (hit) lead identification and

optimisation, iv) candidate(s) selection .. During the process it is essential to ensure
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that the molecule is innovative (new chemical entities (NCEs)) and that it reaches its
target effectively while also ensuring that it satisfies necessary safety requirements.
Drug design is a complex issue that still lacks a general approach that has
proven reliability. There is still a need to select the appropriate structural series of
compounds, to follow and pursue the SARs in order to identify suitable drug candidates

for advancement to safety and clinical testing .

Furthermore, it has become
increasingly clear that many effective drugs act by interactions with multiple receptors
and/or enzymes, although they may have been designed to be highly selective.

For some time, scientists involved in drug discovery have been questioning the
wisdom of the reductionist philosophy (one drug-one target.) of hitting single targets as
the accurate approach to ameliorate complex disease states . Although the strategy
of one-molecule-one-target has led to the discovery of many successful drugs, this
concept has been recently shifted to a new one, the multi-target approach, where a
single chemical entity may be able to modulate simultaneously multiple targets. This
new strategy seems to be of particular interest in areas that involve multiple pathogenic
factors, like neurodegenerative diseases, diabetes, cardiovascular diseases, and
cancer "% One of the main limitations with this approach is the ability to define the set
of targets that is causative of a particular disease state and design compounds that will
hit the key targets with a desirable ratio of potencies. This is certainly a daunting
challenge.

However, and despite the remarkable conceptual and technique differences of
the earlier era of drug discovery, medicinal chemistry faces today many of the
challenges that it confronted in the past. The accepted paradigm for drug discovery in
the last 25 years has failed to provide a sufficient number of innovative and effective
new drugs to continue to fuel the research and development (R&D) engine. Drug
approvals by the US Food and Drug Administration (FDA) have continued to fall from
the levels of the 1990’s. The challenge to select the most druggable targets and to find
the suitable drug-like molecules, substances that not only interact with the target but
also have specific pharmacokinetic and toxicological properties, has generated more
attrition in the process ['"l.

Now and again a remembrance of the past appears as a way out. Although
natural products have been marginalized by major pharmaceutical companies over the
last 20-30 years, the changing landscape of drug discovery now favours a greatly
enhanced role for nature’s privileged structures !'J. Advances in total synthesis,
especially function-oriented syntheses and biosynthetic technologies offer new
avenues to the identification and use of privileged structures and molecular fragments

that are able to interact with more than one target. For nearly 20 years, privileged
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structures have offered an optimal source of core scaffolds and fragments for the
design of chemical libraries directed at a broad spectrum of targets 1'%,

In summary, although the drug discovery approaches have changed significantly
over the past 50 years as the workflows have been reinvented, the same goals remain:
find and test novel molecules that can reach and act on disease targets.

1.2 Scope of the thesis

The research program of the thesis was aimed at the discovery and development
of new chemical entities skilled to be a therapeutic solution for Parkinson’s disease.
The main challenges were by one side the validation of the chromone scaffold as a
privileged structure for the design of new drug candidates for Parkinson’s disease and
by the other the development of dual-target lead structures.

Therefore, the specific goals of this thesis were:

i.  Design of a library of structural related chromone derivatives suitable to
achieve proper structure-activity relationships;

ii. Establishment of concise and diversity-oriented synthetic strategies
embedded with the benzopyran motif and development of efficient and
less time consuming synthetic strategies;

ii.  Biological screening towards MAO-B;

iv.  Assessment of the binding affinities towards adenosine receptors.

20



FCUP

Chromone: a valid scaffold in Medicinal Chemistry

Literature Review

21



FCUP
Chromone: a valid scaffold in Medicinal Chemistry

2.1 Parkinson’s disease
Parkinson’s disease (PD) is the second most prevalent neurodegenerative

I The cardinal

disorder, affecting up to 10 million people worldwide!™
neuropathological feature of PD is a dopaminergic cell loss within the substantia nigra
(SN). Despite the enormous amount of research in the field, that reveal the implication
of some molecular mechanisms such as mitochondrial dysfunction, production of free
radicals and oxidative stress ['® "I protein aggregation !"® ' like a-synuclein
aggregation " neuroinflammation ®", and impaired protein degradation [?? the
features and sequence of the events that generate the exact causes of cell death in PD
remain unknown®!. It is also important to point out that some etiological factors have
been associated with the disease, namely genetics ¥, aging '™ and environmental
toxins (25281,

Classically, PD is considered a motor system pathological condition with an
extensive degeneration of the dopaminergic neurons and subsequent dopamine (DA)
depletion . The histopathological features of PD occur mainly on basal ganglia (Fig.
2.1), which comprises a group of interconnected deep brain nuclei, namely the
striatum, formed by the caudate nucleus and putamen, the globus pallidus (GP), the
substantia nigra and the
subthalamic nucleus (STN). The
dopaminergic nigrostriatal
projections, by modulation of the
thalamus and the cortex output,
influence the generation and
execution of voluntary
movements. DA also plays a

crucial role in modulation of

other basal ganglia RS
W Pars externa
Pars interna

neurotransmitters associated
with motor control, like Y-
aminobutyric  acid  (GABA),
acetylcholine (ACh), glutamate,

. «’ Subthalamus

Substantia Nigra

enkephalin, and substance P * Pars compacta
29]
The degeneration of the Figure 2.1 Schematic representation of the basal ganglia
. . . . anatomy
nigrostriatal dopaminergic

neurons with the disruption of the complex circuitry mentioned above can culminate on
movement disorders, such as those implied on PD ¥ ®1 This disease is clinical
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translated into motor manifestations, such as bradykinesia, rigidity tremor and postural
instability #”). In addition to the degeneration and loss of the dopaminergic neurons, the
neurodegenerative process is also associated with the loss of serotonergic,
noradrenergic and cholinergic neurons and, consequently, with the depletion of the
corresponding neurotransmitters 734, The latter described pathological processes are
linked with the non-motor manifestations of PD, including cognitive decline, sleep
abnormalities and depression as well as gastrointestinal and genitourinary
disturbances #”- %, The advent of non-motor complications on PD is well documented
although often under-recognised in clinical practice and diagnosis, which still relies on
detection and evaluation of the cardinal motor symptoms .

2.2 Dopamine biosynthesis and nigrostriatal pathways

The biosynthesis of DA occurs in the dopaminergic neurons and starts with the
conversion of the L-tyrosine to L-dihydroxyphenylalanine (L-dopa) by the action of the
enzyme tyrosine hydroxylase (TH). L-Dopa is then converted into DA by the enzyme L-
aromatic amino acid decarboxylase (L-AAD), also called dopa decarboxylase (Fig. 2.2)
3381 Once synthesised, DA is sequestered into vesicles and released into the synaptic
cleft, where it exerts its role by interacting with specific receptors. The DA receptors are
a class of G protein-coupled receptors (GPCRs), commonly divided in two major
classes: D;-like receptors, comprising Dy and Ds receptors, and D, like-receptors class
formed by the D., D5, and D, receptors subtypes *”. The DA metabolism encompasses
either its reuptake by the dopaminergic neurons or its uptake by glial cells. Briefly, after
its reuptake by the neurons, DA can be recycled and stored in vesicles, or converted to
dihydroxyphenylacetic acid (DOPAC) by the action of monoamine oxidase-B (MAO-B)
and aldehyde dehydrogenase (AD) (Fig 2.2). On the other hand, within glial cells, DA is
converted into homovanillic acid (HVA) by the action of catechol-O-methyltransferase
(COMT), MAO-B and AD (Fig. 2.2) [333¢],

Through its innervation systems, DA acts as a relatively slow modulator of a
faster neurotransmission mediated by glutamate and GABA, and it has been implied in
several vital functions of the central nervous system (CNS) such as voluntary
movement, appetite, affection, reward, sleep, attention, working memory and learning
1381 Accordingly, the typical movement disorders observed in PD have been linked with
the degeneration and loss of basal ganglia dopaminergic projections, specially of the

dopaminergic nigrostriatal neurons %% 4]
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da i
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DOPAL DOPAC

Figure 2.2 Schematic representation of dopamine metabolism. L-AAD: L-aromatic amino acid decarboxylase
AD: aldehyde dehydrogenase, COMT: catechol-O-methyltransferase, DOPAC: dihydroxyphenylacetic acid,
DOPAL: 3,4-Dihydroxyphenylacetaldehyde, HVA: homovanillic acid, MAO-B: monoamine oxidase-B, TH:
tyrosine hydroxylase.

The actual model of the basal ganglia circuitry is based in the existence of two
major projection systems: the direct and indirect pathways. Concisely, the direct and
indirect pathways arise from different populations of striatal projection neurons, whose
activity is regulated by striatal dopamine, supplied via nigrostriatal projection from the
substantia nigra compacta (SNc). The direct pathway (Fig.2.3) encloses D;-like
receptors, involving dopaminergic projections from the striatum to the globus pallidus
pars interna (GPi) and substantia nigra pars reticulata (SNr). The indirect pathway
(Fig.2.3) selectively expresses D,-like receptors and involves the projections of the

striatum to globus pallidus pars externa (GPe) 7 39 4. 42]

. It has been postulated that
movement control by basal ganglia involves both direct and indirect pathways, by

modulation of the cortical afferent activity through thalamus output.
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The direct
pathway is triggered by
the activation D
neurons that project
mainly to the GPi and
SNr with subsequent
inhibition of their
GABAergic neurons, a
process which seems
to enhance thalamo
cortical circuitry and,
consequently, facilitate
movement. The
dopamine interaction
with D, neurons
triggers the indirect
pathway by inhibiting
the GPe GABAergic
projections directly
attached with  STN.
This inhibition, results
in the activation of
glutamatergic
projections from STN to
GPi/SNr enhancing the
inhibitory  effect  of
GPi/SNr  over  the

thalamus &% 3% 42l
Thus, the indirect
pathway activation

interferes  with  the
thalamocortical circuitry

resulting in a movement inhibition 1“1,

—//,/ Cortex 1 %\\\*
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Figure 2.3 Schematic representation of basal ganglia direct and indirect
pathways. GPe: globus pallidus pars externa, GPi: globus pallidus pars
interna, SNc: substantia nigra pars compacta, SNr: substantia nigra pars

reticulata STN: subthalamic nucleus.

More recently, controversial experimental data, led to questioning the consistency

of the referred model. Although some of its features and hypotheses should be clearly

reviewed % 44

, significant assumptions of the basal ganglia circuitry model are still

widely accepted (e.g. the basic connections between the basal ganglia nuclei and the
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role of dopaminergic system in the striatum output) . It is also important to point out
its contribution to the study of the pathophysiology of movement disorders such as the
ones observed in Parkinson’s disease. In this neurodegenerative disease the
regulatory role of DA in striatrum is compromised " 21 which leads to a reduced
activity of the direct nigrostriatal pathway, whereas the indirect nigrostriatal pathway
activity is increased, resulting in an excessive GPi inhibitory output to the thalamus with

a consequent movement disorders 2.

2.3 Parkinson's disease therapy the current status

Nowadays the pharmacological therapy available for Parkinson's disease (PD)
aims to improve patients’ life quality, slowing down the progression of symptoms, either
through the delay of the physical and psychological morbidity inherent to of the disease
or by diminishing the long-term complications associated with the therapy **.. The main
strategic developments for symptomatic treatment and discovery of new compounds to
modify the course of PD were focused on the improvement of dopaminergic therapies
and in the identification of non-dopaminergic drugs.

Despite all the recent research in the field, there are only a few classes of drugs
approved for the treatment of the motor related symptoms of PD, namely the ones that
act primarily on the dopaminergic system, such as L-dopa, dopamine agonists, MAO-B
and COMT inhibitors, and the non-dopaminergic drugs like anticholinergic and
glutamate antagonists > ¢!,

In the fowling sections it will be succinctly presented the current status of the
available chemotherapy for the treatment of the motor afflictions of Parkinson’s disease
will be briefly discussed, as well as the importance of the discovery and development of
new drugs for PD.

2.3.1 Dopaminergic treatments for Parkinson’s disease

2.3.1.1 L-Dopa o
: . , HO
The observation that dopamine levels in the basal OH
ganglia of patients suffering from PD were much lower HO NH,
than those found in the brains of healthy persons, was Figure 2.4 Chemical struomre of L.
the key information that boosted the drug discovery for dopa.

PD that lead to the introduction of L-dopa (Fig.2.4) in the market from the late
1960's 7.

Almost 50 years later, L-dopa remains the most useful oral drug in PD therapy,
showing real effectiveness in the reversibility of motor limitations of the disease.
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L-Dopa is a natural dopamine precursor that can cross the blood-brain barrier but
has a relatively short half-life period of 60 to 90 min *®.. Once in the brain, exogenous
L-dopa is taken up by dopaminergic neurons, thus mimetizing the endogenous one,
and converted to DA by the dopa-decarboxylase and stored in vesicles with
subsequent release into the synaptic cleft.

The PD progressive loss of dopaminergic neurons, which are required to the
biosynthesis, metabolism, storage and release of dopamine, influence the beneficial
effect of each dose of L-dopa by shorting the time of its effectiveness and so the daily
scheduled dose must be adjusted *\. The long-term usage of this drug can lead to a
narrow therapeutic window as well as several complications *?. Standard treatment of

PD with L-dopa causes a number of typical peripheral

and central dopaminergic adverse events, including HO COOH
nausea, vomiting, hypotension, hallucinosis, paranoid \“CHN_NHZ
psychosis and particularly iatrogenic dyskinesias °°. HO

Some of the side effects are mainly due the peripheral Carbidopa
metabolism of exogenous L-Dopa to DA in the liver and OH NH,
intestinal mucosa via peripheral L-AAD. In fact, less HO N/H\H)\
than 1% of administered L-dopa reaches the brain. To "o H 6 oH

overcome this drawback a combination of L-dopa with

L-AAD inhibitors such as carbidopa and benserazide Benserazide

(F|g 25) |S Comm0n|y preSCFIbed ThUS, the L-dOpa F|gurezschem|ca| structures of L-
bioavailability is increased and the necessary dose to AAD inhibitors.

obtain effect reduced as well as the peripheral side effects °'.
2.3.1.2 Dopamine agonists

One of the strategies employed to minimize the side effects of L-dopa is related
to the use of dopamine agonists. This drugs were launched as first-line effective drugs
for monotherapy in the early stages of the disease, in order to postpone L-dopa
introduction and its associated dyskinesia 2. Furthermore, due to the fact that this
class of compounds can delay the onset of dyskinesias and motor fluctuations, by one
to three years, after L-dopa introduction DA agonist are also used as adjuvants to L-
dopa in the later stages of the disease *¥ .

The main advantage associated with the use of dopamine agonists is the fact
that they can act directly on dopamine receptors, bypassing the metabolic pathways in

the degenerated nigrostriatal neurons [P*%,

It was also postulated that the
antioxidant/free radical-scavenging activity demonstrated by this type of compounds,

makes them good candidates for neuroprotection of the dopaminergic and non-
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dopaminergic neurons %%, These additional effects, although very important to the
management of PD, still remain unproven and may not be significant for clinical
practice as suggested for some authors %6,

DA agonists are a heterogeneous group of drugs classically divided into ergot or
non-ergot agonists. The ergot DA agonists (Fig. 2.6) are based on the structure of
ergoline and include: bromocriptine, cabergoline, lisuride, and pergolide. The non-ergot
DA agonists (Fig. 2.6) are a more diverse chemical group comprising apomorphine,
piribedil, ropinirole, pramipexole, and rotigotine **. Due to several side effects, such as
impulse control disorders (e.g. pathological gambling, hyper sexuality, or binge eating)
the treatment with dopamine agonists must be initiated at low dosage and the titration
period may be extended for months in order to improve tolerance to the peripheral side
effects 9. This dose escalation process may have direct implications in the patient’s
compliance to the treatment due to the time needed for beneficial effects to manifest.

Ergot Derivatives

Bromocriptine Lisuride Cabergoline Pergolide

Non-ergot Derivatives

j;EP%T/ Revee P UL e

Apomorphine Piribedil Ropinirole Pramipexole Rotigotine

OH

S

Figure 2.6 Chemical structures of ergot and non-ergot dopamine agonists.

2.3.1.3 Catechol-O-methyltransferase inhibitors

Catechol-O-methyltransferase (COMT) is an intracellular enzyme widely
distributed in human tissues and highly active in liver, kidneys and gastrointestinal tract
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531 This enzyme in presence of Mg?* promotes the O-methylation of one of the hydroxyl
groups present on the catechol substrate .

To understand the role of COMT inhibitors, as a valid resource for PD, it is
important to highlight the role of this enzyme in the peripheral metabolism of L-dopa.
Besides the peripheral conversion of L-dopa to dopamine via L-AAD, L-dopa is also
peripherally metabolized to its inactive metabolite 3-O-methyldopa (3-OMD) (Fig. 2.7),
by the action of COMT ©* ¢ The use of COMT inhibitors allows a prolonged
maintenance of L-dopa serum levels, by increasing its half-tlife and boosting the central
bioavailability of the drug. These drugs have the additional advantage of low motor
fluctuations and less dependence on daily L-dopa .

Figure 2.7 Peripheral biotransformation of L-dopa by action of COMT. COMT: Catechol-O-methyltransferase and
3-OMD: 3-O-methyldopa.

There are two COMT inhibitors, available since the mid-1990s, for clinical

practice: tolcapone and entacapone (Fig. 2.8) '*°.

Entacapone is a selective and
reversible peripheral COMT inhibitor that does not cross the blood brain barrier (BBB)
acting primarily in the increase and maintenance of plasmatic half-life of L-dopa .
Tolcapone has a half-life similar to entacapone but, as it has a greater bioavailability
and smaller volume of distribution, thus resulting in higher potency for COMT
inhibition ®*. Furthermore, tolcapone, unlike entacapone, may also inhibit central
COMT brain ®” %8 increasing peripherally and central L-dopa availability, thus
enhancing striatum dopamine neurotransmission ®. However, the appearance of fatal

acute hepatitis in some patients receiving tolcapone, raised several concerns about this
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drug and the European Medicines Agency (EMEA) has temporary suspended
tolcapone in the European Union (EU) "% In 2004, EMEA lift the suspension but its
use was substantially curtailed . Comparatively, entacapone does not show the
same tendency to cause hepatotoxicity, being the most common side effects related
with the dopaminergic system. As reflex of the increased central dopaminergic activity,
nausea, vomiting, orthostatic hypotension, and dyskinesia, can be experienced by the
patients undergoing COMT inhibitors therapy. Additionally, it was reported the
occurrence of diarrhoea in about 10% of cases, and in some patients it may be
intractable and discontinuation of the drug may be required "%

Recently, a novel catechol-O-methyltransferase (COMT) inhibitor, opicapone
(Fig.2.8), was developed by BIAL and has been proposed as adjunctive therapy for PD
patients treated with L-dopa. Opicapone is currently in phase Il clinical trials and a
license agreement was signed with Ono Pharmaceutical Co., Ltd. (“ONQO”) for the

development and commercialization in Japan ",

o] o
HO HO Ay~ HO
O O CN
HO HO k HO
N02 N02

Tolcapone Entacapone Opicapone

NO,

Figure 2.8 Chemical structures of COMT inhibitors.
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2.3.1.4 Monoamine oxidase-B inhibitors

Monoamine  oxidases
(MAOs) are intracellular
flavine-containing  enzymes
that play a major role in the in
vivo inactivation of biogenic
amines, both in peripheral and
central neuronal tissues 2.
These enzymes are
ubiquitously distributed on the
body and are mainly located
in the outer mitochondrial
membrane. The biological role

of MAOs is the catalysis of the |_| .
oxidative  deamination  of FAD +H,0+0, FAD +H,0, + NH,
endogenous monoamines
(Fig. 2.9) by a process that
involves the oxidation of the
amine function, with the
formation of an imine

intermediate and

simultaneous reduction of the Figure 2.9 MAOs catalysed reactions

flavin cofactor. The imine

intermediate is then hydrolysed, yielding ammonia and the corresponding aldehyde.
The cofactor is re-oxidized by molecular oxygen, with concomitant hydrogen peroxide
release (Fig. 2.9) "2,

Two isoforms of MAOs are expressed in mammals: MAO-A and MAQO-B, which
can be distinguished based on their substrate preference for the substrate and their
interaction with specific inhibitors > 7. Within the CNS, the primary substrates of MAO
are neurotransmitters, such as adrenaline, noradrenaline (NA), dopamine (DA),
serotonin, also called 5-hydroxytryptamine (5-HT), and B-phenylethylamine (PEA).
However, a variety of monoamines, like tyramine, octopamine, tryptamine and
kynuramine, can be also metabolised by MAO. These substrates are deaminated by
both isoforms of the enzyme, albeit with differing kinetic parameters, which are
influenced by concentration, affinity and turnover rate of the substrate. Under normal
physiologic conditions, NA and 5-HT are the preferred substrates of MAO-A, and PEA
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is preferentially metabolised by MAO-B. Both MAOs isoforms metabolise DA, although
DA in human brain has higher affinity for MAO-B isoform "2,

These findings led to the development of selective inhibitors for each subtype of
MAO, being MAO-A a target in the treatment of depression, whereas MAO-B inhibitors
are used in therapy for neurodegenerative disorders, including PD 4. MAO-B inhibition
causes the blockade of the metabolism of dopamine and therefore could enhance both
endogenous dopamine and the one produced from exogenously administered L-dopa.

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine  (MPTP), a chemical compound,
which was linked with parkinsonism by serendipity, had a significant impact on PD
research and it was used since then as a tool to investigate the cause and treatment of
the disease namely in the development of suitable PD animal models "®. The
neurotoxic effects are not caused by MPTP by itself, but by its bioactive metabolite, the
1-methyl-4-phenylpyridinium ion (MPP*), a metabolic process which can be MAO-B
mediated. The active metabolite exerts is toxicity by acting as mitochondrial complex |
inhibitor inducing cell death "), There are several studies suggesting that MAO-B
inhibitors can block the conversion of MPTP to its active metabolite MPP™, thus giving
rise to the thought that they can possess some neuroprotective properties > 78,

The MAO-B inhibitors currently in the market, selegiline (L-deprenyl) and
rasagiline (Fig. 2.10) are both selective and irreversible inhibitors of MAO-B isoform.
Selegiline in combination with L-dopa presents very successful results in the treatment
of PD. First synthesised in 1962, the low potential of selegiline to produce the so-called
"cheese effect", a common reaction following the usage of MAO inhibitors, had
attracted attention even before MAO subtypes have been discovered. Additionally,
selegiline may also display neuroprotective
properties through the decrease of oxidative stress ‘\\\\N\///
in neuronal striatal circuit "®.. A negative feature of @

selegiline is related to its biotransformation in

amphetamine-like metabolites; two of them, L- Seligiline
amphetamine and L-methamphetamine, have

shown to be potential neurotoxins. Despite the fact @Q /
that the neurotoxicity mechanisms are not HN
completely understood, it has been proposed that it Rasagiline

involves damage in dopaminergic and serotonergic
s [80-82]

Figure 2.10 Chemical structures of MAO-

cell B inhibitors in clinical practice
Rasagiline (Fig. 2.10) is a potent, selective and irreversible inhibitor of MAO-B.
One of its main therapeutic advantages is related to its biotransformation, as no

amphetamine-like metabolites are obtained #2®*. Moreover, its major metabolite ((R)-1-
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aminoindan) exhibits neuroprotective activity in animal PD models ®%. Studies with
patients, with moderate to severe symptoms of PD treated with L-dopa, showed that
rasagiline improves the typical symptoms and motor fluctuations ®¢. The key to the
success of rasagiline seems to be its ability to limit the process of neurodegeneration in
the early stages of the disease ..

The multitarget drug discovery approach recently proposed for multifactorial
diseases has already brought out encouraging results regarding PD. The development
of new chemical entities (NCEs) with a MAO-B inhibitory activity allied to another
relevant mechanism of action, culminated in synthesis of two new compounds:

ladostigil and safinamide (Fig. 2.11).

The identification of the propargylamine o
moiety as a key structure related with the - /U\/CQ
N =
neuroprotective activity of MAO-B inhibitors was K HN __Z

the inspiration for the design and development of

ladostigil 1'%, Ladostigil, is a NCE that combines Ladostigll

the neuroprotective effects of the propargylamine O
moiety, the MAO-B inhibition profile of rasagiline F o
H
and retains the acetylcholinesterase (AChE) N\_)J\NHZ

inhibitory activity of rivastigmine 2.

Safinamide is an aminoamide derivative, Safinamide
currently in Phase lll clinical trial for Parkinson’s Figure 2.11 Chemical Structures of
disease, which has been shown to be a reversible multitarget drugs in clinical trials.

MAO-B inhibitor with the capacity to reduce dopamine reuptake and with
antiglutamatergic effects. This NCE may add a new dimension to PD treatment options,
either as an adjuvant to current drugs for neuroprotection or motor symptomatic relief in

PD, as it displays dopaminergic and non-dopaminergic effects .

2.3.2 Non-dopaminergic treatments for Parkinson’s disease
2.3.2.1 Anticholinergic drugs

Before the discovery of L-dopa the therapy of choice for PD relied on
anticholinergic drugs. The first’s reports involving the use of anticholinergic drugs for
ameliorating the motor symptoms of PD remount to the nineteen century (late 1860’s,
early 1870’s) with use of the belladonna alkaloids, atropine and scopolamine. The
synthetic anticholinergic agents, namely, trihexyphenidyl, Biperiden, procyclidine,
benzatropine and ethopropazine were only marketed for the treatment of PD in
1950’'s 1992 (Fig. 2.12). Although the benefits were modest and inconsistent,
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anticholinergic drugs remained the cornerstone of PD therapy for nearly one hundred
years.

The rational use of anticholinergic
agents in PD has been strengthened by OH
the clear demonstration of W"O
dopaminergic-cholinergic antagonism in

the striatal function ®®. The mechanism Trihexyphenidyl OH

of action of the anticholinergic drugs in W:«Q
PD is not yet thoroughly known, but it is OH

postulated that these drugs can O/iY\NQ Biperiden

antagonise  overactive  cholinergic
transmission via blockade of Procyclidine O

postsynaptic  muscarinic  receptors, O
Z: —O0

thereby restoring the balance between

)
DA and ACh in the ©: j@
N

striatum > %, Although anticholinergics Benzatropine

may be useful as monotherapy in early N
stages of PD, they are mainly used as r W
adjuvants to L-dopa treatment. They are Ethopropazine

more effective in ameliorating the mild

Figure 2.12 Chemical structures of anticholinergic
symptoms of tremor and rigidity, without drugs

significant changes in bradykinesia signals . Anticholinergic agents can also block
muscarinic ACh receptors peripherally leading to a myriad of side effects like
xerostomia, sweating inhibition, blurred vision, and urinary retention as the most
common ones. CNS side effects, such as confusion, dementia and other psychiatric
symptoms are also

frequent .
2.3.2.2 Glutamate antagonists

Amantadine (Fig. 2.13) is a tricyclic amine that was
firstly used as an antiviral agent. Its benefits in PD therapy HoN
were discovered by serendipity in 1969 by Schwab et al. . 2

Despite the lack of scientific evidence of its efficacy

Figure 2.13 Chemical
regarding the delay of PD progression, this drug has been structure of amantadine.

used for the relief of PD motor since then °.. Amantadine is
administered either in combination with L-dopa or in monotherapy, in patients that have
less tolerance for L-dopa ). More recently, the interest on this drug has re-emerged
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due to its putative beneficial role in the treatment of motor fluctuations and
dyskinesias *® %°l. The exact mechanism of action of amantadine remains unclear. The
role of this drug in PD has been related to the antagonism exerted on N-methyl-D-
aspartate (NMDA) receptor subtype, but other mechanisms have also been proposed,
such as direct action over the dopaminergic system. None of the mechanisms so far
proposed met the rigorous criteria for strength of evidence 1°>%% 10,

However, the use of amantadine in therapy is limited due to its side effects, which
are generally mild but may be severe, especially in elderly patients, and also due to the
discovery of more effective therapeutic approaches. Adverse effects associated with
amantadine usage are primarily central nervous system ones, like anxiety,
hallucinations, depression, insomnia, somnolence/drowsiness, fatigue and impaired
coordination, along with non-SNC effects, such as diarrhoea, nausea and vomiting,

constipation, xerostomia, and livedo reticularis *®.

2.4 Looking for new targets: adenosine A2A receptors and
Parkinson’s disease

To date, most of the currently available therapies in PD target the dopaminergic
system and none of these therapeutic approaches have been proven to modify the
course of the disease. To various extents, these drugs can also cause motor and non-
motor complications %2,

The need for potent and safe antiparkisonian agents has been the motor of an
intensive research towards the development of new therapeutic approaches for PD,
preferentially one that can operate beyond the damaged dopaminergic system. In fact,
in the last years a large number of medicinal chemistry programs have been focused in
looking for new non-dopaminergic modulators of basal ganglia motor circuits "%,

As mentioned previously in section 2.3.2, there are available medicines whose
mechanisms of action operate via a non-dopaminergic pharmacological approach (e.g.
anticholinergic drugs and amantadine) illustrating the viability and the problems of this
type of therapeutic strategy for PD motor symptoms relief '*. So, the development of
novel antiparkinsonian agents whose mechanisms of action are mediated by other
specific CNS receptors, preferentially restricted to basal ganglia neurons, may have an
intrinsic therapeutic advantages while reducing the occurrence of adverse CNS events.

2.4.1 G Protein-coupled receptors and adenosine receptors: a general
outlook

Adenosine can act as neuromodulator and has been associated with the
coordination responses to DA and other neurotransmitters, in areas of the brain that

are responsible for motor function, mood, learning and memory "% % The
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physiological functions of adenosine are mediated by adenosine receptors (ARS).
Briefly, these receptors are G protein-coupled receptors (GPCRs) consisting of a single
polypeptide chain that transverses the membrane from the extracellular side, beginning
at the N terminus, to form seven transmembranar helices (TMs), which are connected
by three intracellular and three extracellular loops (ILs and ELs, respectively), leaving
the N-terminus in the extracellular milieu and the C-terminus in the cytoplasm "% (Fig.
2.14).

There are four distinct ARs subtypes designated as Ai, Aca, A and As.
Adenosine A; and A; receptors are coupled to inhibitory G proteins, while A,a and Asg
receptors are coupled to stimulatory G proteins. The A,p and Az ARs preferably
interact with members of the Gg family of G proteins, with consequent activation of
adenylyl cyclase and consequently the production of cyclic AMP (cAMP), and

contrariwise, the A, and A; ARs inhibit the adenylyl cyclase activity by interaction with
Giproteins 1'% (Fig. 2.14).

Stimulation

cAMP ATP

Figure 2.14 Schematic representation of G protein-coupled adenosine receptors. ATP: Adenosine-triphosphate;
Ca®: ion Calcium (ll); cAMP: Cyclic adenosine monophosphate; Gi/G,: inhibitory G protein; G¢/G, stimulatory G
protein; K: potassium; P: phosphorus; PLC: phospholipase C.

GPCRs have been implicated in a multitude of human disorders and numerous
diseases as their signalling regulates an incredibly vast array of physiological functions
and pathological conditions. Consequently, they have a high pharmaceutical appeal
and constitute the target of a very large segment of the currently marketed drugs 1'% It
is estimated that nearly half of all modern drugs somehow regulate GPCR activity "%,

Although GPCRs are among the most fruitful targets for marketed drugs, and
while intense discovery efforts have been performed to find agents for GPCR subtypes,

a selective drug candidate has not yet been reported. Particularly, ARs have long been

36



FCUP

Chromone: a valid scaffold in Medicinal Chemistry

considered as targets for drug discovery programs of a variety of maladies, such as
cerebral and cardiac ischaemia, immune and inflammatory disorders, and more
recently for neurodegenerative and neoplastic events % "% 1 Gonsequently,
numerous medicinal chemistry groups have made intense efforts to create selective

agonists and antagonists for each AR subtype !¢,
2.4.2 Adenosine, adenosine receptors and neurodegenerative diseases

Adenosine is a neuromodulator with several functions in the CNS, such as
inhibition of neuronal activity in many signalling pathways ['%'%116117_Adenosine plays
a major role in a diverse array of neural phenomena, which includes regulation of sleep
and the level of arousal, neuroprotection, seizure susceptibility, locomotor effects,
neuroprotection and modulation of various neurotransmitters, namely dopamine. The
existence of an interaction between adenosine and dopamine within the basal ganglia,
which could be correlated with the modulation of motor function, has been
demonstrated "% "% "7l Adenosine can also counteract the excitotoxicity associated
with excessive glutamate release in the brain ['"®l, The overall findings support the
hypothesis that adenosine plays an important role in the modulation of glutamatergic
and GABAergic neurotransmission 28 1'% 129 of the basal ganglia indirect pathway "',

The neuromodulation effect exerted by adenosine occurs probably through the
activation of the A; and Asa ARs, which are highly expressed in brain 2. The A, AR
in the CNS, distinguishes itself from the other adenosine receptors by its selective
localization in striatum "% (Fig. 2.15). In the striatum the Azx AR are co-localize and
physically associated with DA D, receptors. A.a AR and D, receptors have opposing
effects on adenylyl cyclase and cAMP production in cells. Interestingly, A,a AR
activation reduces the affinity of striatal D, receptor for dopamine and the blockade of
Ao AR with specific antagonists facilitates function of the D, receptor. Blockade of Aza
AR signalling by selective A;a AR receptor antagonists was shown to be beneficial not
only by enhancing the therapeutic effects of L-Dopa but also by reducing dyskinesia
from long-term L-Dopa treatment.
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The specific
localization of A ARs
at basal ganglia, their
biochemical and
pharmacological
properties, advocate
that they will be
effective targets in
PD ['2 Therefore,

Aon AR antagonists

will potentially reduce

the effects associated Figure 2.15 Co-localization of A;a AR and D2 receptors

with dopamine depletion in PD. In fact this class of compounds have recently attracted
considerable attention as they have shown potential effectiveness in counteracting
motor dysfunctions, while displaying additional neuroprotective and anti-inflammatory
effects in animal models of PD % """ 18 They have distinguished themselves over
other antiparkinsonian agents in development, by the convergent epidemiological and
preclinical evidence of their neuroprotective benefits as well as symptomatic

relief 17 1181,

2.4.2.1 A;x AR antagonists

The knowledge acquired over the last decades regarding the involvement of

adenosine on motor functions, mainly

through modulation of A.x receptor, makes o ) °\/
Aon AR antagonists promising non- /\)N\Jt[N/ / 0
dopaminergic agents for the treatment of PD 0N~ N
motor symptoms. A,x AR antagonists ) stradetyline
developed do far have been traditionally /
categorized as xanthine based (e.g. caffeine o—/_ °
and styrylxanthines) or non-xanthine based Q
derivatives (e.g. pyrazolotriazolo pyrimidines, HyN @
arylindeno  pyrimidines,  thiazolotriazolo N,N;N{NNN

—N

I
pyrimidines). Excellent reviews have been ©/‘\N/

published on this topic in the last five Preladenant

gl123-126]

year However, until now only two

Figure 2.16 Chemical structures of istradefylline
Aon AR antagonists have undergone clinical and preladenant.

evaluation, namely, istradefylline (KW-6002) and preladenant (SCH 420814) (Fig.
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2.16). The preclinical data demonstrates that istradefylline possesses beneficial effects
on PD symptoms, and in clinical trials it has shown the ability to reduce the “off” time in
patients with PD receiving dopaminergic therapy "'\, Istradefylline completed phase I
clinical trials in 2009, but it was not approved by the FDA due to lack of efficacy in

comparison with placebo ['?”!

. Preladenant was being researched as a potential
treatment for Parkinson's disease. Although positive results were reported in Phase |l
clinical trials it did not prove itself to be more effective than a placebo during Phase Il

trials, and so it was discontinued in May 2013.

2.5 Chromone as a privileged scaffold
2.5.1 Privileged structures for lead discovery

The term privileged structure was first introduced in 1988 by Evans and co-
workers!'®! who have recognised the potential of certain regularly occurring structural
motifs as templates for structural modification to expand the discovery of novel ligands
for binding to proteins. Since then, the original concept definition has evolved and
nowadays privileged structures (scaffolds or motifs) can be defined as molecular
frameworks which are able of providing useful ligands for more than one type of
receptor or enzyme targets by judicious structural modifications!'®. Privileged
structures typically exhibit drug-like properties and usually generate drug-like
compound libraries and lead compounds. However, one should keep in mind that the
presence of a privileged scaffold in a compound is no guarantee that all compounds in
the library will be bioavailable and non-toxic.

Many of these frameworks have been used as templates for the design of
libraries of molecules for drug discovery '*%34 |n fact, the privileged structure concept
has emerged as a successful approach for the drug discovery process, e.g. as core
structures for synthesis and optimal starting points for the library design of ligands with
affinity to certain molecular targets !'**"**. The last decade has brought more popularity
to this idea and numerous scaffolds have been claimed to be privileged:
benzazepinone, diphenylmethane, piperidine, biphenyltetrazole, indole, biphenyl and

e "% % However, the prerequisites that make a structural motif a

benzopyran
privileged one still remain unknown. Nevertheless, it is consensual that there are at
least two important issues that can make a privileged structure suitable for fragment-
based design: synthetic availability and ease of modifying its structure. The decoration
of the privileged scaffolds using diversity-oriented synthesis has been proven to be an
essential tool to rapidly discover biologically active small molecules. During the design
of a synthetic library, it is advised to exploit simple one-pot approaches, e.g.

condensation reactions that afford high yields. On the other hand, for building the
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structure-activity matrix, usually guided by (bio)isosteric approaches, the tested
compounds should be relatively versatile and cover a wide range of substituents [,

Privileged substructures from bioactive natural products are usually rigid
heterocyclic based structures and have played and continue to play an invaluable role
in the drug discovery process!™. In particular, benzopyrane is a privileged structural
motif observed in many biologically active natural products that has been extensively
studied by several research groups!'®®, especially using as templates coumarin (2H-
chromen-2-one) and flavonoid (2-phenyl-4H-chrome-4-one) or isoflavonoids (3-phenyl-
4H-chrome-4-one) structure based scaffolds.

Although chromone has not been included so far as a benzopyrane privileged
scaffold it is our believe that due to the number of natural chromone derivatives, the
high degree of chemical diversity linked to the broad spectrum of pharmacological
activities, they can be an important player in the medicinal chemistry drug discovery
and development programs.

2.5.2 Simple chromones

Chromones are a group of naturally benzopyrone compounds that are ubiquitous
in nature, especially in plants. Chromones are oxygen-containing heterocyclic
compounds with a benzoannelated vy-pyrone ring (4H-chromen-4-one, 4H-1-
benzopyran-4-one). Due to their structural diversity they are roughly divided into two

different categories: simple chromone derivatives and

o
fused chromones such as pyrano and R'—/} c\._R
| 1] ™
furanochromones. Z

Simple chromones are a vast group of o
heterocyclic compounds of great biological and Chromone backbone
synthetic interest being (iso)flavonoids the most studied

| | NS
components of this group. Up till now, simple R:_ﬁ Cc- @

chromones have been progressively explored and, with I
the exception of (iso)flavonoids, and the literature in this

area is rather diffuse. However, this type of compounds  (Is@)flavonoids backbone

has attracted interest for a long time either from a Figure 2.17 Chromone and
biosynthetic and synthetic point of view and/or due to (isc)fiavonolds backbone.
their interesting biological activities. In the present study our attention was focused on
simple chromones, which do not have the characteristic B ring of the (iso)flavonoids

(Fig. 2.17).
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2.5.3 Chromones in therapy

Chromones have been used in therapy since ancient times. One of the most
charismatic examples of natural chromones in clinical practice is khellin (Fig. 2.18), a
furanochromone, extracted from the seeds of the plant Ammi visnaga. Historically,
khellin and its 9-demethoxy derivative, visnagin, were employed as herbal medicines in
the treatment of angina, spasmolytic agents, and were also used for kidney stone

treatment ['3"

, but the first clinical application of khellin in its pure form was as
bronchodilator in asthma ["® 3% However, due to the unpleasant side effects (nausea
and vomiting) the use of khellin for asthma events was abandoned !"® ¥ Currently
khellin is still used as a therapeutic agent in the treatment of vitiligo .

The search for NCEs based on khellin with bronchodilation properties, without the
inherent side effects and with a better water-solubility profile, led to the synthesis of a
small molecule, the chromone-2-carboxylic acid (Fig. 2.18). This chromone was able to
prevent bronchial spasms caused by antigens '*® but unfortunately the effect was too

| 041 Further research has culminated in the

short lived to be clinically usefu
development of the so-called bis-chromones, namely disodium cromoglycate (Fig.
2.18) a chromone that was largely employed for the treatment of bronchial asthma.
Although nowadays the therapy for asthma relied on corticosteroids, sodium
cromoglycate is still useful in the treatment of mild to moderate asthma, especially in
children, mainly due to its lower risk profile compared to the inhaled corticosteroids and

to its potent anti-inflammatory effect "2,

O. _COOH “NaOOC__O O._COO Na’
| |

o o o_L_o o

Khellin chromone-2-carboxylic acid disodium cromoglycate

Figure 2.18 Examples of chromone derivatives in therapy

2.5.4 Biological activity of simple chromones and derivatives

Numerous biological activities have been attributed to simple chromones and

[143-146] a5 well as

their analogues, such as anticoagulants and antiplatelet
antidiabetics!'*"! activities. Their ability to act as inhibitors of carbonic anhydrase '8 4]
NADH:ubiquinonereductase (complex 1) "*® ° and calpain 1> % was also reported.
However, in this work only the most illustrative properties, namely anti-inflammatory,
antimicrobial, anticancer and those related with neurodegenerative diseases, will be

further discussed.
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The following subdivisions intend to summarise the developed medicinal
chemistry artwork related with the potential therapeutic applications of simple
chromones and their derivatives, with the exception of flavonoids.

2.5.4.1 Anti-inflammatory activity

The current mainstay treatment of inflammatory diseases, namely those related
with rheumatoid (arthritis), respiratory (asthma), cutaneous (psoriasis) and irritable
bowel syndrome (IBS) disorders, involve the use of corticosteroids and non-steroidal
anti-inflammatory drugs (NSAIDs). However, both therapeutic approaches are linked
with several side effects mainly related to a lack of drug target selectivity, among others
factors. Despite some notable successes in the field, there is still a major unmet
medical need for the treatment of inflammatory diseases. In addition, it has become
clear over the last few years that inflammatory processes may also play a key role in
other prevalent diseases, not previously considered to have inflammatory aetiologies,
such as atherosclerosis, diabetes, cardiovascular, Alzheimer's and Parkinson's
diseases as well as cancer.

Over the past 20 years in the modern era of target-based drug discovery, a
relatively small number of pivotal targets have been identified and linked to
inflammatory process. Most of these are antagonists of endogenous pro-inflammatory
mediators, such as prostaglandins, leukotrienes (LTs) and histamine, exerting their
biological role by interacting with enzymes, such cyclooxygenases 1 and 2 (COX-1 and
COX-2 respectively) and with LT receptors. In this context, several studies aiming at
the discovery and development of novel anti-inflammatory agents based on chromone
scaffold were performed. Accordingly, 7-methanesulfonylamino-6-phenoxychromone
(Fig. 2.19) and analogues were synthesised and evaluated for acute and chronic

(%] From the data a 3-

formylamino derivative (T-614) (Fig. ©

inflammation

2.19), has emerged as a prospective

disease-modifying antirheumatic agent. o O R

Inspired by stellatin (Fig. 2.20), a natural HN (1) R=H

chromone isolated from Dysophylla 02?20 O (2R=NHCHO

stellatais described as a cyclooxygenase Figure 2.19 Chemical structures of (1): 7-

inhibitor, Gautam et al. synthesised and methanesulfonylamino-6-phenoxychromone and (2):
T-614.

evaluated several stellatin derivatives
towards COX-1 and COX-2 [%%],
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the SAR studies it is
possible to highlight the compounds

From

represented in Fig. 2.20. Compound 1
and 2 (Fig. 2.20) exhibited the highest
COX-2
tested compounds and a significant anti-

inhibitory activity off all the

inflammatory outline in a TPA-induced
mouse ear edema model. Furthermore,
compounds 1 and 3 (Fig. 2.20) exhibited
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Stellatin
Ry

OH O
(1) R,= OH; R,=OH
(2) R,= OH; R,=OCH,
(3) Ry= Ry=isoC4H,

higher anti-inflammatory activity than

indomethacin "%,

Figure 2.20 Chemical structures of stellatin and its

derivatives.

In the 1980s and 1990s the discovery and development of novel LT receptor

inhibitors based on the chromone nucleus
prompted the emergence of pranlukast (Fig.
2.21). This drug was initially launched in the
market for the management of asthma and
in 2000 its license was extended for its use
in allergic rhinitis. It is also worthy to
mention, the discovery of one of the most
potent leukotriene D4 (LTD4) antagonists so
far reported RG 12553 (Fig. 2.21). RG
12553 was designed based on the
combination of pranlukast and FPL 55712, a
cromoglycate derivative previously
described as LTD4 antagonist " (Fig.
2.21).

Additionally, the

chromone derivatives (Fig. 2.22) have been

(piperidinylalkoxy)

also described as an important motif for the

S

o
N-N
i o | °N
N/
| H
o
o

Pranlukast

OH
i:;é/o\)\/o\&g/COOH
o o

FPL 55712
N//N\N
N\ o (o] (o] N/
m
=
)
RG 12553

Figure 2.21 Chemical structures of pranlukast,
FPL 55712 and RG 12553.

development of antihistaminic compounds with additional antagonistic activity against

LTD4 "7,
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Figure 2.22 LT receptor antagonists based on (Piperidinylalkoxy)chromone scaffold.

Chromone derivatives were also described as potential anti-asthmatic and anti-
allergic compounds by targeting mast cells and preventing the release of anaphylactic
substances, such as the slow-reacting substance of anaphylaxis (SRS-A) %8 or
stopping the allergic responses triggered by them, by the inhibition of the passive

cutaneous anaphylactic (PCA) reaction %69,

2.5.4.2 Antimicrobial activity

Over the past 70 years, antimicrobial drugs, such as antibacterial, antifungal and
antiviral agents, have been successfully used to treat patients with infectious diseases.
Over the course of time, however, many infectious organisms have adapted to the
available chemotherapy and the existing drugs became progressively less effective.
The emergence of multidrug resistance in common pathogens and the rapid
emergence of new infections are the main reasons to drive the discovery and
development of new antimicrobial compounds forward. Some of the medicinal artwork
in this particular field was based on the chromone structure. Several chromone
derivatives, either of synthetic or natural origin, have been recognized to display

valuable antibacterial and antifungal activity [’

. The usefully of the chromone
nucleus as starting point to develop NCEs with potential antimicrobial activity is well
demonstrated in the work of Chohan et. al. ', In this work several sulfonamide
derived chromones were synthesised and their antibacterial activity evaluated against
several Gram-negative (Escherichia coli, Pseudomonas aeruginosa, Salmonella typhi
and Shigella flexeneri) and Gram-positive (Bacillus subtilis and Staphylococcus aureus)
bacteria. Additionally, the same compounds were evaluated towards its antifungal
activity against different fungi: Trichophyton longifusus, Candida albicans, Candida
glaberata, Aspergillus flavus, Microsporum canis, Fusarium solani. From this work, the
chromone derivative represented in Fig.2.23 A arises as the most promising compound

of the tested library '™,

Other interesting chromone derivative with antimicrobial
activity is the dithiazole represented in Fig. 2.23 B. This compound exhibited a better

antifungal activity against Geotrichum candidum when compared to fluconazole and
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also showed a significant antibacterial activity against
Shigella flexneri '™\,

A B
F o
o
| SO,NH, | S
= N Cl \s
O N=
o]
SO,NH,
CF,

Figure 2.23 Chemical structures of A: sulfonamide chromone derivative and B: Dithiazole chromone derivative.

Others classes of chromone-based compounds, such as pyrazolylidene,
imidazolydene and pyrimidinyliden "¢, glucosides and aglycones """ as well as fused
nitrogen heterocyclic systems ['® and Chitosan derivatives ', have also been tested
as putative antimicrobial agents, revealing themselves as promising lead compounds to
further development in the area.

As an example of chromone derivatives with potential antiviral activity, it is
possible to highlight the 2-styrylchromones shown in Fig. 2.24 Al'® 811 Fyrthermore,
the (E)-5-hydroxy-2-styrylchromone and (E)-4'-methoxy-2-styrylchromone showed
activity against human noroviruses. This study led the authors to propose the (E)-2-
styrylchromone scaffold as a lead compound, for further development of new antiviral
drugs 8. 5-Hydroxy chromones, like the one represented in Fig. 2.24 B, were also
proposed as an interesting scaffold for
the development of anti-hepatitis C
virus drugs "%, The chromone moiety
was also proposed as a putative
scaffold for the development of NCEs

against the human immunodeficiency

virus  (HIV), mainly due to their R=H/OH/OCH,

capacity to inhibit the reverse Figure 2.24 Chromone derivatives with antiviral activity. A)

[184-186] 2-styrylchromones; B) 5-hydroxy chromone scaffold.

transcriptase and integrase-

mediated strand transfer ['®”! enzymes.
2.5.4.3 Anticancer activity

The chromone backbone has also been used to discover and develop NCEs with
anticancer potential. Accordingly, a number of chromone derivatives were screened
toward a panel of cancer cell lines 1"®7'%l Some of the obtained results are herein
highlighted: i)  Substituted-3-(5-phenyl-3H[1,2,4]dithia-zol-3-yl)chromones  and
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substituted chromones with a N-
phenylthioamide in position-3 (Fig. 2.25 A)
have shown significant cytotoxic activity
(1%l i) Heterocyclic-substituted chromone
derivatives have been screened and 6-
chloro-2-(2-quinolyl) chromone (Fig. 2.25
B) emerged as the most promising

compound, due to its significant activity

towards Sarcoma 180 ¥l i) Several
c
chromone phosphorus hydrazides ) o
0 \
derivatives (Fig. 2.25 C) have been o |°'/N9"\Jsi°
. . . .. O HN___P(S)(OR), 7 ONTR
reported as having antineoplastic activity N o H

against P388 and L1210 leukemia either in  Figure 2.25 Chromone scaffolds for the development

monotherapy or in combination with of NCE with anticancer activity.

methotrexate [19% 1981991,
Other works reported several chromone derivatives as potential inhibitors of

enzymes implied on tumour growth, namely kinases %%l protein tyrosine

g [204] [198]

phosphatase , thymidine phosphorylase (TP) , topoisomerases ! and
aromatase %/,

A series of 2-styrylchromone analogs (Fig. 2.26) were synthesised and examined
for their antiproliferative effects on a panel of carcinoma cells, showing the ability to
induce cell death through sub-G1 arrest and DNA
fragmentation, demonstrating the putative implication A
on the molecular mechanisms of apoptosis
(compound A, Fig. 2.26) ['%  Other studies
performed with compound B (Fig. 2.26) proved that
its capacity to promote cell death can probably result
from the induction of procaspases and other
apoptotic enzymes and by a strong decrease of the
available ATP %!, Moreover, inhibitors of poly(ADP-

ribose) synthetase and mono(ADP-ribosyl) OCH30

transferase with a chromone core were also studied Figure 2.26 2-styrylchromones with
antiproliferative activity on a panel of

due to their role in cell death %, )
carcinoma cells.
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2.5.4.4 Drugs for neurodegenerative diseases

Neurodegenerative diseases such as AD, PD and Huntington's diseases, among
others, have in common a neurophatological feature of progressive loss of brain
neurons and related functions, with direct consequences on the levels of
neurotransmitters. AD and PD are among the two most prevalent neurodegenerative
diseases worldwide and their aetiology remains unclear. However, over the last
decades it became clear that AD is classically characterized by a loss of basal
forebrain cholinergic cells, whereas the most prominent histopathological feature of PD
is the loss of dopaminergic neurons and consequent imbalance of ACh and DA
neurotransmitters.

Accordingly, increasing the levels in ACh has been regarded as one of the most
promising approaches for the symptomatic treatment of AD 8. It was also recently
demonstrated that acethylcolinesterase (AChE), an enzyme responsible for the ACh
metabolism, could also play a key role in accelerating B-amiloid (AB) plaques
deposition, an important factor observed on patients with AD . Furthermore and
although the mechanism of action is not yet completely understood, as mentioned
previously in section 2.2, ACh through its receptors seems to be implied in the
regulation of the dopamine in striatum, and by that correlated with the symptomatic
treatment in PD. In fact, anticholinergic drugs are among the oldest drugs used to treat
PD 1°* %I Other neurotransmitter that can be correlated with both of the diseases is DA.
In fact, and despite the important role of DA in PD (previously mentioned in this work),
it was recently evidenced that DA might be involved in cognitive dysfunction occurring
in AD, mainly due to the strong synaptic interactions with ACh, in different brain
areas [209, 210]_

The application of the chromone backbone, in the discovery and development of
new drugs suitable to be applied in patients with neurodegenerative diseases, is still an
unexplored field. However, the work performed by Brithimann et al. ¥'"! comprised the
synthesis and evaluation of chromone derivatives (Fig 2.27 A) as potential AChE and
MAO inhibitors. More recently it was shown that several benzyloxy substituted
chromones possess high inhibitory activity towards human monoamine oxidase B and
some of them showing reversibility #'22' A small library of (aminoalkoxy) chromones
has been prepared and evaluated as DA D, receptors agonists. The SAR studies
revealed that the type of the substitutents at C-2 is an important feature to improve the

desired activity and/or selectivity (Fig. 2.27 B) '°,
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Figure 2.27 Chemical core of chromone derivatives tested as A: AChE and MAO inhibitors and B: Dopamine D,
agonists.

2.6 Methods of synthesis of simple chromones

Generally, the total synthesis of simple chromones can be attained using starting
materials that do not possess a pyran ring in their structure, such as phenols and 2-
hydroxyarylalkyl ketones. Despite the advances performed in synthetic strategies they
are still the most cited in the literature. Yet, other building blocks, such as 2-
hydroxyarylalkynyl ketones and salicylic aldehydes have been recently used. As
microwave assisted-synthesis is nowadays a valuable tool in the area of heterocyclic
compounds efforts were performed to include this new technique in organic synthesis
along the topic.

2.6.1 Chromones from 2-hydroxyarylalkyl ketones

The Baker-Venkatamaran rearrangement is perhaps the most charismatic
methodology related with the chromone nucleus formation. This rearrangement takes
place after the acylation of 2-hydroxyarylalkyl ketones, usually with acyl chlorides. In
presence of a base such as potassium carbonate, the acyl intermediate rapidly
undergoes a Baker-Venkatamaran rearrangement (scheme 2.1) leading to the
formation of 1,3-dioxophenoxy intermediate. Classically, the intermediate compound is
isolated and cyclised into the desired chromone under harsh conditions, such as
heated concentrated sulphuric or glacial acetic acid. Among the huge diversity of
chromone derivatives it is important to remark that a vast number of synthetic 2-

styrylchromone derivatives were obtained through this methodology "%,
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— Baker- Venkatamaran —

rearrangement

Scheme 2.1 Synthesis of chromones via Baker-Venkatamaran rearrangement.

Several modifications have been proposed to this method. One is related with the
possibility to perform the cyclisation process in situ, surpassing the isolation of the
intermediate, using pyridine as a catalyst #?"?% A recent example of this kind of
approach is the synthesis of 2,8-disubstituted chromone derivatives and the use of
diazabicyclo[5.4.0]undec-7-ene (DBU) and pyridine to promote the cyclization step 22,
Another variation of the method involves the acylation step: instead of using the
conventional acyl chlorides some authors report the direct application of the carboxylic
acids Y or reaction with acid anhydrides as starting materials #?°l. In addition, the use
of other bases rather than potassium carbonate, such as metallic sodium 2%, sodium
alkoxide 2% 2272291 godium hydride ** and potassium or sodium hydroxide %% has
also been reported. Dyrager et al. ¥ have synthesised 3-(4-fluorophenyl)-2-(4-

pyridyl)chromone derivatives through a microwave-assisted Baker—Venkatamaran

rearrangement.

Despite the “popularity” of the Baker- RZ—!; OHCH2R1
Venkatamaran rearrangement, one of the first o
methodologies applied to the synthesis of J NaOEt
chromones was the Claisen condensation. This
well-known methodology was first described to Rz_[; °'f;R1 . Rz_g: ONZHR1
obtain chromones by Kostanecki, Paul and o o-
Tambor for the synthesis of 7-ethoxy-4H-1-
benzopyran-2-carboxylic ~ acid ~ ®'L The Eto/l(])\Rs
construction of chromones based on this -
reaction may be performed in two steps (scheme R2!~: ZHRERS
2.2). The first involves the reaction of a strong 0
base, traditionally sodium etoxide in ethanol, with "

a 2-hydroxyarylalkyl ketone and the formation of

the corresponding enolate #%22%1 which reacts Rl o\ N
Ry

with the appropriate carboxylic ester leading to o

the formation of 1,3-dioxophenoxy salt

Scheme 2.2 Synthesis of chromones via

Claisen condensation.
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intermediate. The second step, the cyclization of the intermediate, is conventionally
performed with heat and under acidic conditions ¥4 An important group of
chromone derivatives, the chromone 2-carboxylic acid or esters, may be synthesised
by a variation of the Claisen condensation, also known as Kostanecki’ reaction ¥,
Basically this methodology consists in the condensation of the 2-hydroxyacetophenone
with diethyl oxalate in the presence of sodium ethoxide in ethanol (EtOH) followed by
the oxopropanoate intermediate cyclisation under acidic conditions %24 Other
modifications to the synthesis of chromones via Claisen condensation were also
reported 12372402411 Essentially, the reported modifications were focused in finding mild
reaction conditions, such as the employment of triethylamine as solvent and base #*!
although the use of other catalysts like LiH % NaH in THF "®! and NaH in pyridine
204, 244, 2451 have also been described. Mozingo et al. **® reported the use of metallic
sodium as catalyst, instead of sodium etoxide in the synthesis of alkylchromones, such
as 2-ethylchromone.

More recently, several chromone derivatives, namely 2,6-dimethylchromone and
2-methyl-6-chlorochromone, were synthesised under microwave irradiation. The
synthetic strategy encompassed a Claisen condensation and a two-step procedure
comprising the formation of the 1,3-dioxophenoxy intermediate and subsequent
cyclisation under acidic conditions **", The major advantage of this synthesis is that
microwave irradiation yields the intermediate within a reduced reaction time.

Kostanecki, Robinson and their co-workers modified the Claisen condensation
reaction to obtain diverse chromones, developing what is nowadays known as the
Kostanecki-Robinson reaction. In this type of reaction the desired chromone is also
obtained using 2-hydroxyarylakyl ketones as starting materials, by the reaction with
aliphatic acid anhydrides in the presence of its corresponding sodium or potassium
salts. This procedure obviates the need of the acidification step for ring closure, which
is a significant advantage when compared with the classic Claisen reaction. It is
noteworthy that the chromone formation does not involve a 1,3-dioxophenoxy
intermediate, a requisite in the methods described so far. After the O-acylation of the
starting material, as emphasized on the proposed reaction mechanism depicted in
scheme 2.3, the arylakyl ketone undergoes enolisation with consequent acylation,
affording an enolacetate intermediate, that after aldol intramolecular cyclisation

followed by loss of water, delivers the final chromone 28 |
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R3

Scheme 2.3 Proposal mechanism of Kostanecki- Robinson reaction adapted from %,

The Kostanecki-Robinson reaction has been applied over the years in the
synthesis of a large number of chromones #2> 2% 201 Degpite its wide application, this
methodology possesses some drawbacks; one of them is related with the possibility of
occurrence of the Baker-Venkatamaran rearrangement and consequent formation of
unwanted compounds, namely 3-substituted chromones. This contingency has been
explored and adjusted to obtain 3-acylchromones 226 %",

Another important methodology employed in the chromone synthesis is the
Vilsmeier-Haack reaction (scheme 2.4). Briefly, this reaction occurs between the
appropriate 2-hydroxyalkylarylketone and the (Chloromethylene)dimethylammonium
chloride (Vilsmeier reagent). The

chloroiminium ion is formed in situ o
from the reaction of a NN- @Lcmn
OH

disubstituted formamide, such as
= DMF; POCI R=alkyl, allyl or b 1
dimethylformamide  (DMF),  with ysa-azo, “;:S’o\” aliytor benzy
phosphorus oxychloride. In general, A o
the reaction mechanism Q;J\ EI‘J\
. CHO R
encompasses the formation of an o o
non-substituted chromone as

. . . Scheme 2.4 Synthesis of chromones via
intermediate which suffers a second Vilsmeier-Haack reaction.
attack from the chloroiminium ion,

giving rise to 3-substituted chromones %4,
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This one pot procedure was applied to the synthesis of chromones for the first
time in 1973 and has been widely used since then. Other similar formylating agents,
such as DMF-dimethyl acetal, have been used as variants of the Vilsmeier-Haack

reagent [®3,

formylchromones by the Vilsmeier-Haack reaction (jl L
=
< |

Recently, the synthesis of 3-

, , . . o
was improved using microwave and solid-supported R +

methods #°* 2%°],
The synthesis of non-substituted chromones l HCIO,
can be attained via benzopyrylium salt intermediates.

In this condition, the 2-hydroxyacetophenones used @g
clo,
as starting materials react with triethyl ortho formate ~

and a strong mineral acid like perchloric acid
(scheme 2.5) 1 256281 gy hsequently, the obtained "0
benzopyrylium salt is converted to the chromone by 0

heating the crude material in water. This method has N
been extended to the synthesis of 3-substituted

Scheme 2.5 Synthesis of chromones

_ [259] _
chromones, such as 3-hydroxychromones and 3 via benzopyrylium salt intermediates.

methylchromones %%,

2.6.2 Synthesis of chromones from phenols

In 1913, Simonis reported a reaction by which different types of phenols were
condensed with B-ketoesters (e.g. ethyl acetoacetate) in the presence of phosphorus
pentoxide (P.Os) to obtain chromones, instead of the corresponding coumarins, as a
final product. This acid-catalyzed condensation became known as Simonis’ reaction
(scheme 2.6) #*. The synthesis of chromones by Simonis reaction is usually operative
when the phenol used as starting material has electron-withdrawing substituents, such
as halogens or nitro groups. It was also found that the presence of alkyl substituents on
the a-position of the B-ketoester can favor the formation of the chromone. Classically,
phosphorus pentoxide is used as the condensing agent but sulfuric acid '*% ' 267 of
polyphosphoric acid ?° have also been employed. More recently, Eric Fillion et al.?*®
described a successful synthetic strategy for the synthesis of 2-methylchromones by
promoting the condensation of the suitable phenol with 5-(1-methoxyethylidene)
Meldrum’s acid in the presence of trifluoroacetic acid.

Chromones can be obtained through the reaction of a phenol with acetylenic
dicarboxylic acids, esters or with chlorofumaric acid, in basic conditions, such as
metallic sodium or K,COs. A particular intermediate is formed (scheme 2.6) which, in

presence of sulphuric acid, perchloric acid or hydrogen fluoride cyclises to afford
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chromone 2-carboxylic acid. This method, known as Ruhemann reaction, was largely

applied to the synthesis of chromone-2-carboxylic acids and derivatives .

Ruhemann reaction was also used with slight modifications for the synthesis of

[264]

flavones and styrylchromones In 1977, Lee and coworkers proposed a

modification of the process using polyphosphoric acid as a catalyst 7.

Simonis reaction Ruhemann reaction
1 X OH o ¢ o I o™
S " S0t SR
K,CO,

o_ R, O_ _COOR
RE | RS \
L~ o A
7 COOR
o

P,0;

O_ _COOH
o__R N
N 1 R \
R \ .
=

o

Scheme 2.6 Synthesis of chromones via Simonis and Ruhemann reactions.

2.6.3 Synthesis of chromones from salicylic acids and derivatives

Salicylic acid and its derivatives have been used as starting materials for the
obtention of chromones by converting them into O-acyl(aroyl) derivatives. The
subsequent reactions of these derivatives with tert-butyldimethylsilyl chloride in the
presence of imidazole lead to the formation of the corresponding silyl esters.
Chromones were then obtained in moderate to high yields, after reaction with
(trimethylsilyl)methylenetriphenylphosphorane. This procedure corresponds to the first
report of chromone synthesis via intramolecular Wittig ester carbonyl olefination
(scheme 2.7A) [#%°],

Another interesting method comprises the reaction of activated salicylic
derivatives with diethyl malonate giving intermediates that undergo subsequent
hydrolysis and decarboxylation processes with formation of 2-methylchromones 2%,
This type of chromones have also been obtained by the reaction of methyl salicylate
with dimethylpenta-2,3-dienedioate, in the presence of KOtBu/BuOH (scheme 2.7B)
[267].

Other applications of salicylic acid derivatives as starting materials have been
reported in the literature, namely for the synthesis of chromones via the condensation
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of methyl salicylate with bromocrotononitrile derivatives. The cyclisation of the vinyl
ether intermediate was performed in a basic (NaH) medium (scheme 2.7 C)!?%,
Functionalised 2-amino-3-cyano-4-chromones have also been obtained in a one
pot procedure by reacting acetylsalicylic acid derivatives with N-hydroxybenzotriazole
(HOBt) and malononitrile under basic conditions (NaH). The cyclisation step was

attained with acid catalysis (HCI) (scheme 2.7 D) 2%,

OCOR, (o] R,
X
R,(C0),0 R— TBMDS-CI Ri_ |
OH > OTBDMS ——> _—
o
R1_

D Rz—Me O_ _NH,
R— |

N OH HOBt CN
- o
< or, CH,(CN),

o

/

\

(o]
CI(=CCO,Me), H*, A Ri_\ ‘
B R,=CH, =
KOtBu
(o]
CN
C NaH N o S’R
R \
R\ —
Br S
>_< o
H,C  CN

Scheme 2.7 Synthesis of chromones from salicylic acids and derivatives.

2.6.4 Synthesis of chromones via C-C cross coupling reactions

Transition metal-catalysed A B c
reactions provide nowadays one of OR,
the most attractive methodologies for LA X AN, N

the formation of C-C and C- 0 Zflkcatalyst
yne

heteroatom bonds. The application .,

. . Pd catalyst
of these reactions has increased Alkyne

tremendously during the past R R,
decades and cross-coupling
reactions became an important tool
for synthetic chemists. Following this
tendency, an attractive synthetic

o_ R,
method has been developed for the ©;;|r

synthesis of chromones involving a Y
Scheme 2.8 Synthesis of chromones via C-C cross coupling

reactions.

54



FCUP

Chromone: a valid scaffold in Medicinal Chemistry

one-pot Sonogashira-carbonylation-annulation reaction that involves the reaction of an
ortho-iodophenol with a terminal acetylene, in the presence of a palladium complex,
and the formation of an ortho-hydroxyarylalkynylketone intermediate avoiding the harsh
reaction conditions (strong bases and acids or high temperature) used in the reactions
above mentioned. The obtention of a chromone encompasses a cyclocarbonylation
process which occurs in situ in the presence of carbon monoxide (Scheme 2.8 A) "8,
The reaction proceeds in a short time and with very good yields. The use of microwave
irradiation can speed up the process and substantially increasing the yields %,
However, in particular situations a mixture of chromones and aurones can be obtained.
This drawback can be minimized by the use of ionic liquids .

The chromone formation by Sonogashira coupling with palladium catalysis was
also performed by reacting an 2-methoxybenzoyl chloride with a terminal acetylene
(Scheme 2.8 B) or an 2-methoxybenzaldehyde with a lithium acetylide (Scheme 2.8 C)
71 In all the cases, the intermediate compounds are 2-methoxyarylalkynylketones that
after ring closure, performed by iodine monochloride (ICl), afford 3-iodochromones 72,
In summary, the obtention of chromones via palladium-mediated catalys is a simple
and high efficient approach.

An interesting alternative to the metal-catalysed C—C cross coupling reactions are
the organocatalysed reactions. These reactions are eco-friendly as they are metal free
and cost-effective, and are currently one of the most significant green chemistry
research areas. In this context, N-heterocyclic carbenes (NHCs) have recently gained
importance as catalysts of carbon—carbon bond formation. The use of NHCs catalysts
was recently proposed for the synthesis of 3-aminochromones and other 3-substituted

chromones, (scheme 2.9) [7327%

NHCs catalysts were used with the purpose of
promoting the intramolecular cross coupling between the aldehyde and the nitrile
function (Scheme 2.9 A) or to enhance the intramolecular reaction of the aldehyde with
an activated alkyne (Scheme 2.9 B). This latter reaction is a modification of the known

intramolecular Stetter reaction #7327,
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Scheme 2.9 Synthesis of chromones catalysed by NHCs.

2.6.5 Synthesis of chromones from chromanones

The formation of chromones starting from chromanones is not as common as the
methodologies described above, essentially because the starting material is not easily
available and the overall yields are often very low 9, In fact, in the last three decades
few studies have reported the application of chromanones to obtain chromones and, in
most cases, the main approach involves the dehydrogenation or oxidation of the
starting material. In order to achieve this goal, several oxidants such as iodide "°,
vanadium pentoxide ! and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) ¥78
were used. The reaction is often conducted in acidic medium®™®., Other catalysts, such
as diethoxymethyl acetate 8% 2871 thallium(lll) **? and the Lewis acids AICI; ?®® and
BF3Et,0 ¥ have been also described. Furthermore, chromones can be obtained by
dehydration of 2-hydroxychromanones through treatment with HCI in EtOH [l
Dehydrobromination of the starting chromanone is another methodology applied to
obtain chromones % 271 This reaction is carried out in basic medium and can be

performed using microwave irradiation 128,
2.6.6 Synthesis of chromones from other chromones

As described before, direct and efficient chemical strategies have been
developed for the synthesis of simple chromones. However, in recent years a
modification on the strategy of synthesis of simple chromones has been observed,
which is related with the need to speed up the drug discovery process, namely for
structure-activity-relationships  studies, in medicinal chemistry programs. In
consequence, several simple functionalised chromones are by now commercially
available and used as starting materials. The most common chromones used as
starting materials have been found to be 6/7-hydroxy or methoxy, halo, methyl and

formylchromones.
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The chemical core of chromone possesses three main areas suitable for the
introduction of substituents: the aromatic ring and the positions 2- and 3- of the pyrone
ring. Furthermore, a proper chemical function (e.g. hydroxy or methoxy) present in the
benzopyran core of chromone allows the synthesis of several chromones derivatives
with different substituents patterns. For instance, several benzylic, alkyl, and tioalkyl
ethers have been obtained

by the conventional HA—T = o\:_R RA—L = o\:_R
methodologies for Z

etherification, using as A= 0 oPS o
Starting materials hydroxy or Scheme 2.10 Synthesis of chromones from hydroxyl or

thio chromones (scheme thiochromones.

2.10) [195, 214, 289]

Interestingly, although the carboxylic acid is one of the most studied functions to
obtain other classes of compounds, the use of the chromone carboxylic acids as
starting materials is still very limited.

- ©
The works performed in this field are R \_:COOH
mainly related with ester formation =
[231] (¢}
(e.g. methyl and ethyl esters) or R,OH, H¢ SOCI, or POC,

acyl halides as intermediates for the

synthesis of chromone carboxamides N 0\ N o\
2%} (scheme 2.11). Other reported R_:/()iﬂjcoo& R%COC'
application of the chromone-2- o o

carboxylic acid is the synthesis of 2- Scheme 2.11 Synthesis of chromones from chromone
aminoalkyl chromones. The strategy to carboxylic acids.

obtain this compounds comprises the formation of the corresponding methyl esters,
reduction with NaBH, with the synthesis of the 2-hydroxymethylchromones
subsequently transformed, by nucleofilic substitution, to 2-chloromethylchromones, that
finally by reaction with several substituted amines will afford the correspondent

aminoalkyl chromones.®?!,

57



FCUP

Chromone: a valid scaffold in Medicinal Chemistry

In addition, it is important
to highlight the role of 3- o

formylchromone and derivatives ' cHo
H

as  starting  materials  to o

synthesise other chromones. AlL,O,, isoCH,0H NaClO,, H;NSO,

The reduction or oxidation of the

formyl function leads, O o

respectively, to the formation of R _
CH,OH COOH

3-hydroxymethylchromones and 5 4

chromone-3-carboxylic acids

Scheme 2.12 Synthesis of chromones from 3-formylchromones.
(scheme 2.12). The reduction

process can be performed with a suspension of basic alumina in isopropanol #*? and
the oxidation process with sodium chlorite in the presence of aminosulfonic acid®*.
Interestingly, this last strategy is the most cited to obtain the chromone-3-carboxylic
acid while its isomer, chromone 2-carboxylic acid, is usually obtained by a classic
methodology from 2-hydroxyarylalkylketones . The presence of three electron-
deficient carbons (C-2, C-4 and CHO) on the 3-formylchromone structure makes this
compound an exceptional starting material for several nucleofilic additions, which in
turn can lead to a great diversity of derivatives. Taking advantage of these features,

several heterocyclic substituted chromones were obtained, namely with aza #* 2%

diaza ['"* ¢ oxa 1 and dithiazole 3% groups as well as vinyl chromone
derivatives % 34 (scheme 2.13).
o
LT )] R
0 P y
o /
RIS | o __N-N
- o Ri
L
Ry N
R
: N o 1\N \ , N o
RT | >R R |
n CHO
o R, o
n=0 or 1 \
o
X
rRET LR
= = Rs
0 Ry

Scheme 2.13 Synthesis of heterocyclic and vinyl substituted chromones.
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A particular example of this type of nucleofilic additions is the synthesis of
styrylchromones ¥'® by the condensation of a 3-formylchromone with malonic acid in
pyridine, either with conventional heating or under microwave irradiation %/,
Additionally, styrylchromone derivatives can also be obtained by the condensation of 2-
methylchromones (scheme 2.14) with the benzaldehyde derivatives in presence of
sodium methoxide or by the reaction of non-substituted chromones (scheme 2.14) with

the Grinard reagents or by a C-C cross coupling palladium catalysed reaction '8,

™
)
NS o
(o]
styrylchromones /

Scheme 2.14 Synthesis of styrylchromones from other chromones.
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3.1 Chromone-2- and -3-carboxylic acids inhibit
differently monoamine oxidases A and B
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2709-2712.



FCUP

Chromone: a valid scaffold in Medicinal Chemistry

Bioorganic & Medicinal Chemistry Letters 20 (2010) 2709-2712

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters -

journal homepage: www.elsevier.com/locate/bmcl =

Chromone-2- and -3-carboxylic acids inhibit differently monoamine oxidases

A and B

Stefano Alcaro®*, Alexandra Gaspar P, Francesco Ortuso?, Nuno Milhazes ¢, Francisco Orallo ¢,

Eugenio Uriarte ¢, Matilde Yafiez 9, Fernanda Borges >

4 Dipartimento di Scienze Farmacobiologiche, Facolta di Farmacia, Universita “Magna Gracia” di Catanzaro, Campus Universitario “S. Venuta", Viale Europa, 88100 Catanzaro, Italy
b CIQUP/Departamento de Quimica, Faculdade de Ciéncias, 4169-007, Universidade do Porto, Porto, Portugal

“Instituto Superior de Ciéncias de Satide-Norte, 4585-116 Gandra PRD, Portugal

4 Departamento de Farmacologia, Facultad de Farmacia, Universidad de Santiago de Compostela, 15782 Santiago de Compostela, Spain
€ Departamento de Quimica Orgdnica, Facultad de Farmacia,Universidad de Santiago de Compostela, 15782 Santiago de Compostela, Spain

ARTICLE INFO ABSTRACT
Article history:

Received 24 February 2010
Revised 19 March 2010
Accepted 23 March 2010
Available online 27 March 2010

Keywords:
Chromones

Docking
Monoamine oxidase
Inhibitors

Chromone carboxylic acids were evaluated as human monoamine oxidase A and B (hMAO-A and hMAO-
B) inhibitors. The biological data indicated that only chromone-3-carboxylic acid is a potent hMAO-B
inhibitor, with a high degree of selectivity for hMAO-B compared to hMAO-A. Conversely the chro-
mone-2-carboxylic acid resulted almost inactive against both MAO isoforms. Docking experiments were
performed to elucidate the reasons of the different MAO ICs, data and to explain the absence of activity
versus selectivity, respectively.

© 2010 Elsevier Ltd. All rights reserved.

Monoamine oxidases (MAOs; EC 1.4.3.4) are widely distributed
enzymes that contain a flavin adenine dinucleotide (FAD) cova-
lently bounded to a cysteine residue.' Many living organisms pos-
sess MAOs and in mammals two isoforms are present, MAO-A and
MAO-B, located in the outer membrane of the mitochondria. These
two isoforms are involved in the oxidative deamination of exoge-
nous and endogenous amines, including neurotransmitters, thus
modulating their concentrations in the brain and peripheral tis-
sues. Physiologically, MAOs oxidize biogenic neurotransmitters
such as dopamine, norepinephrine, 5-hydroxytryptamine (5-HT,
serotonin) and B-phenethylamine, dietary, and xenobiotic amines
such as tyramine and benzylamine (Fig. 1).?

Although MAO-A and MAO-B have an amino acid sequence sim-
ilarity up to 70% they exhibit different substrate specificity, inhib-
itor sensitivity, and tissue distribution. MAO-A is located
predominantly in catecholaminergic and serotonergic neurons.
Consequently, this MAO isoform has a higher affinity for serotonin,
epinephrine and norepinephrine and it is more sensitive to inhibi-
tion by clorgyline and moclobemide.' On the other hand MAO-B is
present in dopaminergic neurons and glia and, therefore, has a
preferential action on dopamine, B-phenethylamines, benzylam-

* Corresponding authors. Tel.: +39 0961 3694197; fax: +39 0961 391490 (S.A.),
tel.: +351 220402560; fax: +351 220402659 (F.B).
E-mail addresses: alcaro@unicz.it (S. Alcaro), fborges@fc.up.pt (F. Borges).

0960-894X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2010.03.081

] R'=R?=R3=H B-Phenethylamine
R2 ) NH, R'=R?=R>=0H Norepinephrine
R'=R?=H; R*>=OH  Tyramine
R® R'=H; R%=R%-0H Dopamine
NH,
HO
©/\NH2 N\
N
Benzylamine Serotonin

Figure 1. Endogenous, dietary, and xenobiotic amines.

ines and sterically hindered amines. This isoform is selectively
inhibited by low concentrations of selegiline (.-deprenyl) and
rasagiline.'”

MAO-A inhibitors are frequently used as antidepressants and
antianxiety agents while MAO-B inhibitors, alone or combined
with -Dopa, are relevant tools in the therapy of Alzheimer’s and
Parkinson’s diseases."* Development of MAO inhibitors is important
not only from the standpoint of symptomatic treatment (i.e., by
increasing the biological half-life of monoamine neurotransmitters),
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but also with regard to the neuroprotective effects (i.e., prevention
or delay of neurodegeneration itself).

All of these aspects have led to an intensive search for novel
MAO inhibitors and this effort has increased considerably in recent
years. However, a large number of MAOs inhibitors introduced into
clinical practice were abandoned due to adverse effects, such as
hepatotoxicity, orthostatic hypotension, and the so-called ‘cheese
effect’, which is characterized by hypertensive crises.'

In spite of the considerable progresses in the understanding of
the interactions of MAO isoforms with their specific substrates or
inhibitors, there are not any available rules for the rational design
of new potent and selective MAO inhibitors. Privileged structures,
such as indoles, arylpiperazines, biphenyls, and benzopyranes are
considered useful in drug discovery. Different families of nitrogen
and oxygen heterocycles, such as xanthones, coumarins and their
precursors (chalcones) have also been extensively used as scaffolds
in medicinal chemistry programs searching for novel MAO-B inhib-
itors.*®

In order to include other scaffolds in the series of MAO inhibi-
tors the chromone scaffold [(4H)-1-benzopyran-4-one] has been
considered, since it is common to a large number of bioactive mol-
ecules either of natural or synthetic origin. Until now, numerous
biological effects, especially in the popular medicine, have been as-
cribed to this benzo-y-pyrone nucleus such as anti-inflammatory,
antitumor and antimicrobial activities.” Enzymatic inhibition prop-
erties towards different systems, such as oxidoreductases, kinases,
tyrosinases, cyclooxygenases have also been recognized.®

In this work, we focus our attention on two chromone isomers
(Fig. 2) that were screened towards MAO-A and MAO-B (Table 1).
Details about the enzymatic evaluations are reported in the Sup-
plementary data.

The results of the enzymatic experiments of the two chromones
under study, with respect to the reference compounds, disclose a
significant chemical feature related with the location of carboxylic
moiety in the y-pyrone nucleus. In fact, when the acidic substitu-
ent is in position 3 of the heterocyclic scaffold the compound 2
acted as MAO-B inhibitor with ICsq values in the nanomolar range.
Its inhibition effect onto the MAO-A isoform resulted three orders
of magnitude lower with a interesting selectivity ratio. Surprisingly
the isomer 1, with the acid moiety in position 2, gave no inhibition

OH

(0]
1 2

Figure 2. Chemical structures of the chromone isomers 1 and 2.

Table 1
1G5 values for the inhibition of hMAO (in uM) of chromone carboxylic acids and
reference inhibitors

Compounds hMAO-A hMAO-B SI

1 v = _

2 = 0.048 £ 0.0026 >2083"
Clorgyline 0.0052 + 0.00092* 63.41+1.20 0.000082
R-(—)-Deprenyl 68.73 +4.21° 0.017 +0.0019 4043
Iproniazide 6.56 £0.76 7.54+0.36 0.87
Moclobemide 361.38 £ 19.37% o <0.36"

2 P <0.01 versus the corresponding 1Cs values obtained against MAO-B.

b Values obtained under the assumption that the corresponding ICso against
MAO-A or MAO-B is the highest concentration tested; SI: hMAO-B selectivity
index = ICso (hma0-a)/ICs0 (nma0-B)-

* Inactive at 100 uM (highest concentration tested).
*** Inactive at 1 mM (highest concentration tested).

on both MAO isoforms. Compound 2 revealed to bind the hMAO-B
exerting a selective inhibition with respect to the A isoform (see
Supplementary data).

This curious appraisal attracted our attention and led us to
investigate at molecular level the recognition mechanisms of com-
pounds 1 and 2 within both enzymatic clefts by means of molecu-
lar modeling experiments. These studies were performed using
available hMAO-A and hMAO-B structures deposited into the Pro-
tein Data Bank (PDB) as receptor models to understand the en-
zyme-inhibitor interactions and explain the biological data. Two
recently determined MAO crystallographic structures were
adopted as targets after a preliminary treatment (see Supplemen-
tary data). Ligand flexible docking, followed by fully geometry
optimization of the generated complexes, reported the capability
of compounds 1 and 2 to fit within both hMAOs catalytic sites,
but only the latter compound revealed strong energy favoured
binding modes into the hMAO-B (Table 2). Such an observation
was in qualitative agreement to the experimental ICso previously
discussed.

Then the most stable optimized complexes were graphically in-
spected and the key enzyme-ligand interacting residues were
highlighted (Table 3).

In hMAO-A both compounds 1 and 2 showed a similar orienta-
tion (see Supplementary data), with their aromatic and carboxylate
moieties respectively directed towards the FAD and the outer side.
The latter compound was able to perform a deeper recognition
with respect to the former one. Actually, compound 1 did not
establish direct contacts to the cofactor with the lack of strong pro-
ductive interactions into the active site. Moreover, compound 1
recognition was penalized by electrostatic repulsions between its
sp? oxygen atom and Ile180-Asn181 backbone. These unfavorable
interactions, coupled to the lack of the few productive contacts
highlighted by compound 2, could explain the poor complexation
energy of 1 within the hMAO-A binding cleft. A similar scenario
can be addressed to 2, but it showed stacking contacts to the
Tyr407 and, moderately, to Tyr444 and its ether oxygen, partially
negative charged, favorably interacted to FAD C4 that, in the used
force field, resulted partially positive charged.

Table 2

MM-GBSA interaction energies in kcal/mol of compounds 1 and 2 into the hTMAOs
Compounds hMAO-A hMAO-B
1 31.11 -1.67
2 —-2.86 -22.91

Table 3

Relevant hMAO-A and -B interacting residues with respect to 1 and 2 binding modes
Corresponding residues Compounds
hMAO-A hMAO-B 1 2
Tyr69 Tyr60 b a
1le180 Leul71 ab ab
Asn181 Cys172 ab ab
Tyr197 Tyr188 a ab
11e207 lle198 ab ab
Phe208 1le199 ab b
Ser209 Ser200 a -
GIn215 GIn206 ab ab
1le335 Tyr326 ab ab*
Leu337 Leu328 a ab
Met350 Met341 — a
Phe352 Phe343 b ab
Tyrd407 Tyr398 ab ab
Gly443 Gly434 - ab
Tyr444 Tyr435 ab ab
FAD FAD b ab

a: hMAO-A interaction; b: hMAO-B interaction; *: hydrogen bond.
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Tyr188

Cys172
D

4 Nle198
Tyr398 ¢ \

B 4""' -

Gly43

' Leul71

GIn206

Figure 3. Global minimum energy configuration of compound 2 into the hMAO-B catalytic site. The ligand is reported as orange carbon polytube. The interacting residues are
in white carbon polytube and the FAD cofactor is displayed in spacefill rendering. Yellow dotted line indicates the intermolecular hydrogen bond.

Conversely, into the hMAO-B cleft compounds 1 and 2 gave best
poses in opposite configurations. The former chromone reported
its carboxylate moiety directed toward the FAD electrostatically
interacting to the C4 cofactor atom. No stacking contacts were
highlighted by the aromatic pyrone ring that hydrophobically
interacted to Ile171, 1le199, Tyr326 and Phe343. The sp? oxygen
atom of 1 electrostatically recognizes the Tyr435 hydroxyl group
but, due to a distance larger than 3.0 A, was not able to establish
hydrogen bond (see Supplementary data). Compound 2 showed,
into the hMAO-B catalytic site, its aromatic moiety directed toward
the inner side and the carboxylate substituent was involved in
hydrogen bond to the Tyr326. The pyrone ring perfectly fits be-
tween Tyr398 and Tyr435, suggesting a strong stacking interaction,
the sp? oxygen was located in front of the FAD C4 (Fig. 3).

The compounds 1 and 2 binding modes analysis provided inter-
esting information to rationalize the experimental biological data.
The most relevant issue could be addressed to the hydrogen bond
established by 2 into the hMAO-B recognition site. Such a produc-
tive interaction was allowed by the presence of the Tyr326, substi-
tuted, in the hMAO-A, by the Ile335. Taking into account the
position of the carboxylate moiety onto the pyrone ring, the hydro-
gen bond to Tyr326 allowed the perfect fit of 2 aromatic moieties
with respect to Tyr398 and Tyr435 and the favorable electrostatic
interaction of the sp? oxygen to the C4 FAD atom.

Compound 1, reporting the carboxylate in position 2, was not
able to concurrently perform all these productive interactions. In
order to verify this observation, we manually built a configuration
of 1 starting from the global minimum energy complex of 2 and
after fully optimization of the resulting structure we found that
the hydrogen bond was conserved, but the stacking to catalytic
tyrosines and the electrostatic contact to the C4 FAD was com-
pletely lost. Moreover the internal energy of such biased optimized
structure was about 13 kcal/mol higher than 1 hMAO-B global
minimum configuration, suggesting it as improbable.

In conclusion chromone appears to be an interesting scaffold for
the design of selective MAO inhibitors. The easy synthetic accessi-
bility, the potentially low toxicity and especially the versatile bind-
ing properties of chromones make them as ‘privileged’ scaffolds.
Our findings pointed out a crucial, undisclosed role of the presence

of a hydrogen donor group in position 3 of the pyrone ring that is
able to establish hydrogen bond interactions with active site resi-
dues. This discovery opens a new avenue to obtain highly potent
and selective MAO-B inhibitors. The docking technique provided
new insights on the inhibition mechanism and the rational drug
design of this type of inhibitors. The molecular modeling studies
highlighted that the most structurally simple chromone deriva-
tives 1 and 2 can fit into the hMAO binding clefts. The hydrogen do-
nor moiety should be located in position 3 of the pyrone ring for
obtaining favoured energy and selective recognition of the
hMAO-B isoform.

Additional studies are warranted for a systematic lead optimi-
zation, modulated by appropriate modifications of length, size,
and chemical nature of the substituents, process that can lead to
in the future to a drug candidate.
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ABSTRACT: Two series of novel chromone derivatives were synthesized and investigated for
their ability to inhibit the activity of monoamine oxidase. The SAR data indicate that chromone
derivatives with substituents in position 3 of y-pyrone nucleus act preferably as MAO-B
inhibitors, with ICs, values in the nanomolar to micromolar range. Almost all chromone
3-carboxamides display selectivity toward MAO-B. Identical substitutions on position 2 of y-
pyrone nucleus result in complete loss of activity in both isoforms (chromones 2—12 except 3
and §). Notably, chromone (19) exhibits an MAO-B ICs, of 63 nM, greater than 1000-fold
selectivity over MAO-A, and behaves as a quasi-reversible inhibitor. Docking experiments onto

the MAO binding of the most active compound highlight different interaction patterns among the isoforms A and B. The differential
analysis of the solvation effects among the chromone isomers gave additional insight about the superior outline of the 3-substituted

chromone derivatives.

B INTRODUCTION

Monoamine oxidases (MAOs, EC 1.4.3.4) are widely distrib-
uted enzymes that contain a flavin adenine dinucleotide (FAD)
covalently bounded to a cysteine residue. Several living organ-
isms possess MAOs that are responsible for the major neuro-
transmitter degrading in the central nervous system (CNS) and
peripheral tissues."”

In mammals two isoforms of MAOs are present: MAO-A and
MAO-B. Both isoforms are involved in the oxidative deamination
of exogenous and endogenous amines, including neurotransmit-
ters, thus modulating their concentrations in the brain and
peripheral tissues." The MAO-A enzyme is responsible for the
deamination of the epinephrine, norepinephrine, and serotonin,
whereas the MAO-B enzyme metabolizes -phenethylamine."?
The enzyme also plays an important role in the expression of
toxicity of the Parkinsonism-producing neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine by bioactivation into the toxic
metgbolite, the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridinium
ion.

The MAO metabolic reaction involves the oxidation of the
amine function via oxidative cleavage of the a-CH bond of the
substrate with the ensuing generation of an imine intermediate.
This pathway is accomplished by the reduction of the flavin
cofactor that is reoxidized by molecular oxygen, with simulta-
neous hydrogen peroxide release. Subsequently, the imine inter-
mediate is hydrolyzed by a nonenzymatic pathway grielding
ammonia and the corresponding aldehyde (Scheme 1).

Expression levels of MAO-B in neuronal tissue are enhanced
4-fold with aging, especially in glial cells, resulting in an increased

A4 ACS Publications ©2011 american Chemical society

level of dopamine metabolism and in the production of higher
levels of hydrogen peroxide, which are thought to play a major
role in the etiology of neurodegenerative diseases such as
Parkinson’s and Alzheimer’s. MAO-B inhibitors are also currently
in clinical trials for the treatment of Alzheimer’s disease because an
increased level of MAO-B has been detected in the plaque-
associated astrocytes of brains from Alzheimer’s patients.*®

Today efforts toward the development of monoamine oxidase
inhibitors are focused on selective MAO-A or MAO-B inhibitors.
Selective MAO-B inhibitors, alone or combined with L-Dopa, are
being examined in the treatment of, for example, schizophrenia,
Alzheimer’s disease, and Parkinson’s disease. The MAO-A inhibitors
are effective in the treatment of depression.

MAO-A is more sensitive to inhibition by clorgyline and moclo-
bemide, and MAO-B is selectively inhibited by low concentrations
of selegiline (R-(—)-deprenyl) and rasagiline (Scheme 2)."*

All of these aspects have led to an intensive search for novel
MAQO inhibitors, and this effort has increased considerably in
recent years. However, a large number of MAOs inhibitors
introduced into clinical practice were discarded because of
adverse effects, such as hepatotoxicity, orthostatic hypotension,
and the so-called “cheese effect”, which is characterized by
hypertensive crises." Currently, the MAO inhibitors of the new
generation are usually characterized by their relative specificities
for the MAO subtypes and in some cases by the reversibility of
their actions.
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Despite considerable progress in understanding the interac-
tions of the two enzyme forms with their preferred substrates and
inhibitors, no general rules are yet available for the rational design
of potent and selective inhibitors of MAO possibly because the
mechanism of interaction of the new drugs with MAO isoforms
has not been fully characterized.

Privileged structures such as indoles, arylpiperazines, biphe-
nyls, and benzopyranes are currently ascribed as supportive
approaches in drug discovery. Different families of nitrogen
and oxygen heterocycles such as xanthones, coumarins, and their
precursors (chalcones) have also been extensively used as scaf-
folds in medicinal chemistry programs for searching novel MAO-
B inhibitors.*”®

Chromone scaffold [(4H)-1-benzopyran-4-one] has been
recognized as a pharmacophore of a large number of bioactive
molecules of either natural or synthetic origin. Until now, numerous
biological effects, especially in popular medicine, have been ascribed
to this benzo-y-pyrone nucleus such as anti-inflammatory, anti-
tumoral, and antimicrobial activities.” Enzymatic inhibition proper-
ties toward different systems such as oxidoreductases, kinases,
tyrosinases, cyclooxygenases have also been recognized.m Recently,
our group has reported preliminary studies that point out the
relevance of these types of heterocyclic compound as monoamino
oxidase inhibitors.'""

Accordingly, our project has focused on the discovery of new
chemical entities (NCEs) for MAO inhibition incorporating
privileged structures with benzo-y-pyrone substructure (Scheme 3).
Preliminary studies performed with chromones (1) and (13)
allow disclosure of the importance of the location of a carboxylic
moiety in the y-pyrone nucleus. In fact, when the —COOH
substituent is in position 3 of the heterocyclic scaffold (13), it
binds the IMAO-B, exerting a selective inhibition with respect to
the A isoform (ICso(hMAO-B) = 0.048 =+ 0.0026 nM; MAO-B
selective index (SI) of >2083).'"'" As the inhibition is of
irreversible type and in an attempt to develop novel reversible
and selective MAO-B inhibitors, the synthesis of 2- and 3-car-
boxamide chromone derivatives capable of establishing hydrogen
interactions with the enzyme was performed. Therefore, func-
tionalized chromone scaffolds suitable to establish structure—activity

relationships were obtained by synthetic strategies and screened
toward human MAOs isoforms (hMAOs) to evaluate their
potency/selectivity ratio. The Protein Data Bank (PDB)'? avail-
ability of experimentally determined cocrystals of AIMAO-A and -B
with different kinds of ligand allows us to also perform structure-
based molecular modeling studies with the aim to propose preferred
binding modes and to explain the reasons of the isoform selectivity
helping in the rational design of new inhibitors.

B CHEMISTRY

The functionalization of the chromone nucleous leads to the
obtention of two series of novel chromone carboxamides placed
at positions C2 and C3 of the y-pyrone ring. The compounds
and the synthetic strategy used for their obtention have been
patented'’ and are briefly depicted in Scheme 3. Chromone
carboxamide derivatives were synthesized straightforwardly, in
moderate/high yields, by a one-pot condensation reaction that
occurs, in equimolar amounts, between the corresponding
chromone carboxylic acid (1 or 13) and aniline (phenylamine)
or its ring-substituted derivatives. A similar condensation reac-
tion was performed with propylamine and cyclohexylamine. The
coupling reagents selected for carboxylic acid activation were
organophosphoric compounds, namely, (benzotriazol-1-yloxy)-
tris(dimethylamino)phosphonium hexafluorophosphate (BOP)
and (benzotriazol-1 -yloxz)tripyrrolidinophosphonium hexafluo-
rophosphate (PyBOP)." In all the reactions, N,N-diisopropyl-
ethylamine (DIPEA) was used instead of the classic triethyl-
amine, since a significant increase of yield was observed due
mainly to an improvement in the purification steps."'

It must be highlighted that the synthetic strategies commonly
adopted for the synthesis of these types of amide are usually
based on a different approach: first, an acyl halide is obtained
through the reaction of a carboxylic acid with thionyl chloride,
followed by the reaction with a nucleofilic agent.H In fact, the
method herein presented is particularly advantageous, since it
avoids the step of acyl halide obtention and the drawbacks related
with this type of reagent. Furthermore, the use of BOP or PyBOP
has several advantages, related with other coupling agents such as
dicyclohexylcarbodiimide (DCC), in the purification steps and in
the removal of side products. The syntheses of the dihydroxy-
lated compounds § and 17 were performed by a demethylation
reaction, using boron tribromide (BBr3), of the monomethoxy-
lated chromones 4 and 16, respectively. The selected strategy
avoids the prior protection of the hydroxyl groups of the starting
materials (Scheme 3).

B PHARMACOLOGY

The potential effects of the test drugs on IMAO activity were
investigated by measuring their effects on the production of
hydrogen peroxide (H,0,) from p-tyramine (a common sub-
strate for both tMAO-A and hMAO-B), using the Amplex Red
MAQO assay kit (Molecular Probes, Inc., Eugene, OR, U.S.) and
microsomal MAO isoforms prepared from insect cells (BTI-TN-
5B1-4) infected with recombinant baculovirus containing cDNA
inserts for tIMAO-A or hMAO-B (Sigma-Aldrich Quimica S.A.,
Alcobendas, Spain).

The production of H,0O, catalyzed by MAO isoforms can be
detected using 10-acetyl-3,7-dihydroxyphenoxazine (Amplex
Red reagent), a nonfluorescent and highly sensitive probe that
reacts with H,O, in the presence of horseradish peroxidase to
produce a fluorescent product, resorufin.

5166 dx.doi.org/10.1021/jm2004267 |J. Med. Chem. 2011, 54, 5165-5173

68



Chromone: a valid scaffold in Medicinal Chemistry

Journal of Medicinal Chemistry

FCUP

Scheme 3°
0.
: C(ﬁ(mm '
(1) 2-CO0H
(13)  3-COOH —
a)
v Y
[ O~ CONIR
B
0
(2) R=ph
(3) R=(4-OH-Ph) y
(4) R=(3"-OH-4-OCH,-Ph)—3= (5) R=(3'4"-OH-Ph) /
(6) R=(3'.4-OCH;-Ph) b)
(7) R=(4-CI-Ph) 0.
(8) R=(4-OCF;-Ph) |
(9) R=(4-CFy-Ph) CONHR
(10) R4-NO,-Ph) o
(1) R=C¢Hy, .
(12) R=C3H, O BoEn
(15) R=(4'-O11-Ph)
(16) R=(3'-OH-4"-OCH;-Ph) —» (17) R=(3',4'-OH-Ph)|
(18) R=(3',4"-0CH-Ph) b)
(19) R=(4'-CI-Ph)
(20) R=(4-OCF-Ph)
(21) R=(4'-CF-Ph)
(22) R=(4'-NO,-Ph)
(23) R=C¢Hy,y
(24) R=C3H,

“Reagents: (a) RNH,, BOP or PyBOP, DIPEA in DCM/DMF; (b) BBry in DCM.

In this study, h/MAO activity was evaluated using the above-
mentioned method following the general procedure previously
described elsewhere.*'® The drugs (novel compounds and
reference inhibitors) were unable to react directly with the
Amplex Red reagent, which indicates that they do not interfere
with the measurements.

In our experiments and under our experimental conditions,
hMAO-A displayed a Michaelis constant (K,,,) of 457.17 = 38.62
#M and a maximum reaction velocity (Vi) of 185.67 = 12.06
(nmol/min)/mg protein whereas h"MAO-B showed a K,, of
220.33 = 32.80 uM and a V;,,, 0f 24.32 = 1.97 (nmol/min)/mg
protein (n =S5).

The hMAO-A and h/MAO-B inhibition and SI ([ICso (MAO-
A)]/[ICso (MAO-B)]) data are reported in Table 1.

Reversibility and irreversibility experiments were performed
to evaluate the type of the inhibitor, using R-(—)deprenyl
(irreversible inhibitor) and isatin (reversible inhibitor) as
standards.'®

M RESULTS AND DISCUSSION

The chemical structures of the examined compounds are
depicted in Scheme 3. The results of the in vitro evaluation of

inhibitory potencies toward hMAO isoforms and selectivity of
the chromones under study, and reference compounds, are
shown in Table 1. By analyzing such data, one can conclude that
chromones bearing substituents in position 3 of y-pyrone
nucleus act preferably as MAO-B inhibitors (iMAO-B) with
ICs values in the nanomolar to micromolar range. The same
tendency was found with the chromone carboxylic acids.'” The
most promising iMAO-B chromones that are substituted in the
para position, with hydroxyl or methoxyl groups or a chloro
atom, of the side chain aromatic nucleus (compounds 15, 16 and
19, respectively) present ICs, values between 63 and 76 nM. The
most selective compounds possess electron withdrawing groups
(aClatom (compound 19) and a CF; group (compound 21)) in
the para position of the exocyclic aromatic nucleus (SI of >1.585
and >909, respectively). The chromone derivative with a hydro-
xyl group in the para position (compound 15) is more active and
selective as iMAO-B than the compound with two hydroxyl
groups located in the para and meta positions (compound 17).
The present results allow us to point out that the inclusion of this
type of substituent in the meta position of the 3-aryl substituent
could not be beneficial. The derivative 22 with the para position
substituted with a strong electron polar and bulky withdrawing
group (nitro group) shows a loss of selectivity with an ICso

5167 dx.doi.org/10.1021/jm2004267 |J. Med. Chem. 2011, 54, 5165-5173

69



Journal of Medicinal Chemistry

FCUP

Chromone: a valid scaffold in Medicinal Chemistry

Table 1. MAO Inhibitory Activities of Chromone Carboxamides and Reference Inhibitors”

compd R 1Cso(hMAO-A) (uM) 1C5o(hMAO-B) (uM) SI
2 Ph c c
3 4'-OH-Ph 6523 + 5.82 41.90 +2.79 1.6
4 3'-OH-4-OCH;-Ph c c
5 3',4'-OH-Ph 0.19 +0.016 2.66 + 0.13 0.071
6 3'4-OCH;-Ph c c
7 4'-Cl-Ph ¢ c
8 4'-OCF;-Ph c c
9 4'-CF;-Ph c c
10 4'-NO,-Ph C c
11 CeHyy @ d
12 C3H; c d
14 Ph c 0.40 + 0.022 >250°
15 4'-OH-Ph 476 £ 039" 0.064 + 0.0054 74
16 3'-OH-4-OCH;-Ph 834 £ 027 0.076 + 0.0032 110
17 3'4'-OH-Ph 0.43 + 0.0035b 0.16 + 0.013 2.7
18 3'4'-OCH;-Ph c 2.33 +0.07 >43°
19 4'-Cl-Ph c 0.063 + 0.0042 >1585°
20 4'-OCF;-Ph c 1.08 = 0.072 >93¢
21 4'-CF;3-Ph c 0.11 & 0.0074 >909 ©
22 4'-NO,-Ph 1111 + 0.74 11.78 £0.79 0.94
23 CgHyy c 0.93 + 0.062 >107°
24 C3H, c 37.69 + 1.68 >2.7¢
R-(—)-deprenyl 68.73 £ 4.21" 0.017 = 0.0019 4043
iproniazid 6.56 +0.76 7.54 + 0.36 0.87

@ All ICs values shown in this table are the mean &= SEM from five experiments. SI: AMAO-B selectivity index = ICso(hMAO-A)/ICso(hMAO-B).
¥ Level of statistical significance: P < 0.01 versus the corresponding ICs, values obtained against MAO-B, as determined by Student's ¢ test. The 1Cso

values of compounds 2 and 14 were taken from the literature."' ©

Inactive at 100 #M (highest concentration tested). “Tnactive at 1 mM (highest

concentration tested). “ Values obtained under the assumption that the corresponding 1Cs, against MAO-A or MAO-B is the highest concentration

tested (100 M or 1 mM).

of 11 uM for both MAQ isoforms. It seems that the electron
withdrawing nature, in particular the resonance effect (weak
donating), and the spatial volume of the substituents located in
the aromatic ring have a particular effect on the potency of the
3-carboxamides.

The chromone carboxamide derivative with an unsubstituted
exocyclic aromatic moiety (compound 14) is twice more active
than compound 23, a carboxamide with a cyclohexyl instead of
the aromatic ring (ICsq of 400 and 930 nM, respectively). The
absence of a ring led to a dramatic loss of activity (see linear
alkylcarboxamide 24; ICsy of 37 uM). All of the previously
mentioned chromone carboxamides, except chromone 22, are
inactive toward MAO-A.

Of note is that the chromones bearing the same type of
substituents in position 2 of y-pyrone nucleus (chromones
2—12) present a total loss of MAO inhibition except with
compounds 3 and 5. Compound 3, with a hydroxyl group in the
para position of the exocyclic aromatic ring, has a comparable
inhibitory activity for both isoforms. The introduction of
another hydroxyl group in the meta position (compound §)
considerably increases the potency and selectivity toward
hMAO-A.

The reversibility studies performed with the chromones 15
and 19 revealed that the carboxamides behave as quasi-reversible
MAO-B inhibitors. In fact, the percent of enzymatic inhibition
was much lower after repeated washing with respect to R-(—)-
deprenyl (irreversible inhibitor) (Table 2).

Table 2. Reversibility and Irreversibility of IMAO
Inhibition”

9% hMAO-B inhibition

compd before washing after repeated washing
R-(—)-deprenyl (25 nM) 53.62 £ 5.15 47.72 + 621
isatin (20 M) 47.55 + 5.42 o
15 (100 nM) 60.31 + 7.74 23.50 + 3.71°
19 (100 nM) 59.60 + 6.96 29.14 + 4.16

@ Each value is the mean + SEM from five experiments (1 = §). b Level of
statistical significance: P < 0.05 versus the corresponding % hMAO-B
inhibition before washing, as determined by Student's f test.

The data so far obtained are in accordance with preliminary
results," since it supports the assumption that the positive
hydrophobicity (+7) of the substituent, besides inductive and
mesomeric effects, located on the phenyl exocyclic moiety
markedly influences the potency and selectivity of the chromone
carboxamides. The tendency is in perfect agreement with the
parameter space of the descriptors defined in the so-called
Craig’s plot.

In order to highlight the reasons of MAO selectivity, we have
carried out a structure-based molecular modeling study using
hMAO:s cocrystals deposited into the PDB.'? Similar to our previous
work,'7we have focused our attention onto the most active and
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Figure 1. Most stable docking poses of 19 into (a) hMAO-A and
(b) hMAO-B binding sites. Ligand is reported in green carbon sticks.
Interacting residues are in gray carbon sticks, and FAD is in space-fill.
Yellow dotted lines indicate ligand—enzyme intermolecular hydrogen
bonds: *, ligand interaction to side chain; s, ligand interaction to
backbone; #:#x, ligand interaction to both backbone and side chain.

selective compound. So in this series, we have selected 19 as a
case study for our theoretical investigation. Also in the present
study we have ado ted the docking program Glide' and the
PDB models 2Z5X'® and 2V5Z* for mimicking the hMAO-A
and -B targets, respectively. Details of the molecular modeling
procedures are reported in the Experimental Section.

Compound 19 target interaction energies, —7.12 and
—207.68 kJ/mol for hMAO-A and -B, respectively, were in
good agreement with the experimental biological data. The
docking proposed configuration indicated a strong difference
depending on the target. Actually, the only [AMAO-A-19]
Glide proposed configuration showed the chromone moieties
in the entrance gorge while the p-cloroanilide side chain
recognized the FAD cofactor suggesting a 77— interaction to
Tyr407 and Tyr444. Several other residues were involved in
such a binding mode but only van der Waals contacts can be
designated (Figure 1a).

The interaction of 19 to htMAO-B was found to be much more
productive with respect to the previous one. First of all, the
interaction energy was remarkably lower than in AIMAO-A and a
number of binding modes were proposed by Glide. Moreover,
the most stable configuration was in agreement with literature
data as concerns the intramolecular hydrogen bond and with the
positioning of the chromone ring.'”Actually, the chromone

2,3 -

2,35 I
24
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25

-2,55

» o QO A 4 N O AV
o W @ & A %’W a @f\«

Figure 2. Difference (in kJ/mol) between water solvation energies of

3—10 with respect to their isomers 15—22.

moiety was situated close to the FAD and the p-cloroanilide side
chain occupied the entrance cavity at the loop formed by residues
99—112. Two intermolecular hydrogen bonds were observed
between the carboxyamide and the Cys172 and between the
chromone sp” oxygen and the Tyr326. The hydrophobic side
chain of 19 productively interacts with Pro102, Phe103, Leul67,
and Ile199.

With the aim to more deeply investigate the reasons for the
different recognition of 19 in hMAO-A with respect to the
hMAO-B, the best docking poses, reported in Figure 1b, were
superposed using the FAD and the active site backbone
residues as geometry references. Such a procedure indicated
that hAMAO-B configuration of 19 in hMAO-A loses the
hydrogen bond contribution because Cys172 and Tyr326,
available into the former enzyme, are replaced by Asn181 and
Tle33S, respectively. Moreover, in the hIMAO-A cleft the 19
p-cloroanilide moiety bumps against the side chain of Phe208
corresponding to the sterically smaller tMAO-B Ile199. The
same analysis has been carried out on the 19 hMAO-A best
pose with respect to hMAO-B. In this case we can report
clashes between the chromone moiety and the Tyr326 and no
hydrogen bond. In order to reduce clashes, both new models
have been refined with Glide software, but after the optimiza-
tion the scenario was not so different: the clashes were
reduced, but with respect to the docking best poses, the
inhibitor was located more distant from the FAD and no
intermolecular hydrogen bonds were established between the
ligand and the targets.

After the docking experiments with the most active and
selective compound we have repeated the same procedure trying
to reproduce by interaction energies the biological trend re-
ported in Table 1, at least for the quantitatively measured values.
Since no good correlation was found for the entire set, we have
focused our attention onto the conformational and solvation
properties of our derivatives. In particular a comparison of the
isomers bearing the side chain at the 2- or 3-position onto the
chromone ring has been carried out. The conformational proper-
ties, investigated by means of Monte Carlo (MC) search,
indicated few possible local minimum energy structures in
particular for compounds 15—22. Such data could be considered
as an entropy benefit of these ligands with respect to their
isomers 3—10. The comparative solvation analysis in water
revealed a remarkable energy advantage of compounds 3—10
with respect to their isomers 15—22 (Figure 2). Such evidence
could contribute to explain the better activity of chromone
derivatives reporting the carboxyamide side chain at position 3
than at position 2. In fact, the interaction with the target of 3—10
could be penalized into the aqueous environment.
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Bl CONCLUSIONS

In the present work evidence was acquired to demonstrate
that chromone is a valid scaffold for the design of potent,
selective, and reversible MAO inhibitors. Generally chromones
bearing substituents in position 3 of y-pyrone nucleus act as
hMAO-B selective inhibitors and those bearing substituents in
position 2 of the same nucleus selectively inhibit the IMAO-A or
are inactive. The introduction of a chloro substituent in the para
position of the exocyclic aromatic ring of chromone 3-phenyl-
carboxamides was crucial for the obtention of a potent and
selective iMAO (ICs = 63 nM; SI > 1585). The easy synthetic
accessibility and potentially low toxicity of chromones’ make
them “privileged” scaffolds. Docking experiments, carried out
with the most active and selective compound 19, indicated the
reasons for the better stabilization within the AIMAO-B isoform
versus the -A one. A comparison of 3—10 and 15—22 conforma-
tional properties indicated an entropy advantage of the latter in
the interaction with both targets. The solvation energies comparison
reported a preference of the 2-substituted chromone derivatives for
the aqueous solvent. Both results suggested a penalization of 3—10
in target recognition with respect to 15—22.

Additional studies are warranted for a systematic lead optimi-
zation, modulated by appropriate modifications of length, size,
and chemical nature of the substituents, a process that can lead to
in the future to a drug candidate.

B EXPERIMENTAL SECTION

Chemistry. Chromone-2-carboxylic and chromone-3-carboxylic
acids, benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluoro-
phosphate (BOP), benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate (PyBOP), N,N-diisopropylethylamine (DIPEA),
dimethylformamide (DMF), boron tribromide (BBr3), and aniline and
its derivatives were purchased from Sigma-Aldrich Quimica S.A. (Sintra,
Portugal). All other reagents and solvents were pro analysis grade and
were acquired from Merck (Lisbon, Portugal) and used without addi-
tional purification.

Thin-layer chromatography (TLC) was carried out on precoated
silica gel 60 F254 (Merck) with layer thickness of 0.2 mm. For analytical
control the following systems were used: ethyl acetate/petroleum ether,
ethyl acetate/methanol, and chloroform/methanol in several propor-
tions. The spots were visualized under UV detection (254 and 366 nm)
and iodine vapor. Normal-phase column chromatography was per-
formed using silica gel 60, 0.2—0.5 or 0.040—0.063 mm (Merck).

Following the workup and after extraction, the organic phases were
dried over Na,SO,. Solutions were decolorized with activated charcoal
when necessary. The recrystallization solvents were ethyl acetate or ethyl
ether/n-hexane. Solvents were evaporated in a Buchi Rotavapor.

The purity of the final products (>97% purity) was verified by high-
performance liquid chromatography (HPLC) equipped with a UV
detector. Chromatograms were obtained in an HPLC/DAD system, a
Jasco instrument (pump model 880-PU and solvent mixing model 880-
30, Tokyo, Japan) equipped with a commercially prepacked Nucleosil
RP-18 analytical column (250 mm X 4.6 mm, $ «m, Macherey-Nagel,
Duren, Germany) and UV detection (Jasco model 875-UV) at the maximum
wavelength of 254 nm. The mobile phase consisted of a methanol /water
or acetonitrile/water (gradient mode, room temperature) at a flow rate
of 1 mL/min. The chromatographic data were processed in a Compagq
computer fitted with CSW 1.7 software (DataApex, Czech Republic).

Apparatus. '"H NMR data were acquired, at room temperature, on a
Britker AMX 300 spectrometer operating at 300.13 MHz. Dimethylsulf-
oxide-dg was used as a solvent. Chemical shifts are expressed in 0 (ppm)
values relative to tetramethylsilane (TMS) as internal reference. Coupling

constants (J) are given in Hz. Electron impact mass spectrometry (EI-MS)
was carried out on a VG AutoSpec instrument. The data are reported as m/z
(% of relative intensity of the most important fragments). Melting points
were obtained on a Stuart Scientific SMP1 apparatus and are uncorrected.

Synthesis. General Procedure for Amide Obtention. The
synthetic procedure corresponds to a one-pot condensation reaction
that occurs, in equimolar amounts, between the carboxylic acid and the
respective amine according to the following general procedure. 2-Car-
boxychromone (1) or 3-carboxychromone (13) (0.50 g, 2.63 mmol)
was dissolved in 6 mL of DMF and 0.37 mL of diisopropylethylamine
(DIPEA). The solution was then cooled at 0 °C in an ice—water bath,
and a BOP (1.16 g, 2.63 mmol) or PyBOP (1.37 g, 2.63 mmol) solution
in CH,Cl, (6 mL) was added. The mixture was stirred for 30 min.
Afterward, the corresponding amine (phenylamine, 4-hydroxyphenyla-
mine, 3-hydroxy-4-methoxyphenylamine, 3,4-dimethoxyphenylamine,
cyclohexylamine, or propylamine) was added in equimolar amount.
The temperature was gradually increased to room temperature. The
mixture was stirred for additional 4 h.

General Procedure for Demethylation Reactions. The
monomethoxylated chromone carboxamide 4 or 16 (0.25 g, 0.80 mmol)
was suspended in anhydrous dichloromethane and under argon atmo-
sphere. The resulting suspension was stirred, cooled at —80 °C, and
BBr; (6 mL of a 1 M solution in dicloromethane) was added dropwise.
Once the addition was completed, the reaction mixture was allowed to
warm to room temperature with continuous stirring. After BBr; destruction
with methanol, the purification process was carried out straightforwardly.

The structural elucidation of the other carboxamides was described
elsewhere.

N-(3,4-Dihydroxyphenyl)-4-oxo-4H-1-benzopyran-2-car-
boxamide (5). Yield: 65%. Mp: 267—271 °C. "HNMR: 0 =6.75 (1H,
d,]=8.5,H(5)), 694 (1H, s, H(3)), 7.04 (1H, dd, ] = 8.5, 2.4, H(6')),
732 (1H, d, J =24, H(2')), 7.58 (1H, ddd, ] = 8.0, 6.8, 1.2, H(6)), 7.85
(1H, d, ] = 8.0, H(8)), 7.93 (1H, ddd, ] = 8.5, 7.0, 1.5, H(7)), 8.08 (1H,
dd, ] =7.6, 1.4, H(S)), 8.94 (1H, 5, 3'-OH), 9.17 (1H, 5, 4-OH), 10.49
(1H, s, CONH). EI-MS m/z: 298 (10), 297 (M"*, 52), 296 (19), 146
(100), 124 (92), 105 (57), 97 (16), 89 (74), 77 (15), 69 (19), 68 (15),
63 (16).

N-(4-(Chlorophenyl)-4-oxo-4H-1-benzopyran-2-carboxa-
mide (7). Yield: 50%. Mp: 268271 °C. 'H NMR: 6 = 697 (1H, s,
H(3)), 7.48 (2H, d, ] = 8.8, H(3'), H(5')), 7.56 (1H, m, H(6)),
7.83—7.96 (4H, m, H(7), H(8), H(2'), H(6")), 8.08 (1H, dd, ] = 7.9,
1.6,H(5)), 10.87 (1H, s, CONH). EI-MS m/z: 301 (34), 300 (33), 299
(M*,100), 298 (50),282 (15), 270 (24), 173 (14), 145 (28), 101 (18),
90 (10), 89 (89), 69 (16), 63 (14).

N-(4-(Trifluoromethoxy)phenyl)-4-oxo-4H-1-benzopyr-
an-2-carboxamide (8). Yield: $6%. Mp: 241244 °C. 'HNMR: 0 =
7.00 (1H,s, H(3)), 7.45 (2H, d, ] = 8.2, H(3'), H(')), 7.57 (1H,dd, ] =
82, 7.4, H(6)), 7.90-7.97 (4H, m, H(7), H(8), H(2'), H(¢)), 8.08
(1H, d, J = 7.6, H(S)), 10.92 (1H, s, CONH). EL-MS m/z: 349 (M™,
86), 348 (100), 332 (21), 320 (41), 264 (12), 176 (17), 173 (21), 145
(44), 117 (18), 101 (20), 89 (98), 69 (24).

N-(4-(Trifluoromethyl)phenyl)-4-oxo-4H-1-benzopyran-
2-carboxamide (9). Yield: 50%. Mp: 258—261 °C. 'H NMR: 6 =
7.02 (1H, s, H(3)), 7.58 (1H, ddd, ] = 8.1, 7.0, 1.2, H(6)), 7.81 (2H, d,
J=88,H(3'), H(5')), 7.86 (1H, dd, ] = 8.4, 1.0, H(8)), 7.94 (1H, ddd,
J=86,7.0,1.6,H(7)),8.06 (2H,d, ] = 8.4, H(2'), H(6')), 8.09 (1H, dd,
J =76, 1.6, H(5)), 11.04 (1H, s, CONH). EI-MS m/z: 333 (M"", 35),
332 (100), 303 (16), 173 (15), 145 (32), 117 (12), 101 (11), 89 (58), 69
(15),57 (1)

N-(4-Nitrophenyl)-4-oxo-4H-1-benzopyran-2-carboxamide
(10). Yield: 15%. Mp: >280 °C. "H NMR: 6 = 7.04 (1H, s, H(3)), 7.59
(1H, ddd, ] = 8.2,7.0,12, H(6)), 7.86 (1H, d, ] = 7.6, H(8)), 7.96 (1H,
ddd, ] =8.6,7.0, 1.6, H(7)), 8.10 (3H, m, H(5), H(2'), H(6')), 8.34 (2H,
m, H(3'), H(§')), 11.22 (1H, s, CONH). EI-MS m/z: 310 (M*", 6), 309
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(22), 123 (45), 111 (38), 101 (45), 99 (54), 97 (69), 95 (32), 87 (63),
85 (90), 83 (51), 73 (74), 71 (69), 69 (56), 58 (35), 57 (100), 55 (65).
N-Cyclohexyl-4-oxo-4H-1-benzopyran-2-carboxamide (11).
Yield: 60%. Mp: 183—184 °C. "H NMR: 0 = 1.12—1.86 (10H, m, 2 x
H(2'),2 x H(3'),2 x H(#), 2 x H(§'), 2 x H(6)), 3.78 (1H, m,
H(1")), 6.83 (1H, 5, H(3)), 7.54 (1H, dd, ] = 7.9, 7.2, H(6)), 7.79 (1H, d,
J=8.4,H(8)),7.90 (1H, ddd, ] = 8.5, 7.0, 1.4, H(7)), 805 (1H,d, ] = 7.9,
H(5)),8.88 (1H,d,] = 8.1, CONH). EL-MS m/z: 271 (M™*, 38),228 (12),
191 (19), 190 (100), 173 (16), 145 (12), 89 (39).
N-Propyl-4-oxo-4H-1-benzopyran-2-carboxamide (12).
Yield: 84%. Mp: 167—171 °C. '"H NMR (CDCly): 6 = 1.02 (3H, t,
J=74,CHj3),1.70 (2H, m, CH;CH,), 347 (2H, m, NHCH,), 7.02 (1H,
bs, CONH), 7.17 (1H, s, H(3)), 7.46 (1H, ddd, ] = 8.0, 7.0, 1.0, H(6)),
7.53 (1H,dd, ] = 7.9, 1.0, H(8)), 7.74 (1H, ddd, ] = 8.6, 7.0, 1.3, H(7)),
822 (1H,dd, ] =8.0, 1.6, H(5)). EI-MS m/z: 232 (16), 231 (M™, 100), 216
(26), 203 (12), 202 (22), 190 (10), 189 (30), 174 (19), 173 (93), 159
(20), 146 (12), 145 (43), 101 (15), 89 (83), 69 (17), 63 (11).
N-(3,4-Dihydroxyphenyl)-4-oxo-4H-1-benzopyran-3-car-
boxamide (17). Yield: 50%. Mp: 266—269 °C. "H NMR: 0 = 6.82
(1H,d, ] =84, H(5')),6.94 (1H,dd, ] = 8.5,2.4, H(6')), 6.99 (1H,d, ] =
2.5,H(2)), 7.33—7.39 (2H, m, H(6), H(8)), 7.69 (1H, dd, ] = 8.4, 7.1,
H(7)), 7.99 (1H, dd, ] = 7.7, 1.3, H(S)), 8.64 (0.7H, s, H(2)), 8.68
(0.7H, s, H(2)), 8.72 (0.3H, s, H(2)), 943 (1H, 5, OH), 9.46 (1H, s,
OH), 11.73 (0.3H, s, CONH), 11.80 (0.3H, s, CONH), 13.42 (0.7H, s,
CONH), 13.46 (0.7H, s, CONH). EI-MS m/z: 297 (M™", 7), 281 (11),
208 (13),207 (73), 173 (100), 149 (24), 121 (72), 97 (20), 95 (27), 83
(27), 81 (33), 77 (21), 73 (36), 71 (26), 69 (40), 55 (57).
N-(4-(Chlorophenyl)-4-oxo-4H-1-benzopyran-3-carboxa-
mide (19). Yield: 47%. Mp: 255—259 °C. 'H NMR: 0 = 7.34 (1H, d,
J = 7.8, H(8)), 7.38 (1H, dd, ] = 7.6, 1.3, H(6)), 7.54 (2H, d, ] =
8.8, H(3'), H(5")), 7.70—7.73 (3H, m, H(2"), H(¢'), H(7)), 7.99 (1H,
dd, ] =7.8, 1.5, H(5)), 8.85 (0.7H, d, ] = 13.8, H(2)), 8.88 (0.3H,d, ] =
14.8, H(2)), 8.88 (0.3H, d, ] = 14.8, H(2)), 11.84 (0.3H, d, ] = 14.8,
CONH), 11.84 (0.3H, d, ] = 14.8, CONH), 13.39 (0.7H, d, ] = 13.8,
CONH). EI-MS m/z: 301 (37),300 (21),299 (M**, 88), 174 (16), 173
(100), 151 (18), 121 (37), 92 (11), 89 (10).
N-(4-(Trifluoromethoxy)phenyl)-4-oxo-4H-1-benzopyran-
3-carboxamide (20). Yield: 55%. Mp: 223226 °C. '"H NMR: 6 =
7.31—7.38 (2H, m, H(6), H(8)), 7.46 (2H, d, ] = 8.7, H(3'), H(5)),
7.71 (1H,ddd, ] = 8.5,7.0,1.5,H(7)),7.79 (2H, d,] = 8.7, H(2), H(6")),
8.00 (1H, dd, ] = 7.8, 1.5, H(5)), 8.85 (0.7H, d, ] = 13.5, H(2)), 8.89
(0.3H, d,]=15.3,H(2)), 11.84 (0.3H, d,] = 15.2, CONH), 13.42 (0.7H,
d,J=13.5, CONH). EI-MS m/z: 349 (M**, 31),201 (13), 174 (12), 173
(100), 121 (30), 92 (10).
N-(4-(Trifluoromethyl)phenyl)-4-oxo-4H-1-benzopyran-3-
carboxamide (21). Yield: 55%. Mp: 251—254 °C. "HNMR: 6 = 7.36
(1H, d, ] = 8.0, H(8)), 7.39 (1H, dd, ] = 8.0, 1.7, H(6)), 7.73 (1H, ddd,
]=83,7.6,1.6,H(7)),7.83—7.92 (4H, m, H(2'), H(3'), H(§'), H(¢')),
8.00 (1H, dd, ] = 7.8, 1.4, H(5)), 895 (0.7H, d, ] = 13.7, H(2)), 8.98
(0.3H,d,] = 14.6,H(2)), 11.90 (0.3H, d, ] = 14.6, CONH), 13.40 (0.7H,
d,J=13.7, CONH). EI-MS m/z: 333 (M**, $8),212 (11), 185 (19), 173
(100), 145 (15), 121 (33), 92 (13).
N-(4-Nitrophenyl)-4-oxo0-4H-1-benzopyran-3-carboxamide
(22). Yield: 35%. Mp: >280 °C. "H NMR: 0 = 7.35—7.41 (2H, m, H(6),
H(8)),7.74 (1H, ddd, J = 8.2,7.3, 1.7, H(7)), 7.93—7.96 (2H, m, H(2'),
H(6')), 8.00 (1H, dd, ] = 7.9, 1.6, H(5)), 8.32 (2H, d, ] = 9.2, H(3),
H(5')), 897 (0.7H, d, ] = 13.5, H(2)), 8.99 (0.3H, d, ] = 14.3, H(2)),
11.94 (0.3H, d, ] = 142, CONH), 13.39 (0.7H, d, ] = 13.3, CONH). EI-
MS m/z: 310 (M™, 34), 309 (18), 280 (15), 173 (100), 123 (20), 121
(45), 116 (16), 109 (16).
N-Cyclohexyl-4-oxo-4H-1-benzopyran-3-carboxamide (23).
Yield: 30%. Mp: 181184 °C. '"H NMR: O = 132—1.94 (10H, m, 2 x
H(2'),2 x H(3'),2 x H(#), 2 x H(5'), 2 x H(6)), 3.70 (1H, m,
H(1")),7.32 (2H, m, H(6), H(8)), 7.66 (1H, dd, ] = 8.0, 7.3, H(7)), 8.02

(0.7H, d, 7= 7.6, H(5)), 8.11 (03H, d, ] = 7.6, H(S)), 844 (0.7H, d, ] =
14.8, H(2)), 8.60 (0.3H, d, ] = 14.8, H(2)), 10.31 (0.3H, brs, CONH),
11.85 (0.7H, brs, CONH). EI-MS m/z: 271 (M™, 100), 228 (18), 188
(23), 175 (23), 173 (18), 121 (31), 97 (22), 57 (17).

N-Propyl-4-oxo-4H-1-benzopyran-3-carboxamide (24).
Yield: 18%. Mp: 139—142 °C. 'H NMR: 6 = 1.04 (3H, m, CH3), 1.77
(2H, m, CH;CH,), 3.52 (2H, m, NHCH,), 7.23—7.30 (2H, m, H(6),
H(8)), 7.57 (1H, ddd, ] = 8.5, 7.0, 1.5, H(7)), 8.03 (0.7H, d, ] = 7.6,
H(5)), 8.10 (0.3H, d, ] = 7.7, H(S)), 8.40 (0.7H, d, ] = 15.0, H(2)), 8.55
(0.3H, d, ] = 15.0, H(2)), 10.25 (0.3H, brs, CONH), 11.90 (0.7H, brs,
CONH). EI-MS m/2: 232 (18), 231 (M**,100), 215 (56), 203 (17), 202
(19), 189 (10), 188 (20), 175 (50), 173 (10), 122 (19), 121 (16), 92
(18).

Determination of hMAO Isoform Activity. The effects of the
test compounds on h/MAQ isoform enzymatic activity were evaluated by
a fluorimetric method following the experimental protocol previously
described elsewhere.® Briefly, 0.1 mL of sodium phosphate buffer
(0.05 M, pH 7.4) containing various concentrations of the test drugs
(new compounds or reference inhibitors) and adequate amounts of recom-
binant hAIMAO-A or hMAO-B required and adjusted to obtain in our
experimental conditions the same reaction velocity, i.e., to oxidize (in the
control group) 165 pmol of p-tyramine/min (HMAO-A, 1.1 ug protein;
specific activity, 150 nmol of p-tyramine oxidized to (p-hydroxyphenyl-
acetaldehyde/min)/mg protein; AIMAO-B, 7.5 ug of protein; specific
activity, 22 nmol of (p-tyramine transformed/min)/mg protein), was
incubated for 15 min at 37 °C in a flat-black-bottom 96-well microtest
plate (BD Biosciences, Franklin Lakes, NJ, U.S.) placed in a dark
multimode microplate reader chamber. After this incubation period,
the reaction was started by adding (final concentrations) 200 uM
Amplex Red reagent, 1 U/mL horseradish peroxidase, and 1 mM p-
tyramine. The production of H,0, and consequently of resorufin was
quantified at 37 °C in a multimode microplate reader (Fluostar Optima,
BMG Labtech GmbH, Offenburg, Germany), based on the fluorescence
generated (excitation, 545 nm, emission, 590 nm) over a 15 min period,
in which the fluorescence increased linearly.

Control experiments were carried out simultaneously by replacing
the test drugs (new compounds and reference inhibitors) with appro-
priate dilutions of the vehicles. In addition, the possible capacity of the
above test drugs to modify the fluorescence generated in the reaction
mixture due to nonenzymatic inhibition (e.g, for directly reacting with
Amplex Red reagent) was determined by adding these drugs to solutions
containing only the Amplex Red reagent in a sodium phosphate buffer.

To determine the kinetic parameters of AIMAO-A and hMAO-B (K,,,
and Vi,.,), the corresponding enzymatic activity of both isoforms was
evaluated (under the experimental conditions described above) in the
presence of a number (a wide range) of p-tyramine concentrations.

The specific fluorescence emission (used to obtain the final results)
was calculated after subtraction of the background activity, which was
determined from vials containing all components except the MAO
isoforms, which were replaced by a sodium phosphate buffer solution.

Reversibility and Irreversibility Experiments. To evaluate
whether compounds 15 and 19 are reversible or irreversible iIMAO-B
inhibitors, an effective centrifugation—ultrafiltration method (so-called
repeated washing) was used.” Briefly, adequate amounts of the recom-
binant h"MAO-B were incubated with a single concentration (see
Table 2) of the compounds 15 and 19 or the reference inhibitors
R-(—)-deprenyl and isatin in a sodium phosphate buffer (0.05 M, pH
7.4) for 15 min at 37 °C. After this incubation period, an aliquot of this
incubated mixture was stored at 4 °C and used for subsequent
measurement of hIMAO-B activity under the experimental conditions
indicated above (see the section on determination of MAO activity).
The remaining incubated sample (300 #L) was placed in an Ultrafree-
0.5 centrifugal tube (Millipore, Billerica, MA, U.S.) with a 30 kDa
Biomax membrane in the middle of the tube and centrifuged (9000g,
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20 min, 4 °C) in a centrifuge (J2-MI, Beckman Instruments, Inc,, Palo
Alto, CA, U.S.). The enzyme retained in the 30 kDa membrane was
resuspended in sodium phosphate buffer at 4 °C and centrifuged again
(under the same experimental conditions described above) two succes-
sive times. After the third centrifugation, the enzyme retained in the
membrane was resuspended in sodium phosphate buffer (300 #L) and
an aliquot of this suspension was used for subsequent AIMAO-B activity
determination. Similar studies were carried out on MAO-A activity in the
presence of the reference inhibitor moclobemide under the experimental
conditions described above.

Control experiments were performed simultaneously (to define 100%
HMAO activity) by replacing the test drugs with appropriate dilutions of the
vehicles. The corresponding values of percent hMAO inhibition were
separately calculated for samples with and without repeated washing.

Statistical Analysis of Data. Data were expressed as the mean
(£SEM) and were analyzed by ANOVA followed by Dunnett’s test.
Groups of test data (mean + SD) were comparing using the Student’s ¢
test for paired observations. Values were considered to differ signifi-
cantly at the level of p < 0.05.

Molecular Modeling. The most active and selective compound 19
was built by means of the Maestro>' and energy minimized with 2000
steps of Polak—Ribiere conjugated gradient algorithm applied to OPLS-
2005 force field” as implemented in MacroModel.**Solvating effects
were simulated by means of the GB/SA™ water implicit model as
implemented in the same program. Docking simulations were carried
out using the ligand flexible algorithm of Glide.'*The target models of
hMAO-A and hMAO-B were obtained from two Protein Data Bank high
resolution crystal structures 2Z5X'” and 2VSZ,* respectively. After
removal of cocrystallized ligands, harmine for 2Z5X and safinamide for
2VSZ, the binding sites were defined by means of a regular box of about
1000 A® centered onto the NS FAD cofactor. Glide XP scoring function
was adopted for stability evaluation of the complexes. The quality of our
protocols has been evaluated by submitting the X-ray cocrystallized
ligands to redocking. In both hMAO-A and -B cases the theoretical
complexes were almost identical to the experimental ones, as reported by
the root mean square deviation equal to 0.26 and 0.21 A, respectively.

In order to take into account the solvation effects of the other
compounds 3—10 and 15—22, models of these derivatives were
submitted to 1000 iterations of Monte Carlo conformational search as
implemented in MacroModel™ and energy minimized with the same
protocol, force field, and implicit model of solvation considered for the
most selective compound 19.
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Towards the Discovery of a Novel Class of Monoamine Oxidase Inhibitors:
Structure-Property-Activity and Docking Studies on Chromone Amides

Alexandra Gaspar,” Filipe Teixeira,"

Eugenio Uriarte,” Nuno Milhazes,” ® André Melo,

M. Natalia D. S. Cordeiro,"” Francesco Ortuso,” Stefano Alcaro,*® and Fernanda Borges*®

Monoamine oxidase (MAO) is a mammalian enzyme present in
two isoforms (MAO-A and MAO-B) that is localized on the
outer mitochondrial membrane and is involved in the oxidative
deamination of exogenous and endogenous amines. Due to
their central role in neurotransmitter metabolism, these iso-
forms represent attractive drug targets. In fact, MAO-A inhibi-
tors are frequently used as antidepressants and antianxiety
agents, while MAO-B inhibitors are relevant tools in the thera-
py of Alzheimer’s and Parkinson’s diseases.!"

The chromone scaffold (4H)-1-benzopyran-4-one has been
recognized as a putative pharmacophore for several targets.”’
It has been recently studied as a valid scaffold for the design
of selective MAO-B inhibitors.” Furthermore, the simplicity of
its synthesis make chromone carboxamide derivatives attrac-
tive to medicinal chemists.”’ Recent data obtained by our
group has shown that the presence of the same type of sub-
stituents on the 2- or 3-position of the pyrone ring discloses
different pharmacological profiles—a circumstance that can be
illustrated with the following chromone isomers: N-phenyl-4-
oxo-4H-chromone-2-carboxamide (1) and N-phenyl-4-oxo-4H-
chromone-3-carboxamide (2); the former is inactive, while the
latter is a selective and potent MAO-B inhibitor: 1Cs, (hMAO-
B) =0.4040.022 um, selectivity index (SI) >250.

To gain insight into the physicochemical properties that de-
termine the activity of these types of benzopyran derivatives
(1 and 2), it was decided to further explore the regiospecificity
of the carboxamide function by acquiring relevant theoretical
and spectroscopic data.
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From the conformational analysis of chromones 1 and 2, it
can be concluded that the diagram of the relative potential
energy of the two isomers shows that they have different pro-
files (Figure 1). The energetic difference between the minima
detected suggests the presence of an added stabilizing driving
force, for example, an intramolecular hydrogen bond in chro-
mone 2 (Figure 2). Conformational analysis also shows that, be-
cause of the presumed hydrogen bond, the structure of chro-
mone 2 is much more rigid than that of 1 (Figure 2). Therefore,
a subsequent study evaluating the thermodynamic stability of
the most relevant prototropic tautomers/rotomers of com-
pound 2 in the gas phase, while taking solvent effects into ac-
count, was performed. Accordingly, the presumed existence of
the two species stabilized by intramolecular hydrogen bonds
(amide 2a/iminol 2c¢ tautomers) was included.*® The data
clearly indicates that, in the gas phase, tautomers 2b and 2c¢
are thermodynamically unstable when compared to tautomer
2a. The significance of the hydrogen bond as a stabilizing
force on the structure of 2 can be explained by the relatively
large enthalpies (see Table 1). Since preliminary calculations
showed that the iminol tautomer (2c) was approximately
15 kcalmol™ higher in energy, it was deemed energetically un-
favorable and consequently omitted from subsequent studies.

In order to provide experimental evidence for the presence
of the hydrogen bond, NMR spectra (acquired in CDCl; and
DMSO) were collected and analyzed.' The data obtained so far
corroborates the presence, in solution, of a strong intramolecu-
lar hydrogen bond in compound 2 (Table 2).* The strong hy-

! Note: the polar aprotic solvent characteristics of DMSO are excellent for hy-
drogen bond acceptance that to some extent can disrupt the hydrogen bond
that is being sought out via NMR by forming intermolecular hydrogen bonds
between itself and the system under study.

ChemMedChem 2011, 6, 628 -632
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Figure 1. Potential energy profile for the relaxed scan of the amide group dihedral angle
(7) with respect to the plane of the benzopyran ring at the B3LYP/6-31G(d,p) level theory
for compounds 1 () and 2 (m). The energy profiles traced for compounds 3 and 5 close-
ly resemble that of compound 1. Similarly, compounds 4 and 6 mimic the behavior of
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(DMSQ)] are also evidence for
the existence of tautomers. In
solution the tautomers are not
present in the same ratio (60:40
in CDCl; and 70:30 in DMSO).2
The presence of other tautomer-
ic forms in solution under these
experimental conditions  was
found to be negligible. Since tautomeric conversion
is rapid on the NMR time scale, we observed splitting
for some signals. Similar findings have been reported
for different types of systems.”:®

In contrast, compound 1 present in the same
region has only two signals: one corresponding to
the CONH function [0=8.56 ppm; 0=155.2 ppm
(CDCly)] and the other to H3/C3 [0=7.28 ppm; 0=
112.7 ppm (CDCly)], thus confirming the presence of
a single structure in solution.

This preliminary study points out that the presence
of a hydrogen-bond network in chromone com-
pounds is crucial for MAO-B selectivity. The intramo-
lecular resonance-assisted hydrogen bond (RAHB)
present in chromone-3-carboxamide (2) allows the
stabilization of a folded state with the formation of a
six-membered, hydrogen-bonded pseudocycle that
appears to be important for biological activity.* ' Ac-

compound 2.

(1) (2)

Figure 2. Molecular structures of compounds 1 and 2 in their most stable
conformations [conformational analysis of the 1-2-3-4 torsion angle (z)]. Sim-
ilar arrangements and results were achieved for compounds 3-6. Represen-
tative interatomic lengths are given in angstroms.

drogen bond established between amide N—H and the carbon-
yl group of the y-pyrone ring causes a downfield shift from
the usual positions normally observed for typical hydrogen
and carbon nuclei (0=13.71/11.94 ppm (CDCl;) and 6 =13.48/
11.87 ppm (DMSO); 6 =166.2/164.5 ppm (CDCl,) and 6 =163.8/
162.3 ppm (DMSO), respectively). After addition of D,0, the 'H
signals disappeared in the spectra confirming the presence of
exchangeable protons. The H2 and C2 chemical shifts (0=
9.05/8.91 ppm (CDCl;) and 0 =8.93/8.90 ppm (DMSO); 6=
155.9/154.4 ppm (CDCl;) and 6=155.5/154.2 ppm (DMSO), re-
spectively) and the existence of two C=O signals in the “C
spectra [0=182.8/179.6 ppm (CDCl;) and 6=180.3/178.6 ppm

ChemMedChem 2011, 6, 628632
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cordingly, it can be anticipated that the type and po-

sition of the substituents on the aromatic nucleus of

the chromone carboxamide side chain can influence
the strength of the hydrogen bond consequently affecting the
potency of this type of MAO-B inhibitor. Therefore, structure-
property-activity relationships (SPAR) studies were performed
to attain this goal.

With the aim to reinforce the data thus far obtained, other
chromone derivatives were synthesized and their biological ac-
tivities evaluated. Compounds 3 and 5 have their side chains
in the 2-position, while their corresponding isomers 4 and 6
have the side chain in the 3-position. These molecules repre-
sent pairs of isomers related to the position of their substitu-
ents onto the y-pyrone ring and having different substituents
(saturated cyclic and linear alkanes) located on the carboxa-
mide side chain. Chromones 3 and 5 are inactive towards both
MAQO isoforms, as was the case for compound 1. Isomeric com-
pounds 4 and 6 are less active (4: ICs, (hMAO-B)=0.93+
0.062 um; SI >107; 6: ICs, (hMAO-B)=37.69+1.68 um; Sl
>2.7), and less selective than compound 2 (IC5, (hMAO-B)=
0.40£0.022 pm; SI > 250).

Similar theoretical calculations and spectroscopic studies
were also performed for these compounds to gain further in-
sight about the structure, chemical behavior, and chromone
biological activity. Spectroscopic data obtained for chromones
3-6 (Table 2) are in accordance with previous results; the intra-
molecular hydrogen bond is present in all the chromone-3-car-
boxamides. As observed earlier in this paper, the energy profile

2 Note: the chemical shifts of CONH and H2 of compound 2 remain nearly un-
changed in DMSO, thus supporting the proposed stability of the tautomers.
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Table 1. Energies, relative energies (AE), relative enthalpies (AH) and Gibbs energies (AG) of the putative tautomers of 2 in the gas phase and in solutio-

nl
Gas phase CHCl,
Compd i | Energy + ZPVE [Ha] AE AH AG [kcalmol™] Energy + ZPVE [Ha] AE AG [kcalmol™]
2a 180.0 —896.56345 0.00 0.00 0.00 —896.56605 0.00 0.00
2b 0.0 —896.53548 17.55 17.42 17.62 —896.54471 13.40 13.47
2c 0.0 —896.54141 13.83 13.83 13.45 —896.54315 14.37 14.00

[a] All the energies are relative to the most stable conformer of 2 and include the zero-point vibrational energy (ZPVE) corrections. Enthalpies and Gibbs
energies also include the thermal translational, rotational and vibrational contributions at 298 K. [b] 1-2-3-4 Dihedral angle (7).

Table 2. Experimental 'H and *C NMR chemical shifts (d), in CDCl; and DMSO, relevant for the hydrogen-bond assessment in chromones.

Compd CDCly [DsIDMSO
'"H NMR 3C NMR 'H NMR 3C NMR AS "H® [ppm]
o [ppm] o [ppm] o [ppm] o [ppm]
Inactive
1 8.56 (CONH) 178.0 (C4) 10.77 (CONH) 177.4 (C4) 2.21 (CONH)
7.28 (H3) 155.2 (CONH) 6.99 (H3) 155.8 (CONH) —0.29 (H3)
1127 (C3) 1111 (C3)
3 6.79/6.78 (CONH) 179.1 (C4) 8.85/8.83 (CONH) 178.7 (C4) 2.06/2.05 (CONH)
7.16 (H3) 159.1 (CONH) 6.83 (H3) 159.4 (CONH) —0.33 (H3)
1129 (C3) 1119 (C3)
5 7.04 (CONH) 179.1 (C4) 9.13 (CONH) 178.7 (C4) 2.09 (CONH)
7.16 (H3) 160.1 (CONH) 6.83 (H3) 160.3 (CONH) —0.33 (H3)
1129 (C3) 1M1.7 (C3)
Active
2 13.71/11.94 (CONH)™ 182.8/179.6 (C4) 13.48/11.87 (CONH)™ 180.3/178.6 (C4) -0.23/—0.07 (CONH)
9.05/8.91 (H2) 166.2/164.5 (CONH) 8.93/8.90 (H2) 163.8/162.3 (CONH) —0.12/—-0.01 (H2)
155.9/154.4 (C2) 155.5/154.2 (C2)
4 11.85/10.30 (CONH) 1813 (C4) 11.84/10.31 (CONH) 179.6 (C4) —0.01/0.01 (CONH)
8.62/8.51 (H2) 164.1 (CONH) 8.61/8.50 (H2) 162.6 (CONH) —0.01/-0.01 (H2)
160.2 (C2) 162.3 (C2)
6 11.94/10.28 (CONH) 181.5 (C4) 11.70/10.36 (CONH) 179.3 (C4) —0.24/0.08 (CONH)
8.57/8.41 (H2) 164.0 (CONH) 8.60/8.47 (H2) 162.7 (CONH) 0.03/0.06 (H2)
162.4 (C2) 162.2 (C2)

[a] Exchange with D,0. [b] Ad 'H= (0 DMSO—¢ CDCls).

for compounds 3 and 5, with respect to the torsion angle be-
tween the y-pyrone ring and the side chain located at the 2-
position, showed an energy barrier of approximately 7 kcal
mol™" (Figure 1). On the other hand, the energy profiles of
compounds 4 and 6 show an energy barrier of approximately
12 kcalmol™" for the most stable conformer and a shallow
region where another conformer was found (Figure 1). These
results agree with those previously obtained for chromones 1
and 2. Such energy profiles were obtained irrespective of the
type of substituent attached at the N-position of the carboxa-
mide side chain. Remarkably, the more energetic conformer of
compounds 2, 4 and 6 can return to the less energetic form
virtually without any significant energy barrier. Vibrational anal-
ysis further confirmed the aforementioned conformers as true
minima in the potential energy surface (PES) and allowed cer-
tain inferences to be made for thermodynamic considerations.
Variations in energy in the equilibrium between the two con-
formers are presented in Table 1 for both vacuum and solution
(DMSO) phase. In general, the most stable conformation is fa-
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vored by ~3.5 kcalmol™ in compounds 1, 3 and 5, and by
almost 11 kcalmol™" if the side chain is connected to the 3-po-
sition of the pyrone ring. The solvent seems to have a signifi-
cant effect in this equilibrium, as it stabilizes the more energet-
ic conformer—relative to the more stable one—thus decreas-
ing AH. This effect is particularly relevant in compounds 1, 3
and 5. Both energetic profiling and thermodynamics support
the following evidence: chromones with a side chain in the 2-
position of the pyrone ring may exist freely as a mixture of
two conformers around the amide bond, whereas the side
chain at the 3-position locks the chromones into a fixed con-
formation.

Furthermore, a Monte Carlo (MC) conformational search re-
vealed that the geometry of the carboxamide substituents was
driven by an intermolecular hydrogen bond between the
amide (donor) and oxygen atoms (acceptors) located in the y-
pyrone ring. This observation highlighted a remarkable con-
straint for the degrees of freedom of all compounds (Figure 1).
In order to evaluate the possible role of the intramolecular hy-

ChemMedChem 2011, 6, 628 - 632
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drogen bond with respect to MAO inhibition, the Boltzmann-
weighted solvation energies (Supporting Information) was
computed for the six chromones. Unsurprisingly, inactive com-
pounds 1, 3 and 5 were revealed to have higher stability in an
aqueous environment than active compounds 2, 4 and 6
(Table 3 and the Supporting Information). The weaker intramo-

Table 3. Boltzmann-weighted solvation energies for chromones 1-6.

Inactive Active

Compd E,, [kcalmol™'] Compd E., [kcalmol™'] AE,,

1 =10.55 2 —8.27 2.28
—-8.1 4 —6.09 2.02

5 —8.55 6 —6.49 2.06

lecular hydrogen bonds of 1, 3 and 5, when compared to
those of 2, 4 and 6, allow for improved water interaction of
the inactive compounds relative to the active ones. We have
attributed the lack of MAO activity for compounds 1, 3 and 5
to this observation. To this end, these molecules appear to
have a preference for an aqueous environment surrounding
the enzymes preventing their recognition both by the hAMAO-A
and hMAO-B active sites.

Taking into account the assumption above, we focused ex-
clusively on compounds 2, 4 and 6. The recognition of the
hMAO-A and hMAO-B catalytic clefts by compounds 2, 4 and 6
was investigated by means of Glide flexible docking simula-
tions." Two new, high-resolution, crystallographic models, de-
posited into the Protein Data Bank (PDB),"? codes 2Z5Y"* and
2V5Z,"¥ have been considered as h(MAO-A and hMAO-B recep-
tor models, respectively (Supporting Information). The ability
of the Glide flexible method to reproduce the crystallographic
poses of the ligands included in the 2Z5Y and 2V5Z PDB
models has been tested by redocking the complexes. The best
poses obtained using Glide, when compared with the original
PDB geometries, were within root mean square (RMS) devia-
tions of 0.266 A and 0.210 A, respectively (see the Supporting
Information).

In good qualitative agreement with the experimental I1Cs,
values, docking results indicated productive binding modes to
only the hMAO-B target for all compounds (Table 4). Theoreti-
cal binding modes were visually inspected, highlighting a simi-
lar type of interaction for all the compounds (Figure 3). Re-
markably, the proposed binding modes of our chromone inhib-
itors showed the carboxyamide side chain located toward the

Table 4. Glide XP ranking for compounds 2, 4 and 6, with respect to
hMAO-A and hMAO-B receptor models.

Compd hMAO-A®! hMAO-B
2 - ~7.14
4 - —5.80
6 - -5.29

[a] No docking solutions were found within the hAMAO-A binding site.

ChemMedChem 2011, 6, 628632
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FAD cofactor and the y-pyrone ring located towards the
pocket entrance interacting with hydrophobic residues Leu 171
and 1le 199. The position of the chromones in the hMAO-B
binding cleft could be mainly driven by electrostatic interac-
tions. Actually, in all cases, the y-sp> oxygen was directed to-
wards the Cys 172 thiol group and its influence, computed by
the docking program, discriminated amongst the 2, 4 and 6
chromone carboxamides. Moreover, all compounds accepted
one hydrogen bond from the Tyr386 side chain. This last inter-
action involved the carbonyl oxygen of the carboxamide of
the most active compounds 2 and 4 and the chromone ether
oxygen of 6. Therefore, this hydrogen bond contributes to the
different hAMAO-B affinity profiles of our inhibitors. Both of the
mentioned electrostatic interactions can be used to rationalize
the isoform selectivity of our molecules; in fact, hMAO-B
Cys172 and Tyr386 are replaced by Asn181 and lle335 in
hMAO-A.

Finally, the type of carboxamide substituent (phenyl-, cyclo-
hexyl- and propyl- for 2, 4 and 6, respectively) represented an-
other relevant contributor to the chromone-hMAO-B interac-
tions. Such a moiety was predicted to be located in approxi-
mately the same area, surrounded by Leu 171, lle 198, GIn 206,
Tyr398 and Phe343. The small propyl group of compound 6
can participate in a limited number of interactions compared
with the phenyl group of 2 and the cyclohexyl moiety of 4. On
the other hand, the cyclohexyl group of 4 shows a hydropho-
bic interaction, while the phenyl of the most potent com-
pound (2) also established hydrogen-mt interactions with the
Tyr398 and GIn 206 side chains. For a complete list of the most
relevant interacting residues see table S1 in the Supporting In-
formation.

In conclusion, a combined theoretical and experimental
study carried out on chromone carboxamides indicated that 3-
substituted derivatives are superior inhibitors for the MAO-B
isoform. These type of chromone derivatives are able to estab-
lish a crucial intramolecular hydrogen bond essential to exert:
a) the stabilization of the free ligands in a linear conformation
with a high level of co-planarity between the chromone and
the benzamidic substituent—as demonstrated by ab initio cal-
culations; b) a better fit into the MAO-B enzymatic cleft—sup-
ported in the docking calculations mainly by solvating and
electrostatic contributions; c) selective inhibition of the iso-
form B—as demonstrated by the enzymatic experiments.
These results will be useful for the rational design of highly
potent and/or selective MAO inhibitors based on the chro-
mone scaffold.
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Figure 3. hMAO-B theoretical binding modes of a) 2, b) 4 and
¢) 6. The carbon-based ligands are shown in fluorescent green
stick form, the carbon backbone of the interacting amino acids
are shown in white stick form, while FAD is shown in spacefill.
The rest of the enzyme in the background is depicted as trans-
parent green and the hydrogen bond as a dashed yellow line.
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3.4 Chromone 3-phenylcarboxamides as potent
and selective MAO-B inhibitors

Article reprinted from Bioorganic & Medicinal Chemistry Letters
(2011), 21: 707-709.
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Neurodegenerative diseases

Monoamine oxidase (MAOQ) is an enzyme, present in mammals in two isoforms MAO-A and MAO-B. These
isoforms have a crucial role in neurotransmitters metabolism, representing an attractive drug target in
the therapy of neurodegenerative diseases (MAO-B) and depression (MAO-A). In this context, our work
has been focused on the discovery of new chemical entities (NCEs) for MAO inhibition, based on the
development of chromone carboxamides. Chromone derivatives with a carboxamide function located
in position 2- and 3- of the benzo-y-pyrone core, (compounds 2-6 and 8-12) were synthesized, with
moderate/good yields, by a one-pot condensation reaction using phosphonium salts as coupling reagents.
The synthetic compounds were screened towards human MAO isoforms (hMAO) to evaluate their
potency and selectivity. The chromone-3-carboxamides show high selectivity to hMAO-B, with com-

pounds 9 and 12 displaying ICs, values at nanomolar range.

© 2010 Published by Elsevier Ltd.

Parkinson’s disease (PD) is a neurodegenerative disorder charac-
terized by a myriad of symptoms that gradually decreases the
quality of life of the patient. The first line of treatment is a dopamine
replacement therapy with Levodopa.! Among other therapeutic
strategies monoamine oxidase B (MAO-B) inhibitors have also been
extensively used in PD. In fact, selective MAO-B inhibitors (i.e.,
deprenyl and rasagiline) are currently used, alone or in combination
with Levodopa, in the symptomatic treatment of Parkinson’s dis-
ease. The side effects associated with the use of deprenyl and, to a
lesser extent, rasagiline, likely due to their irreversible mechanism
of inhibition, and the potential application of MAO-B inhibitors as
anti-Alzheimer’s agents are at the moment the driving forces for
the discovery of novel potent and selective MAO-B inhibitors.>*

Privileged structures, such as benzopyranes, are currently
ascribed as supportive approaches in drug discovery. In fact, differ-
ent families of natural nitrogen and oxygen heterocycles, such as
xanthones and coumarins, have also been used as scaffolds in medic-
inal chemistry programs for searching novel MAO-B inhibitors.**

Chromones (benzopyran-4-one) are one of the most abundant
groups of naturally occurring heterocyclic compounds.* Because
of their structural features they occupy an important place in the
realm of natural products and synthetic organic chemistry. In addi-
tion, remarkable antioxidant, anticancer and enzymatic inhibition
properties have been ascribed to these systems.’

* Corresponding author.
E-mail address: fborges@fc.up.pt (F. Borges).

0960-894X/$ - see front matter © 2010 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2010.11.128

Noteworthy evidences have been already acquired to reinforce
the interest of simple coumarins (benzopyran-2-one) as potent
and selective monoamine oxidase inhibitors (IMAO) and that their
affinity and selectivity can be efficiently modulated by appropriate
substitution patterns in the heterocyclic moiety.® However, in
which concerns the benzopyran-4-one scaffold, only few works
were found in the literature about their putative potential as
IMAO.”

Accordingly, our project has been focused on the discovery of new
chemical entities for MAO inhibition with benzopyran-4-one sub-
structure (Scheme 1). Preliminary studies performed with
chromones (1) and (7) allow disclosing a significant chemical fea-
ture: the importance of the location of a carboxylic moiety in the
v-pyrone nucleus. In fact, when the -COOH substituent is in position
3 of the heterocyclic scaffold (7) binds to IMAO-B, exerting a selec-
tive inhibition with respect to A isoform (ICsp hMAO-B
0.048 + 0.0026 nM; SI >2083). The inhibition is of irreversible type
(data not shown). Its isomer (1), with the carboxylic function in po-
sition 2, doesn’t present activity for both MAO isoforms.® Molecular
modeling studies performed with the chromone carboxylic acids re-
veal a crucial, undisclosed role of the presence of an hydrogen donor
group in position 3 of the pyrone ring that could be able to establish
hydrogen bond interactions with active site residues.®

In this context, and in an attempt to develop novel reversible
and selective MAO-B inhibitors, the synthesis of 2- and 3-carbox-
amide chromone derivatives capable of establishing hydrogen
interactions with the enzyme was performed. In this work, several
2- and 3-phenylcarboxamide chromones with or without different
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Scheme 1. Structure of the chromones under study. Reagents and conditions: (a) BOP
or PyBOP, R-CgH4-NH3, CH,Cl,, DMF, DIPEA.

type of substituents in para-position of the exocyclic aromatic
nucleus (Scheme 1) were obtained by an expedite synthetic strat-
egy and screened towards human MAO isoforms (hMAO) to evalu-
ate their potency/selectivity ratio.

The chromone derivatives 2-6 and 8-12 were efficiently syn-
thesized according to the synthetic protocol outlined in Scheme
1.° Chromone carboxamide derivatives were synthesized straight-
forward by a one-pot condensation reaction that occurs, in equi-
molar amounts, between the corresponding chromone carboxylic
acid (compound 1 or 7) and aniline or its ring-substituted deriva-
tives. The reaction was clean and the compounds were obtained
with moderate/high yields (50%-80%). After the reaction, the crude
products were purified by flash column chromatography and
crystallization.

The MAO inhibitory activity of compounds 2-6 and 8-12 was
evaluated in vitro by the measurement of the enzymatic activity
of human recombinant MAO isoforms in BTI insect cells infected
with baculovirus.'® Then, the ICso values and MAO-B selectivity ra-
tios (SI) [ICso (MAO-A)]/[ICso (MAO-B)] for inhibitory effects of
both new compounds and reference compounds (R-(—)-deprenyl
and iproniazide) were calculated.

The results of the inhibitory potencies and selectivities of the
chromones under study towards MAO isoforms, and reference com-
pounds, are depicted in Table 1. From the data one can conclude that
‘chromones bearing carboxamide substituents in position 3 of the y-
pyrone nucleus’ act preferably as MAO-B inhibitors (IMAO-B) with
ICs0 values in micro to nanomolar range (8-12). The same tendency
was found with the chromone carboxylic acids.® In addition, one can
conclude that the type of substituents in the para-position of the
exocyclic aromatic ring can modulate the affinity and selectivity of
the chromones-3-carboxamides as IMAO-B. The introduction of a
methoxyl group (10) seems to have no effect in IMAO-B potency
when compared with the activity found for compound(8). Neverthe-
less it is important to point out that the introduction of a thiomethyl
group (11), a bioisostere of the methoxyl function, has improved the
potency of the compound 3-4-fold relatively to the compounds 8
and 10. The most promissory compounds as IMAO-B, with an ICsq
<75 nm and a SI of >1440, are the compounds 9 and 12, which are
substituted in para-position by iodo and methyl groups, respec-
tively, representing an improvement of potency of six fold relatively

Table 1
hMAO-A and hMAO-B inhibitory activity results for compounds 2-6, 8-12 and
reference compounds

Compound hMAO-A 1Csq (UM) hMAO-B ICso (UM) Sl
2R=Ph a a o

3 R=(4"-1-Ph) t 3 =

4 R=(4'-OCH;-Ph) ° ° -

5 R=(4'-SCH3-Ph) 3 A -

6 R=(4'-CH3-Ph) = 2 -
8R=Ph ? 0.40 +0.022 >250°
9 R =(4'-1-Ph) 3 0.069 + 0.003 >1449°
10 R = (4'0OCH;5-Ph) 4 0.45 +0.029 >222¢
11 R = (4'SCH3-Ph) 4 0.12 £0.0080 >833¢
12 R = (4'-CH3-Ph) 2 0.068 + 0.003 >1471¢
Deprenyl 68.73 +4.21° 0.017 +0.002 4043
Iproniazide 6.56 +0.76 7.54+0.36 0.87

2 Inactive at 100 uM (highest concentration tested). At higher concentrations the
compounds precipitate.

b P <0.01 versus the corresponding ICsp values obtained against hMAO-B, as
determined by ANOVA/Dunnett’s.

€ Values obtained under the assumption that the corresponding ICsy against
hMAO-A is the highest concentration tested (100 pM).

to compounds 8 and 10. From the overall data it was concluded that
the positive hydrophobicity (+7t) of the substituent, besides induc-
tive and mesomeric effects, located on the phenyl exocyclic moiety
markedly influence the potency and selectivity of the chromone
carboxamides.

Noteworthy to mark out that the chromones bearing the same
type of substituents in position 2 of y-pyrone nucleus (chromones
2-6) present a total loss of MAO activity.

Preliminary studies on the type of hMAO inhibition were per-
formed revealing that chromone 3-phenylcarboxamides behave
as quasi-reversible MAO-B inhibitors (data not shown).

In the present Letter, the effect of the introduction of a methyl or
iodo substituent in para-position of the exocyclic aromatic ring of
chromone 3-phenylcarboxamides was outlined. In fact, the intro-
duction of this type of groups improves the pharmacologic potential
of chromone 3-phenylcarboxamides confirming that this lead could
be effectively optimized in a candidate for the treatment of neurode-
generative diseases. These findings have encouraged us to continue
the efforts towards the optimization of the lead compound.

In conclusion chromone appears to be an interesting scaffold for
the design of selective IMAO. The easy synthetic accessibility and
especially the versatile binding properties of chromones make
them as ‘privileged’ scaffolds. These discoveries open a new avenue
to obtain highly potent and selective MAO-B inhibitors structurally
based on chromone scaffold.
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General procedure for amide obtention. 2-Carboxychromone (1) or 3-
carboxychromone (7) (2.63 mmol) was dissolved in 6 mL of DMF and 0.37 mL
of diisopropylethylamine (DIPEA). The solution was then cooled to 0 °C and aBOP
(2.63 mmol) or PyBOP (2.63 mmol) solution in CH,Cl, (6 mL) was added and the
mixture was stirred for 30 min. After, the corresponding amine was added in
equimolar amount and the temperature was let to gradually increase to room
temperature. The reaction was stirred for additional 4-6 h.

Evaluation of human ine oxidase (hMAO) isoform activity. The effects of
the tested compounds on hMAO isoform enzymatic activity were evaluated by
a fluorimetric method following the experimental protocol previously

described (Santana, L.; Uriarte, E.; Gonzdlez-Diaz, H.; Quezada, E.; Uriarte, E.;
Yanez, M.; Vifia, D.; Orallo, F. J. Med. Chem. 2008, 51, 75). Briefly, 0.1 mL of
sodium phosphate buffer (0.05 M, pH 7.4) containing the test drugs in various
concentrations and adequate amounts of recombinant hMAO-A or hMAO-B
required and adjusted to obtain in our experimental conditions the same
reaction velocity. The reaction was started by adding (final concentrations)
200 uM Amplex” Red reagent, 1 U/mL horseradish peroxidase and 1 mM p-
tyramine. The production of H,0, and, consequently, of resorufin was
quantified at 37 °C in a microplate fluorescence reader (excitation: 545 nm,
emission: 590 nm) over a 15 min period, in which the fluorescence increased
linearly. Control experiments were carried out simultaneously. The control
activity of hIMAO-A and hMAO-B (using p-tyramine as a common substrate for
both isoforms) was 165+2pmol of p-tyramine oxidized to p-
hydroxyphenylacetaldehyde/min (n = 20).

All ICsq values shown in the table are expressed as means + SEM from five
experiments.
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3.5 In search for new chemical entities as
adenosine receptor ligands: Development of
agents based on benzo-y-pyrone skeleton.

Article reprinted from European Journal of Medicinal Chemistry
(2012), 54, 914-918
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A selected series of chromone carboxamides synthesized in our laboratory were evaluated by radioligand
binding studies towards adenosine receptors. All the chromone-3-carboxamides (compounds 8—12)
exhibit Ajp receptor displacement percentage superior to 50%. The best results were obtained with
phenolic substituents (compounds 9 and 12) in the position 3 of pyrone ring with a K; value of 2890 and
1350 nM. In addition, the predicted ADME properties for the chromone carboxamides under study are in
accordance with the general requirements for the drug discovery and development process and in turn
they have potential to emerge as a drug candidate.

In summary, N-phenylchromone-3-carboxamide may be proposed as a promising scaffold that can
undergo optimization as a selective ApAR antagonist given its lower affinity for AjAR and AzaAR.
Accordingly, one can propose this new chromone class as a promising scaffold for tackling adenosine
receptors, namely of Azg subtype.

© 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

A1, Aza, Azg and Az receptors [1,2]. A variety of physiological actions
can be ascribed to adenosine including effects on heart rate and

Adenosine is an endogenous extracellular purine nucleoside
that modulates multiple vital physiological and pathophysiological
processes, mainly through the interaction with four subtypes of
cell-surface G-protein coupled adenosine receptors (ARs), named

* Corresponding author. Departamento de Quimica e Bioquimica, Faculdade de
Ciéncias, Universidade do Porto, Rua Campo Alegre 687, 4169 007 Porto, Portugal.
Tel.: +351 220 402 560; fax: +351 220 402 009.

E-mail address: fborges@fc.up.pt (F. Borges).

0223-5234/$ — see front matter © 2012 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.ejmech.2012.05.033

atrial contractility, vascular smooth muscle tone, release of neuro-
transmitters, lipolysis, renal, platelet and white blood cell functions
[1,2]. Hence, selective AR modulators may hold therapeutic value in
cardiovascular, neoplastic, chronic inflammatory and neurodegen-
erative disorders [1—4]. In fact, the importance of designing selec-
tive AR antagonists is boosted by recent findings of adenosine
involvement in cancer and various CNS dysfunctions [5,6]. The
medicinal chemistry, pharmacology and potential therapeutic
applications of each subtype selective AR ligands have been
extensively reviewed in recent years [7,8]. After more than three
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decades of research, a considerable number of selective agonists
and antagonists of adenosine receptors have been discovered and
clinically evaluated, despite that only few (e.g. Regadenoson) has
been approved by FDA [7,9]. Main failure problems are related to
side effects due to the ubiquity of the receptors or to low absorp-
tion, short half-life of compounds and toxicity of the ligands [7].
Among AR antagonists, several different types of xanthine-derived
and nonxanthine-based heterocyclic structures have been identi-
fied although somephase I studies were stopped due to the high
lipophilicity and because of absorption, distribution, metabolism,
excretion limitations (ADME) [7].

Drug discovery process has changed dramatically over the past
decade as there is an increasing demand to obtain more drug
candidates and decrease attrition during drug development.
Traditionally, drug discovery programs were driven solely by
potency, regardless of the properties. As a result, the development
of non-drug-like molecules was costly, had high risk and low
success rate. Recent attention has focused on early detection of
ADME properties allowing medicinal chemists to consider these
properties at the same time as they are optimising potency [10—12].
Concurrently, despite the steady increase in R&D expenditures
within the pharmaceutical industry, the number of new chemical
entities (NCEs) reaching the market has actually decreased
dramatically [13,14]. Therefore, privileged structures, such as
indoles, arylpiperazines, biphenyls and benzopyranes (e.g. couma-
rins and chromones), are currently ascribed as supportive
approaches in drug discovery that have been used successfully in
medicinal chemistry programs to identify NCEs [15].

Benzopyrone has been recognized as a privileged structure and
a fruitful approach to the discovery of novel biologically active
molecules. Until now, numerous biological activities have been
ascribed to this scaffold, namely anti-inflammatory or antitumoral
and several CNS-targeted effects [16—20].

Therefore, a project focused on the discovery of NCEs that
incorporate a simple benzo-y-pyrone (chromen-4-one) substruc-
ture as AR ligands has been developed. Based on knowledge
acquired so far no information on the development of putative
adenosine receptor ligands based on this type of scaffold have been
reported, except for the flavonoid family [21,22]. However, it must
be pointed out that flavonoids are natural secondary metabolites
that possess mandatorily a C6-C3-C6 skeleton, which include in the
central part a chromone or chromane unit. The present chromone
series possess some structural similarities with flavones, according
to the biosynthetic classification, namely the presence of A and C
rings, but the B ring directly linked to C ring is absent (Fig. 1).

Therefore, the aim of the present study is to identify novel
adenosine receptor ligands based on chromone scaffold (Scheme
1). Drug efficacy and selectivity of the chromones towards A,
Aza, Az and A3ARs and assessment of their drug-like properties
were the guidelines in the present drug discovery process.

2. Results and discussion
2.1. Synthesis

Chromone carboxamides were obtained by functionalization of
the chromone nucleus at positions C2 and C3 of the y-pyrone ring and
are briefly depicted in Scheme 1. The synthetic strategy has been
patented [23,24]. Chromone carboxamide derivatives were synthe-
sized straightforward, in moderate/high yields, by a one-pot
condensation reaction, using BOP ((Benzotriazol-1-yloxy)tripyrroli-
dinophosphonium hexafluorophosphate) as a coupling reagent, that
occurs between the corresponding chromone carboxylic acid
(compounds 1 or 7) and aniline (phenylamine) or its ring-substituted
derivatives [25,26]. Dihydroxylated chromones 6 and 12 were
obtained by a demethylation reaction with boron tribromide (BBr3) of
the monomethoxylated chromones 4 and 10, respectively [27].

2.2. Binding assays and structure—affinity relationships

All chromone derivatives were tested to evaluate their affinity at
hA1, hAza, hAzg and hA3 adenosine receptors. The displacement
percentage values of the chromones derivatives at cloned adenosine
receptors expressed in CHO (hA;), HelLa cells (hA2a and hAs3) and
HEK-293 cells (hA;p), are depicted in Fig. 2. The radioligands [*H]
DPCPX, [*H]ZM241385 and [*H]NECA were used for A; and Ayg Aza,
and As receptors, respectively [28]. Assays were carried out by co-
incubation of compounds, in at least six different concentrations,
with the appropriate radioactive ligand. The affinity values of the
compounds that did not fully displace specific radioligand binding at
10 uM are given only in terms of displacement percentage (Fig. 2).
For the compounds that exhibit displacement percentage values
greater than 50% the inhibition constants (K;) were calculated (see
Table 1). The affinity of the reference ligands for each receptor was
also performed under the same experimental conditions.

Despite the low or moderate affinity of the majority of the
chromones under study to the adenosine receptors (Fig. 2) the SAR
results obtained on this type of benzopyran scaffold suggest
particular trends according to the type and position of the
substituents positioned in the pyran nucleus. Chromone derivatives

structural similarities

Flavones
basic structure

«
B ring directly
linked to C Ring

Chromone carboxamide
basic structure

@ oy H.\'@

U,
O

(0]

«
linker between C ring and the
aryl group

Fig. 1. Flavone and chromone carboxamide scaffolds.
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Scheme 1. Synthetic strategy used for the obtention of chromone carboxamides. Abbreviations: BOP: (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate);
BBr3: Boron tribromide solution (1.0 M in dichloromethane); DCM: dichloromethane; DIPEA: N,N-Diisopropylethylamine; DMF:N,N-Dimethylformamide.

with substituents in position 2 (compounds 1-6) present higher
affinity for Ay and As receptors, while derivatives with the same
type of substituents in position 3 of the chromone scaffold present
superior affinity to Ay receptors (Fig. 2). The presence of a phe-
nylcarboxamide substituent in the position 2 of the pyrone ring
(compounds 2—6), as a replacement for the carboxylic acid function
(compound 1), enhance the chromone affinity for all the receptors
subtypes (Fig. 2). The presence of a hydroxyl group in meta position
of the aromatic ring of the carboxamide side chain (compound 4)
seems to be significant for the affinity for A; and AsAR. The pres-
ence of two methoxyl (compound 5) or two hydroxyl groups
(compound 6) reduce the affinity for AR (Fig. 2). Compound 4 can
be anticipated as promising hit compound for A3AR. The activity of
chromone-3-carboxamides is noticeably influenced by the
aromatic pattern of the N-phenyl carboxamide substituent. All
chromone-3-carboxamides (compounds 8—12) display affinity, and
selectivity, for A2gAR, with a receptor displacement percentage
greater than 50%. Compound 8 is approximately two times less
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40
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30
20

3 |
0

1 2 3 4 5 6

effective on A3AR presenting about 3% affinity for A; and A2aAR (see
Fig. 2). From the data obtained it can be also concluded that the
A2gAR affinity binding can be modulated by introduction of
substituents in the aromatic ring of the side chain (compounds
9-12). Chromones with a hydroxyl in para position of the aryl
exocyclic ring (compounds 9 and 12) present the best affinity for
AAR with K; values of 2890 and 1350 nM, respectively (Table 1).

The overall results suggest that chromone isomerism and that
the type and position of the substituents in the phenyl side chain
can be the starting point in the development of new and more
selective adenosine ligands.

2.3. Theoretical evaluation of ADME properties

To better correlate the overall properties of the chromone
compounds the lipophilicity, expressed as the octanol—water
partition coefficient and herein called logP, was calculated using
the Molinspiration property calculation program (see Table 2) [29].

[ThA1AR
@ hA2AAR
m hA2BAR
W hA3AR

8 9 10 11 12 Compounds

Fig. 2. Affinities of chromones carboxamides at adenosine A;, A2a, Azp and Az receptors expressed as percentage displacement of specific binding at a concentration of 10 uM (A;AR

and AzsAR: [PH]DPCPX; A2aAR: [*H]ZM241385; AsAR: [*H]NECA).
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Table 1
Affinity binding data for chromone-3-carboxamides and control compound at
hA5AR.

o R,
|
CON R,
f
Compound Ry Ry Ki (nM)
s H H 8510 + 1420
9 OH H 2890 + 1210
10 OCH3 OH 5820 + 2220
1 OCH, OCH; 6390 = 2160
12 OH OH 1350 + 320
MRS 1754 10.39

Table 2
Structural properties of the chromone derivatives®.

Chromone  logP Molecular TPSA  n-OH n-OHNH  Volume
compounds weight acceptors  donors

2/8 2.95/2.64 26527 5931 4 i1 23138
3/9 2.47/216 281.27 7954 5 2 239.39
4/10 2.29/1.98 311.29 8877 6 2 264.94
5/1 2.59/2.28 32532 7778 6 1 28247
6/12 1.98/1.67 297.27 99.76 6 3 247.42

@ TPSA, topological polar surface area; n-OH, number of hydrogen acceptors; n-
OHNH, number of hydrogen bond donors. The data was determined with Molins-
piration calculation software.

From the data obtained, one can notice that all the chromone
derivatives possess logP values compatible with those required to
cross membranes.

In addition the theoretical prediction of ADME properties of all
compounds was carried out (see Table 2). From the data obtained it
can be observed that no violations of Lipinski’s rule (molecular
weight, logP, number of hydrogen donors and acceptors) were
found making the chromone derivatives promising agents [30].
Topological polar surface area (TPSA), described to be a predictive
indicator of membrane penetration, is also found to be positive for
these potential drugs [31].

3. Conclusions

In summary, herein we report the discovery of a novel class of
adenosine receptor ligands structurally based on chromone scaf-
fold. On the basis of the obtained structure—affinity relationships
chromone-3-carboxamides represent a novel class of AR ligands
endowed with likeable affinities toward the hA;pAR subtype. These
small molecules possess advantages against xanthine derivatives,
classic model for the development of Ayp antagonists, since they do
not present the metabolic drawbacks of this type of heterocyclic
compounds. Till to date no Az antagonist ligand approved drug
was discovered although the search for potent and selective ligands
for the A2gAR subtype is still a hot topic. It has been demonstrated
that this AR subtype regulates a number of biological functions (e.g.,
vascular tone, cytokine release, and angiogenesis).

Structure—affinity and ADME relationships evidenced that N-
phenyl-4-oxo0-4H-chromone-3-carboxamide as a promising lead
structure that can undergo optimization as a selective AzpAR
antagonist. In fact, the chromone carboxamides predicted ADME
properties are in accordance with the general requirements of the
drug discovery and development process. After lead optimization,
in accordance with the drug discovery and development process on

the field of adenosine receptor ligands, the functional behavior of
the most promising ligand will be determined.
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A project focused on the discovery of new chemical entities (NCEs) as AR ligands that incorporate a
benzo-y-pyrone [(4H)-1-benzopyran-4-one] substructure has been developed. Accordingly, two series
of novel chromone carboxamides placed at positions C2 (compounds 2-13) and C3 (compounds 15-26)
of the y-pyrone ring were synthesized using chromone carboxylic acids (compounds 1 or 14) as starting
materials. From this study and on the basis of the obtained structure-activity relationships it was
concluded that the chromone carboxamide scaffold represent a novel class of AR ligands. The most
remarkable chromones were compounds 21 and 26 that present a better affinity for A;AR (K; = 3680 nM
and K; = 3750 nM, respectively). Receptor-driven molecular modeling studies provide information on

the binding/selectivity data of the chromone. The data so far acquired are instrumental for future
optimization of chromone carboxamide as a selective AsAR antagonist.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cancer is a very complex disease, linked with different initiating
causes, cofactors and promoters, and several types of cellular
damage. Advancing knowledge on the cellular and molecular
biology of the processes that regulate cell proliferation, cell
differentiation and cellular responses to external signals provide a
wealth of information about the biochemistry and biology of the

Abbreviations: [*H]CCPA,  [*H](2R,3R4S,5R)-2-[2-chloro-6-(cyclopentylamino)-
purin-9-yl]-5-(hydroxymethyl)oxolane-3,4-diol; [*HJHEMADO, [*H] 2-(1-Hexy-
nyl)-N°-methyladenosine; [*H]NECA, [*H]adenosine-5'-(N-ethylcarboxamide);
AR, Adenosine receptor; Arg, arginine; Asn, asparagine; Asp, aspartic acid; BBr3,
boron tribromide; BOP, (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium
hexafluorophosphate; CHO, Chinese hamster ovary cells; Cys, cysteine; DAD,
diode-array detector; DIPEA, N,N-diisopropylethylamine; DMF, dimethylformamide;
EI-MS, electron impact mass spectra; Glu, glutamic acid; HPLC, high performance
liquid chromatography; lle, isoleucine; K;, inhibition constant; Leu, leucine; MOE,
molecular operating environment; MOPAC, molecular orbital PACkage; NCE, new
chemical entity; NMR, nuclear magnetic resonance; PLANTS, protein-Ligand ANT
System; Phe, phenylalanine; Pro, proline; PyBOP, benzotriazol-1-yloxytripyrrolidi-
nophosphonium hexafluorophosphate; R-PIA, N-R-N°~(1-methyl-2-phenylethyl)a-
denosine; SAR, structure-affinity relationship; TLC, thin layer chromatography; TMS,
tetramethylsilane; Trp, tryptophan; Tyr, tyrosine; UV, ultraviolet; ZM241385, 4-(2-
[7-Amino-2-(2-furyl)[1,2 4]triazolo[2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol.

* Corresponding author at: ClQ/Department of Chemistry and Biochemistry,
Faculty of Sciences, University of Porto, Porto 4169-007, Portugal.
Tel.: +351 220402560.

E-mail address: fborges@fc.up.pt (F. Borges).

0006-2952/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2012.03.007

cancer cell and how it differs from a normal one [1]. Accordingly, a
number of potential targets as well as the development of a new
generation of anticancer agents must be exploited, based on the
differences between normal and cancer cells [2].

During the last decade different approaches to treating cancer
have been developed based mainly on specific targets that are
mostly expressed in tumor but not in normal cells [2]. Interest-
ingly, it was already shown that adenosine receptor (AR) levels in
various tumor cells are up regulated, a finding which may suggest
that a specific AR may serve as a biological marker and as a target
for specific ligands leading to cell growth inhibition [3]. In
particular, the human Az AR, which is the most recently identified
adenosine receptor, is involved in a variety of important
physiological processes that include inflammation, cell growth
and immunosuppression [4-7].

There have been many attempts to design and develop A; AR
agonists and antagonists, and over the past decade, the search for
ligands that show selectivity toward individual receptor subtypes
has intensified as their role in many therapeutic areas expands
[4,8,9]. Despite the intense discovery efforts the overall process
has failed to deliver selective (agonists or antagonists) drug
candidates, with exception of CF102 (1-[2-chloro-6-[[(3-iodo-
phenyl)methyl]amino]-9H-purin-9-yl]-1-deoxy-N-methyl-{3-p-
ribofuran uronamide, Cl-IB-MECA) that is in clinical trials
[4,10,11]. Main problems include side effects due to the ubiquity
of the receptors or to low absorption, short half-life and toxicity of
theligands [10]. These facts prompted an intensive research effort
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toward the development of novel, selective and potent AR
receptor ligands suitable for chemotherapeutic purposes.

Concurrently, despite the steady increase in R&D expendi-
tures within the pharmaceutical industry, the number of new
chemical entities (NCEs) reaching the market has actually
decreased dramatically. Therefore, privileged structures, such
as indoles, arylpiperazines, biphenyls and benzopyranes (e.g.
coumarins and chromones), are currently considered as poten-
tially successful approaches in drug discovery and have been
used successfully before in medicinal chemistry programs to
identify NCEs [12].

Accordingly, a project focused on the discovery of NCEs as AR
ligands that incorporate a benzo-y-pyrone [(4H)-1-benzopyran-4-
one] substructure has been developed. Based on knowledge
acquired so far no information on the development of putative
adenosine ligands based on this type of scaffold have been
reported, concerning the flavonoid family. However, flavonoids are
natural secondary metabolites that possess a C6-C3-C6 skeleton.
The present chromone series possess some structural similarities
with flavones, namely the presence of A and C rings, but the B ring
is absent.

Therefore, the aim of the present study is the design and
synthesis of a library of novel adenosine receptor ligands based on
the chromone scaffold that was obtained through the application
of innovative synthetic strategies (Scheme 1) [13]. Lead discovery
of new AR ligands based on a chromone scaffold guided by
structure-affinity-relationships (SAR) and molecular modeling is
the aim of the present work.

0] COOH
(1
a)
(0} CONHR
(0]
(2) R=Ph
(3) R=CgHy,
(4) R=C3H,

(5) R=(4'-OH-Ph)
(6) R=(4'-OCH;-Ph)

(7) R=(4'-CH;-Ph)

(8) R=(3'-OH-4'-OCH 3-Ph)
(9) R=(3',4'-OCH3-Ph)

(10) R=(4'-C1-Ph)

(11) R=(4'-OCF -Ph)

(12) R=(4'-CF 3-Ph)

(13) R=(4'-NO,-Ph)

2. Materials and methods
2.1. Materials

Chromone-2-carboxylic and chromone-3-carboxylic acids, (ben-
zotriazol-1-yloxy )tris(dimethylamino)phosphonium hexafluoro-
phosphate (BOP), benzotriazol-1-yloxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP), N,N-diisopropylethylamine (DIPEA),
dimethylformamide (DMF), boron tribromide (BBr3), aniline and its
derivatives were purchased from Sigma-Aldrich Quimica S.A.
(Sintra, Portugal). All other reagents and solvents were pro analysis
grade and were acquired from Merck (Lisbon, Portugal) and used
without additional purification.

Thin-layer chromatography (TLC) was carried out on pre-coated
silica gel 60 F254 (Merck, Lisbon, Portugal) with layer thickness of
0.2 mm. For analytical control the following systems were used:
ethyl acetate/petroleum ether, ethyl acetate/methanol, chloro-
form/methanol in several proportions. The spots were visualized
under UV detection (254 and 366 nm) and iodine vapor. Normal-
phase column chromatography was performed using silica gel 60
0.2-0.5 or 0.040-0.063 mm (Merck, Lisbon, Portugal).

The purity of the final products (>97% purity) was verified by
high-performance liquid chromatography (HPLC) equipped with a
UV detector. Chromatograms were obtained in an HPLC/DAD
system, a Jasco instrument (pumps model 880-PU and solvent
mixing model 880-30, Tokyo, Japan), equipped with a commercially
prepacked Nucleosil RP-18 analytical column (250 mm x 4.6 mm,
5 wm, Macherey-Nagel, Duren, Germany), and UV detection (Jasco

(0]
COOH
(14) e
a)
{0}
CONHR
(0]
(15) R=Ph
(16) R=C¢Hy;
(17) R=C3H,

(18) R=(4'-OH-Ph)
(19) R=(4'-OCH;-Ph)

(20) R=(4'-CHj3-Ph)

(21) R=(3'-OH-4'-OCH;-Ph)
(22) R=(3',4'-OCH;-Ph)

(23) R=(4'-CI-Ph)

(24) R=(4'-OCF;-Ph)

(25) R=(4'-CF3-Ph)

(26) R=(4'-NO,-Ph)

(a) R-NH,, BOP or PyBOP, DIPEA in DCM/DMF

Scheme 1. Structure of the chromone carboxamides under study.
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model 875-UV) at the maximum wavelength of 254 nm. The mobile
phase consisted of a methanol/water or acetonitrile/water (gradient
mode, room temperature) at a flow rate of 1 mL/min. The
chromatographic data was processed in a Compaq computer, fitted
with CSW 1.7 software (DataApex, Czech Republic). '"H NMR data
were acquired, at room temperature, on a Briiker AMX 300
spectrometer operating at 300.13 MHz, respectively. Dimethylsulf-
oxide-ds was used as a solvent; chemical shifts are expressed in §
(ppm) values relative to tetramethylsilane (TMS) as internal
reference; coupling constants (J) are given in Hz. Electron impact
mass spectra (EI-MS) were carried out on a VG AutoSpec instrument;
the data are reported as m/z (% of relative intensity of the most
important fragments). Melting points were obtained on a Stuart
Scientific SMP1 apparatus and are uncorrected.

2.2. Synthesis of chromone carboxamide derivatives

General procedure: 2-Carboxychromone (1) or 3-carboxychro-
mone (14) (0.50 g; 2.63 mmol) was dissolved in of DMF (6 mL) and
of DIPEA (0.37 mL). The solution was then cooled at 0 °Cin an ice-
water bath, and a BOP (1.16 g; 2.63 mmol) or PyBOP (137 g;
2.63 mmol) solution in CH,Cl, (6 mL) was added. The mixture was
stirred during 30 min. After, the phenylamine derivative was
added in equimolar amount. The temperature was gradually
increased to room temperature. The reaction was stirred for
additional 4 h. Following the workup and after extraction, the
organic phases were dried over Na,SO,. Solutions were decolorized
with activated charcoal, when necessary. The recrystallization
solvents were ethyl acetate or ethyl ether/n-hexane.

2.2.1. N-(4-Methoxyphenyl)-4-oxo-4H-1-benzopyran-2-
carboxamide (6)

Yield: 85%; MP: 214-223 °C; 'H NMR (CDCl3): 3.83 (3H, s,
OCHj3),6.94 (2H, d,] = 9.2, H(3"), H(5')), 7.27 (1H, 5, H(3)), 7.49 (1H,
ddd, |=8.0; 7.2; 1.0, H(6)), 7.59-7.64 (3H, m, H(8), H(2'), H(6")),
7.78 (1H, ddd, ] = 8.5; 7.1; 1.6, H(7)), 8.25 (1H, dd, ] = 8.0, 1.6, H(5)),
8.53 (1H, s, NH). MS/EIl m/z (int.rel.): 296 (14), 295 (M**, 100), 294
(30),266(15),173(13),145(10),122(68),95(17),89(22),71(10),
69 (11), 57 (15).

2.2.2. N-(4-Methylphenyl)-4-oxo-4H-1-benzopyran-2-carboxamide
(7)

Yield: 56%; MP: 233-237 °C; 'H NMR [(CD5),S0]: 2.30 (3H, s,
CHs), 6.97 (1H, s, H(3)), 7.23 (2H, d, ] = 8.2, H(3'), H(5)), 7.57 (1H,
ddd,]=7.9,7.0,1.0,H(6)),7.69 (2H, d,] = 8.3, H(2'), H(6)), 7.85 (1H,
dd, ] =8.5,1.0,H(8)), 7.93 (1H, ddd, ] = 8.5, 7.0, 1.5, H(7)), 8.08 (1H,
dd, ] =8.0, 1.4, H(5)), 10.68 (1H, s, NH); MS/EI m/z (int.rel.): 280
(32), 279 (M**, 100), 278 (94), 264 (10), 262 (29), 251 (11), 250
(46),233(14),158(17),107(10),106 (35),89(53),79 (14), 77 (20).

2.2.3. N-(3,4-Dimethoxyphenyl)-4-oxo-4H-1-benzopyran-2-
carboxamide (9)

Yield: 45%; MP: 196-198 °C; 'H NMR [(CD3),S0]: 3.77/3.79 (6H,
25,2x OCH3),6.97 (1H,s,H (3)),7.01 (1H,d,J = 8.7, H(5')), 7,40 (1H,
dd, | =8.7; 2.4, H(6')), 7.48 (1H, d, J=2.4, H(2")), 7.58 (1H, ddd,
J=8.0, 6.8, 1.2, H(6)), 7,86 (1H, d, J=7.7, H(8)), 7.95 (1H, ddd,
J=8.5,7.0, 1.6, H(7)), 8.10 (1H, dd, J = 8.0, 1.5, H(5)), 10.66 (1H, s,
NH); MS/EI m/z (int.rel.): 326 (20), 325 (M**, 100), 310 (21), 308
(15), 173 (24), 145 (22), 89 (37).

2.2.4. N-(4-Methoxyphenyl)-4-oxo-4H-1-benzopyran-3-
carboxamide (19)

Yield: 55%; MP: 173-177 °C; '"H NMR (CDCls): 3.84 (3H, s,
OCHjs), 6.98 (2H, d, ] =9.0, H(3'), H(5')), 7.25-7.32 (4H, m, H(6),
H(8), H(2'), H(6)), 7.59 (1H, ddd, ] = 8.6, 6.9, 1.7, H(7)), 8.06/8.14
(1H,dd,] =7.8,1.6,H(5)),8.80/8.94 (1H,s,H(2)), 11.95/13.76 (1H, s,

NH), 13.76 (0.7H, s, NH); MS/EI m/z (int.rel.): 296 (55), 295 (M*",
100), 280 (27),252 (21), 174 (22), 173 (94), 147 (18), 132 (14), 121
(37), 92 (14), 77 (12).

2.2.5. N-(4-Methylphenyl)-4-oxo-4H-1-benzopyran-3-carboxamide
(20)

Yield: 44%; MP: 179-182 °C; 'H NMR (CDCl5): 2.39 (3H, s, CHs),
7.23-7.32(6H, m, H(6), H(8), H(2), H(3), H(5"), H(6'), 7.60 (1H, ddd,
]=8.6,7.0,1.6,H(7)),8.07/8.14 (1H, dd, | = 7.8, 1.6, H(5)), 8.86/8.99
(1H,s, H(2)), 11.92/13.69 (1H, s, NH); MS/El m/z (int.rel.): 280 (57),
279 (M**,99),278 (21),250 (10), 174 (24), 173 (100), 159 (16), 158
(23),131(37),130(44), 121 (44),92 (11),91 (24), 77 (12), 65 (20).

2.2.6. N-(3,4-Dimethoxyphenyl)-4-oxo-4H-1-benzopyran-3-
carboxamide (22)

Yield: 50%; MP: 248-254 °C; '"H NMR (CDCI3): 3.77 (3H, s, 3'-
OCH3), 3.85(3H, s,4'-OCH3), 7.01 (1H,d, ] = 8.6, H(6')), 7.14 (1H, dd,
J=8.6, 1.6, H(5)), 7.37-7.30 (3H, m, H(6), H(8), H(2")), 7.73-7.68
(1H, m, H(7)), 7.96 (1H, d, J=7.7, H(5)), 8.86/8.83 (1H, s, H(2)),
11.82/13.58 (1H, s, NH), 13.58 (0.7 H, s, NH); MS/EI m/z (int.rel.):
326(21),325(M**,100),311(10),310(63),207 (60), 173 (62), 121
(17), 93 (20), 79 (15), 77 (15).

The structural elucidation of the other carboxamides was
described elsewhere [14,15].

2.3. Radioligand binding assays

2.3.1. CHO membrane preparation

All the pharmacological methods including in membrane
preparation for radioligand binding experiments followed the
procedures as described earlier [16].

Membranes for radioligand binding were prepared from cells
stably transfected with the human adenosine receptor subtypes
(A1, Aza, and Az expressed on CHO cells) in a two-step procedure. In
the first low-speed step (1000 x g for 4 min), the cell fragments
and nuclei were removed. After that, the crude membrane fraction
was sedimented from the supernatant at 100,000 x g for 30 min.
The membrane pellet was then resuspended in the specific buffer
used for the respective binding experiments, frozen in liquid
nitrogen, and stored at —80 °C. For the measurement of the
adenylyl cyclase activity in A,p receptor expressed on CHO cells,
only one step of centrifugation was used in which the homogenate
was sedimented for 30 min at 54,000 x g. The resulting crude
membrane pellet was resuspended in 50 mM Tris-HCI, pH 7.4 and
immediately used for the adenylyl cyclase assay.

2.3.2. Human cloned A;, Ay5, A3 adenosine receptor binding assay

Binding of [*H]CCPA (2-chloro-N°-cyclopentyladenosine, GE
Healthcare, Freiburg, Germany) to CHO cells transfected with the
human recombinant A; adenosine receptor was performed as
previously described [16]. Competition experiments were per-
formed for3 hat 25 °Cin200 p.L of buffer containing 1 nM [*H]CCPA,
0.2 U/mL adenosine deaminase, 20 pg of membrane protein in
50 mM Tris/HCl, pH 7.4 and tested compound in different
concentrations. Nonspecific binding was determined in the presence
of 1 mM theophylline and amounted to <5% of total binding [16].

Binding of [?HINECA (N-ethylcarboxamidoadenosine, GE
Healthcare, Freiburg, Germany) to CHO cells transfected with
the human recombinant A,, adenosine receptors was performed
following the conditions as described for the A, receptor binding
[16]. In the competition experiments, samples containing a protein
amount of 50 pg, 30nM [PH|NECA and tested compound in
different concentrations were incubated for 3 h at 25 °C. Nonspe-
cific binding was determined in the presence of 100 ..M R-PIA (R-
N6-phenylisopropyladenosine) and represented about 50% of total
binding [16].
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Binding of [*HJHEMADO (2-(1-hexynyl)-N-methyladenosine,
Tocris, Bristol, UK) to CHO cells transfected with the human
recombinant A; adenosine receptors was carried out as previously
described [16,17].

The competition experiments were performed for 3 h at 25 °Cin
buffer solution containing 1 nM [*H]JHEMADO, 20 .g membrane
protein in 50 mM Tris-HCI, 1 mM EDTA (ethylenediaminotetraa-
cetate), 10 mM MgCl,, pH 8.25 and tested compound in different
concentrations. Nonspecific binding was determined in the
presence of 100 LM R-PIA and was below 2% of total binding [17].

All incubations were done in 96 well microplates with filter
bottoms allowing for separation of bound and free ligand by
filtration. Membranes with bound ligand were washed with
icecold buffer to remove unbound ligand [16,17]. K; values from
competition experiments were calculated with the program SCTFIT
[19] and are reported as geometric means of at least three
independent experiments with 95% confidence limits [16,17].

2.3.3. Adenylyl cyclase activity

Because of the lack of a suitable radioligand for hA, receptor in
binding assay, the potency of antagonists at A,s receptor
(expressed on CHO cells) was determined in adenylyl cyclase
experiments instead. The procedure was carried out as described
previously with minor modifications [16]. Membranes were
incubated with about 150,000 cpm of [a-*?PJATP (Hartmann-
Analytic, Braunschweig, Germany) for 20 min in the incubation
mixture as described [16] without EGTA and NacCl. For agonists, the
ECsg values for the stimulation of adenylyl cyclase were calculated
with the Hill equation. Hill coefficients in all experiments were
near unity. ICso values for concentration-dependent inhibition of
NECA-stimulated adenylyl cyclase caused by antagonists were
calculated accordingly. Dissociation constants (K;) for antagonist
were then calculated from the Cheng and Prusoff equation [18].

2.4. Molecular modeling

All modeling studies were carried out on a 20 CPU (Intel Core2
Quad CPU 2.40 GHz) Linux cluster. Homology modeling, energy
calculation, and analyses of docking poses were performed using
the Molecular Operating Environment (MOE, version 2008.10)
suite [20]. The software package MOPAC (version 7) [21],
implemented in MOE suite, was utilized for all quantum
mechanical calculations. Docking simulation was performed using
GOLD suite [21].

2.4.1. Homology models of hA; AR

Based on the assumption that GPCRs share similar TM
boundaries and overall topology, a homology model of the hA;
adenosine receptor was constructed, as previously reported
[22,23], based on a template of the recently published crystal
structure of hA; receptor (PDB code: 3EML) [24].

The numbering of the amino acids follows the arbitrary scheme
by Ballesteros and Weinstein. According to this scheme, each
amino acid identifier starts with the helix number, followed by the
position relative to a reference residue among the most conserved
amino acid in that helix. The number 50 is arbitrarily assigned to
the reference residue [25].

Firstly, the amino acid sequences of TM helices of the hA;
receptor were aligned with those of the template, guided by the
highly conserved amino acid residues, including the DRY motif
(Asp3.49, Arg3.50, and Tyr3.51) and three proline residues
(Pro4.60, Pro6.50, and Pro7.50) in the TM segments of GPCRs.
The same boundaries were applied for the TM helices of hAs;
receptor as they were identified from the 3D structure for the
corresponding sequences of the template, the coordinates of which
were used to construct the seven TM helices for hA; receptor. Then,

the loop domains were constructed by the loop search method
implemented in MOE on the basis of the structure of compatible
fragments found in the Protein Data Bank. In particular, loops
were modeled first in random order. For each loop, a contact
energy function analyzed the list of candidates collected in the
segment searching stage, taking into account all atoms already
modeled and any atoms specified by the user as belonging to the
model environment. These energies were then used to make a
Boltzmann-weighted choice from the candidates, the coordinates
of which were then copied to the model. Subsequently, the side
chains were modeled using a library of rotamers generated by
systematic clustering of the Protein Data Bank data, using the
same procedure. Side chains belonging to residues whose
backbone coordinates were copied from a template and were
modeled first, followed by side chains of modeled loops. Outgaps
and their side chains were modeled last. Special caution has to be
given to EL2 because amino acids of this loop could be involved in
direct interactions with the ligands. A driving force to the peculiar
fold of the EL2 loop might be the presence of a disulfide bridge
between cysteines in TM3 and EL2. Since this covalent link is
conserved in both hA;, and hAs receptors, the EL2 loop was
modeled using a constrained geometry around the EL2-TM3
disulfide bridge. The constraints were applied before the
construction of the homology model, in particular during the
sequence alignment, selecting the cysteine residues involved in
the disulfide bridge in hA;s to be constrained with the
corresponding cysteine residues in hAs sequence. In particular,
Cys166 (EL2) and Cys77 (3.25) of the hAp receptor were
constrained, respectively, with Cys166 (EL2) and Cys83 (3.25)
of the hA; receptor. During the alignment, MOE-Align attempted
to minimize the number of constraint violations. Then, after
running the homology modeling, the presence of the conserved
disulfide bridge in the model was manually checked. After the
heavy atoms were modeled, all hydrogen atoms were added using
the Protonate 3D methodology part of the MOE suite. This
application assigned a protonation state for each chemical groups
that minimized the total free energy of the system (taking
titration into account) [26].

Protein stereochemistry evaluation was then performed by
several tools (Ramachandran plot; backbone bond lengths, angles
and dihedral plots; clash contacts report; rotamers strain energy
report) implemented in MOE suite [20].

2.4.2. Molecular docking of adenosine receptors antagonists

Ligand structures were built using MOE-builder tool, part of the
MOE suite [20], and were subjected to MMFF94x energy
minimization until the rms of conjugate gradient was
<0.05 kcal/mol A", Partial charges for the ligands were calculated
using PM3/ESP methodology.

Four different programs have been used to calibrate our docking
protocols: MOE-Dock [20], GOLD [27], Glide [28], and PLANTS [29].
In particular, ZM-241385 was re-docked into the crystal structure
of the hA, adenosine receptor (PDB code: 3EML) with different
docking algorithms and scoring functions, as already described
[22]. Then, RMSD values between predicted and crystallographic
positions of ZM-241385 were calculated for each of the docking
algorithms. The results showed that docking simulations per-
formed with GOLD gave the lowest RMSD value, the lowest mean
RMSD value and the highest number of poses with RMSD value
<25A.

On the basis of the best docking performance, all antagonist
structures were docked into the hypothetical TM binding site of the
hAs; AR model and that of the hA,4 AR crystal structure, by using the
docking tool of the GOLD suite [27]. Searching was conducted
within a user-specified docking sphere, using the Genetic
Algorithm protocol and the GoldScore scoring function. GOLD
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performs a user-specified number of independent docking runs (25
in our specific case) and writes the resulting conformations and
their energies in a molecular database file. The resulting docked
complexes were subjected to MMFF94x energy minimization until
the rms of conjugate gradient was <0.1 kcal/mol A~'. Charges for
the ligands were imported from the MOPAC output files using
PM3/ESP methodology.

Prediction of antagonist-receptor complex stability (in terms of
corresponding pK; value) and the quantitative analysis for non-
bonded intermolecular interactions (H-bonds, transition metal,
water bridges, hydrophobic, electrostatic) were calculated and
visualized using several tools implemented in MOE suite [20].

Electrostatic and hydrophobic contributions to the binding
energy of individual amino acids have been calculated as
implemented in MOE suite [20]. In order to estimate the
electrostatic contributions, atomic charges for the ligands were
calculated using PM3/ESP methodology. Partial charges for protein
amino acids were calculated on the basis of the AMBER99 force
field.

3. Results and discussion
3.1. Chemistry

Two series of novel chromone carboxamides placed at positions
C2 (compounds 2-13) and C3 (compounds 15-26) of the y-pyrone
ring were synthesized using chromone carboxylic acids (com-
pounds 1 or 14) as starting materials (Scheme 1).

Carboxylic acids may be converted into carboxamides by
treating them with amines. However, the direct reaction does not
occur spontaneously at ambient temperature, with the necessary
elimination of water only taking place at high temperatures
[30,31]. In order to activate carboxylic acids, one can use so-called
coupling reagents that act as stand-alone reagents to generate
compounds such as acid chlorides, (mixed) anhydrides, carbonic
anhydrides or active esters [31].

The synthetic strategy used in this work is depicted in Scheme
1. Briefly the synthesis of the chromone carboxamide derivatives
was based on a one-pot condensation with the activation in situ of
the carboxylic acid function using a coupling reagent under mild
reaction conditions. The coupling reagents selected for carboxylic

acid activation were organophosphoric compounds, namely
(benzotriazol-1-yloxy)tris(dimethylamino) phosphonium hexa-
fluorophosphate (BOP) and (benzotriazol-1-yloxy) tripyrrolidino-
phosphonium hexafluorophosphate (PyBOP) [31]. In all the
reactions, N,N-diisopropylethylamine (DIPEA) was used instead
of the classic triethylamine since a significant yield increase was
observed due mainly to an improvement in the purification steps
[13].

The synthetic procedure has an advantage over the Schotten-
Baumann reaction since it avoids the step of generation of an acyl
halide with reagents such as thionyl chloride or phosphorus
pentachloride, circumventing some of the drawbacks related to the
use of this type of reagents, namely the ring-opening of the
benzopyran nucleus [32]. Furthermore, phosphonium salts (BOP or
PyBOP) were selected as coupling reagents since some of the side
reactions described with the employment of carbodiimides are
avoided facilitating product purification with improvement of the
yield of the reaction [31].

3.2. Pharmacology

3.2.1. Binding affinity at human A;, A2a, and Az adenosine receptors

The affinity of the new potential antagonists for the human
adenosine receptor subtypes hA;, hAza, hA; (expressed in Chinese
hamster ovary (CHO) cells) was determined in radioligand
competition experiments [16-19]. In this assay, we measured
the displacement of: (i) specific [*H]CCPA binding at hA, receptors,
(ii) specific [*H|NECA binding at hA,4 and [?’HJHEMADO binding
hA; receptors. The data were expressed as K; (dissociation
constant), which was calculated with the program SCTFIT [19],
and given as geometric means of at least three experiments,
including 95% confidence intervals. The receptor binding affinities
of the synthesized compounds (2-13 and 15-26) are reported in
Tables 1 and 2, respectively.

3.2.2. Adenylyl cyclase activity

Because of the lack of a suitable radioligand for hA,g receptor in
binding assay, the potency of antagonists at hA,s receptor
(expressed on CHO cells) was determined in adenylyl cyclase
experiments instead. The procedure was carried out as described
previously in Klotz et al. with minor modifications [16]. In this

Table 1
Affinity (K;, nM) of chromones 1-13 in radioligand binding assays at human A;, A4 and A; adenosine receptors.
o
0.
| R
o
Compound R hA,; hAza hA3 Selectivity
K; (nM) K; (nM) K; (nM) hA;/hA; hAzalhAs
1 OH >100,000 >100,000 >100,000 - -
2 NH-Ph >100,000 >100,000 14,200 (11,800-17,100) >7.0 >7.0
3 NH-CgHyy >100,000 >100,000 38,700 (27,400-54,700) >2.6 >2.6
4 NH-C3H; >100,000 >100,000 >100,000 - -
5 NH-(4'-OH-Ph) >100,000 28,300 (19,600-40,700) 46,300 (38,100-56,300) >2.2 0.61
6 NH-(4’'-OCH3-Ph) >100,000 >100,000 9580 (7600-12,100) >10 >10
7 NH-(4'-CH3-Ph) >100,000 >100,000 15,800 (12,200-20,400) >6.3 >6.3
8 NH-(3'-OH-4'-OCH3-Ph) >100,000 35,700 (32,700-39,100) 15,400 (10,100-23,400) >6.5 23
9 NH-(3'-0CH3-4'-0CH3-Ph) >100,000 >100,000 27,900 (18,300-42,700) >3.6 >3.6
10 NH-(4'-Cl-Ph) >100,000 >100,000 >100,000 - -
11 NH-(4'-0CF5-Ph) >100,000 >100,000 >100,000 - -
12 NH-(4'-CF3-Ph) >100,000 >100,000 >100,000 - -
13 NH-(4'-NO,-Ph) >100,000 >100,000 >100,000 - -
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Table 2

Affinity (Ki, nM) of chromones 14-26 in radioligand binding assays at human A;, A4 and A; adenosine receptors.

0.
I e
o o
Compound R hA, hAza hAy Selectivity
K; (nM) K; (nM) K;i (nM) hA,[hA; hA;a/hAs

14 OH >100,000 >100,000 >100,000 - -
15 NH-Ph >100,000 >100,000 >100,000 - -
16 NH-CgH1, 18,400 (16,600-20,400) 26,900 (18,300-39,600) 71,300 (66,000-77,100) 026 0.38
17 NH-C5H; 19,300 (18,400-20,200) 41,600 (32,400-53,500) 40,800 (37,000-44,900) 0.47 1.0
18 NH-(4'-OH-Ph) 10,400 (8870-12,300) 22,100 (20,100-24,400) 8,860 (7460-10,500) 1.2 2.5
19 NH-(4'-OCH;3-Ph) 18,600 (14,500-23,800) 10,100 (8660-11,900) 6070 (4710-7830) 3.1 1.7
20 NH-(4'-CH3-Ph) >100,000 >100,000 16,600 (15,600-17,600) >6.0 >6.0
21 NH-(3'-OH-4'-0CH3-Ph) 8590 (7240-10,200) 6850 (6220-7550) 3680 (2770-4900) 23 1.9
22 NH-(3'-0OCH3-4'-OCH3-Ph) 11,700 (10,300-13,300) 12,400 (10,200-15,000) 6690 (5610-7980) 1.8 19
23 NH-(4'-Cl-Ph) 25,600 (10,400-32,200) 17,400 (13,700-22,200) 16,400 (15,700-17,100) 16 1.1
24 NH-(4'-0CF3-Ph) >100,000 >100,000 >100000 - -
25 NH-(4'-CF3-Ph) >100,000 >100,000 >100000 - -
26 NH-(4'-NO,-Ph) >100,000 14,300 (10,500-19,500) 3750 (3530-3980) >26 3.8

assay, the NECA-stimulated adenylyl cyclase activity was inhibited
with increasing concentrations of antagonist. As a result, CAMP
(cyclic adenosine monophosphate) production was inhibited in a
concentration-dependent fashion, and ICso and K; values, respec-
tively, were determined.

3.3. Molecular modeling

The recently published crystal structure of the human Aza
adenosine receptor, in complex with the antagonist ZM241385
(PDB code: 3EML) [24] provides a new template to perform
homology modeling of other GPCRs and in particular of adenosine
receptors. Therefore we built up a homology model of the hAs
receptor based on the crystal structure of the hA,p receptor
(methodological details were summarized in Section 2.4.1) [22,23].

In the process of selecting a reliable docking protocol to be
employed in the following docking studies of these new
derivatives, we have evaluated the ability of different docking
softwares in reproducing the crystallographic pose of ZM241385
inside the binding cavity of human A, receptor. As reported in
Section 2.4.2, among the four different types of programs used to
calibrate our docking protocol, the Gold programs was finally
chosen since it showed the best performance with regard to the
calculated RMSD values relative to the crystallographic pose of
ZM241385 [22].

Consequently, based on the selected docking protocol, we
performed docking simulations to identify the hypothetical
binding mode of the newly synthesized derivatives inside the
human A4 and A3 adenosine receptors.

3.4. Structure-affinity relationship studies

Chromone carboxamide derivatives (2-13 and 15-26) of the
chromone carboxylic acids (compounds 1 and 14) were obtained in
a one pot reaction and with good yields (45-85%) (Scheme 1). Their
affinity to bind to human A;, A;x and A; adenosine receptors (AR)
expressed in CHO cells (compounds 2-13 in Table 1 and
compounds 15-26 in Table 2) was determined. Due to the lack
of a useful radioligand for hA,s AR, the inhibition of NECA-
stimulated adenylyl cyclase activity by chromone carboxylic acids
and carboxamides was determined. For all the tested compounds
no measurable activity (K; > 100,000 nM) was detected.

The binding assays data clearly show that chromone carboxylic
acids (compounds 1 and 14) are devoid of activity and the
corresponding carboxamides derivatives are compounds with
diverse affinity and selectivity toward human A;, A;x and A; AR
(Tables 1 and 2).

A more cautious look on the data allows to conclude that the
affinity and/or selectivity of chromone carboxamides is influenced
by the relative position of the carbonyl function of the
carboxamide group on the benzopyran nucleus and by the type
of amine (aromatic, cyclic and aliphatic) that is located in the
nitrogen atom. In general, it can be also inferred that the presence
of electron donators or withdrawing groups on the phenyl
substituent of the carboxamide also modulate the affinity and
selectivity of chromone carboxamides for the subtypes of ARs.

From the data the following specific conclusions can be drawn:

a) For carboxamides located in position 2 of the pyran nucleus
(compounds 2-13): the presence of a phenyl (compound 2) or a
cyclohexyl substituent (compound 3) is tolerated and a fair
affinity for A3 AR is observed. However, no binding was detected
with a linear alkyl substituent (compound 4). These observa-
tions allow to infer that probably in this type of systems the
spatial volume of the substituent is an important feature.The
presence of electron withdrawing substituents in the phenyl
ring located in the nitrogen atom, such as chlorine (compound
10), trifluormethoxy (compound 11), trifluormethyl (compound
12) or nitro (compound 13) groups in para position give rise to a
lack of affinity for all the adenosine receptors subtypes.

On other hand the presence of electron donators in the
phenyl ring located in the nitrogen atom, in para position,
(compounds 5-9) result in the display of a noticeable affinity/
selectivity for the A; AR.

b) For carboxamides located in position 3 of the pyran nucleus
(compounds 15-26): in this chromone carboxamide isomeric
series the conclusions were not as straightforward as in the
series with a 2-substituted pyran. However, for this type of
benzopyran derivatives the results show that similar to the 2-
substituted isomers the presence of electron donating groups in
the phenyl substituent increase the affinity and selectivity for
the human A; AR (compounds 18-22). It is to note that
compounds 18 and 19 exhibit micromolar affinity for all the
studied receptors but without a significant selectivity. With
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exception of compound 26 with a nitro function in para position,
that have high A; AR affinity, the chromone derivatives with
electron withdrawing groups have no measurable affinity for
adenosine receptors (compound 24 and 25). Moreover, it is
important to highlight that compounds 21 and 26 present the
best affinity for A; receptor with a K;=3684nM and
K; = 3750 nM, respectively.

A molecular modeling investigation was performed for all the
newly synthesized analogues, in order to identify their hypotheti-
cal binding modes at both the crystallographic structure of hA;, AR
and the hA; AR model. The analysis was extended to docking
simulations and per residue electrostatic and hydrophobic con-
tributions.

The first important consideration is that almost all the new
analogues showed different possible binding poses at both the
hA,A AR and the hAs; AR. In fact, even if all ligands made contacts
mainly with residues belonging toTM2, TM3, TM6, TM7, and EL2,
they can accommodate different orientations inside the binding
pockets.

Fig. 1 shows the selected binding modes of compound 21, a
chromone with the carboxamide located in position 3 of the pyran
nucleus, obtained after docking simulations at the hA;4 AR and the
hA; AR. Among all the herein reported derivatives, compound 21

>

Glu169

possesses the highest affinity at both receptors (Ki hAa = 6850 nM,
K; hAs =3684 nM). At both receptor subtypes ligand-recognition
occurred in the upper region of the TM bundle, and the chromone
nucleus was surrounded by TMs 3, 5, 6, 7.

The hypothetical binding pose of compound 21 at the hAz4 AR
(Fig. 1, panel A) showed an H-bonding interaction with Asn253
(6.55) and a stabilizing interaction with Phe168 (EL2). Interest-
ingly, the important role in ligand binding of these two residues
was previously revealed by site-directed mutagenesis studies
[33,34] and by the crystallographic binding pose of ZM241385
inside the hA,, AR binding pocket [24].

Moreover, the hydroxyl group on the phenyl ring of compound
21 interacted with Tyr271 (7.36), forming a weak H-bond. Finally,
the ligand also formed hydrophobic interactions with some
residues of the binding site, including Leu85 (3.33), Trp246
(6.48), Leu249 (6.51), Tyr271 (7.36) and 1le274 (7.39).

On the other hand, the docking pose of compound 21 at the hA3
AR was located in the same region of the TM bundle as at the hA;4
AR, but the orientation of the ligand was different (Fig. 1, Panel B).
In this case, the ligand formed two H-bonds with Asn250 (6.55)
and a stabilizing interaction with Phe168 (EL2). Moreover, the
complex is stabilized by hydrophobic interactions occurring
between the ligand and some residues of the binding site, such
as Leu91 (3.33), Trp243 (6.48), Leu246 (6.51) and Leu264 (7.35).

Fig. 1. Hypothetical binding modes of compound 21 obtained after docking simulations: (A) inside the hA;a AR binding site; (B) inside the hAs AR binding site. Poses are
viewed from the membrane side facing TM6, TM7, and TM1. In panel A, the view of TM7 is omitted. Side chains of some amino acids important for ligand recognition and H-

bonding interactions are highlighted. Hydrogen atoms are not displayed.

GLU ALA GLU HIS ASN THR HIS MET HIS
13 63 169 250 253 256 264 270 278

>

PR = _ _ _ _n
[ [] = E =
2 B i‘ !

Electrostatic Interaction Energy kcal/mol
&

GLN MET MET TRP ASN GLU VAL LEU SER HIS
167 172 177 243 250 258 259 264 271 272

o]

Electrostatic Interaction Energy kcal/mol
&

Fig. 2. Calculated electrostatic interaction energy (in kcal/mol) between the ligand and each single amino acid involved in ligand recognition observed from the hypothetical

binding modes of compound 21 inside (A) hA;4 AR and (B) hA; AR binding sites.
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Fig. 3. Calculated hydrophobic interaction scores (in arbitrary hydrophobic units) between the ligand and each single amino acid involved in ligand recognition observed from
the hypothetical binding modes of compound 21 inside (A) hA;4 AR and (B) hA; AR binding sites.

Another antagonist of this series with affinity at the hA; AR
comparable to compound 21 is compound 26 (K; hA; = 3750 nM).
The binding orientation, obtained after docking simulation, of this
ligand at this receptor is very similar to the one observed for
compound 21 (data not shown). In this case, compound 26 formed
one H-bonding interaction with Asn250 (6.55) and a stabilizing
interaction with Phe168 (EL2).

Analyzing the calculated electrostatic contribution per residue
to the whole interaction energy for both the complexes between
compound 21 and these two adenosine receptor subtypes (Fig. 2),
the main stabilizing factor was found to be related to Asn 6.55
(Asn253 in hA;4 AR and Asn250 in hA; AR), due to the H-bonding
interactions with the ligand above described. However, the
calculated electrostatic contribution of this Asn residue is much
more stabilizing for the hA; AR complex (—16 kcal/mol for hA; AR
complex compared to —4 kcal/mol for hA;a AR complex).

As shown in Fig. 3, the hydrophobic interaction scores patterns
showed the strongest stabilizing contribution corresponding to the
interactions of the ligand with Phe168 (EL2) at both receptors.

In conclusion, at the hA;a AR compound 21 was able to interact
with Asn253 (6.55) and Phe168 (EL2), important residues in ligand
recognition, but it did not form strong interaction with Glu169
(EL2), another residue with an important role in ligand binding as
revealed by the crystallographic binding pose of ZM241385 inside
the hAza AR binding pocket [24]. At the hA; AR compound 21
formed stronger, but still not optimal, interactions with the
residues of the binging site, and in particular with Asn250 (6.55).
This difference could be the reason for the higher affinity of this
compound for this adenosine receptor subtype compared to the
hA,p subtype.

On the whole, the proposed binding modes reflect the ability of
compound 21 to bind both hA;s and hAs; adenosine receptor
subtypes with K; in the low micromolar range and without a very
good selectivity profile.

4. Conclusions

Evidence was acquired to demonstrate that chromone is a valid
scaffold for the design of novel adenosine receptor ligands. The
easy synthetic accessibility and the decoration capability of
chromones make them “privileged” scaffolds.

From this study and on the basis of the obtained structure-
activity relationships it was concluded that chromone carbox-
amides represent a novel class of AR ligands. The most remarkable
chromones were compounds 21 and 26 that present a better
affinity for A; AR (K;=3680nM and K;=3750 nM, respectively).
The results obtained so far pointed out a crucial and undisclosed
role of the presence of an amide substituent of the pyrone ring and

that the type of substituent on the aromatic ring of the chromone
amide side chain is crucial for the optimization of affinity and
selectivity. Receptor-driven molecular modeling studies provide
information on the binding/selectivity data of the chromone. The
data so far acquired are instrumental for future optimization of
chromone carboxamide lead as a selective A3AR antagonist.
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3.7 Combining QSAR classification models for
predictive modeling of human monoamine
oxidase inhibitors.
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FCUP

Chromone: a valid scaffold in Medicinal Chemistry

European Journal of Medicinal Chemistry 59 (2013) 75—-90

¥

ELSEVIER

European Journal of Medicinal Chemistry

journal homepage: http://www.elsevier.com/locate/ejmech

Contents lists available at SciVerse ScienceDirect

Original article

Combining QSAR classification models for predictive modeling of human
monoamine oxidase inhibitors

Aliuska Morales Helguera®<*, Alfonso Pérez-Garrido %¢, Alexandra Gaspar?, Joana Reis?,
Fernando Cagide?, Dolores Vina', M.Natalia D.S. Cordeiro %, Fernanda Borges**

2CIQ, Departamento de Quimica e Bioquimica, Faculdade de Ciéncias, Universidade do Porto, Porto 4169-007, Portugal

b CBQ, Universidad Central Marta Abreu de Las Villas, Santa Clara, 54830 Villa Clara, Cuba

“Departamento de Quimica, Universidad Central Marta Abreu de Las Villas, Santa Clara, 54830 Villa Clara, Cuba

d Cétedra de Ingenieria y Toxicologia Ambiental, Universidad Catélica San Antonio, Guadalupe, Murcia, Spain

€ Departamento de Tecnologia de la Alimentacién y de la Nutricién, Universidad Catélica San Antonio, Guadalupe, Murcia, Spain
fDepartamento de Farmacologia, Facultad de Farmacia, Universidad de Santiago de Compostela, 15782 Santiago de Compostela, Spain
£ REQUIMTE, Departamento de Quimica e Bioquimica, Faculdade de Ciéncias, Universidade do Porto, Porto 4169-007, Portugal

ARTICLE INFO

ABSTRACT

Article history:

Received 26 June 2012

Received in revised form

16 October 2012

Accepted 18 October 2012
Available online 1 November 2012

Keywords:

Monoamine oxidase inhibitor
Selectivity

hMAO-A

hMAO-B

QSAR

Consensus

Due to their role in the metabolism of monoamine neurotransmitters, MAO-A and MAO-B present
a significant pharmacological interest. For instance the inhibitors of human MAO-B are considered useful
tools for the treatment of Parkinson Disease. Therefore, the rational design and synthesis of new MAOs
inhibitors is considered of great importance for the development of new and more effective treatments
of Parkinson Disease. In this work, Quantitative Structure Activity Relationships (QSAR) has been
developed to predict the human MAO inhibitory activity and selectivity. The first step was the selection
of a suitable dataset of heterocyclic compounds that include chromones, coumarins, chalcones, thiazo-
lylhydrazones, etc. These compounds were previously synthesized in one of our laboratories, or else-
where, and their activities measured by the same assays and for the same laboratory staff. Applying
linear discriminant analysis to data derived from a variety of molecular representations and feature
selection algorithms, reliable QSAR models were built which could be used to predict for test compounds
the inhibitory activity and selectivity toward human MAO. This work also showed how several QSAR
models can be combined to make better predictions. The final models exhibit significant statistics,
interpretability, as well as displaying predictive power on an external validation set made up of chro-
mone derivatives with unknown activity (that are being reported here for first time) synthesized by our
group, and coumarins recently reported in the literature.

© 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

preferences, by their sensitivities to the acetylenic inhibitors clor-
gyline and 1-deprenyl (selegiline), and by their tissue distribution

The monoamine oxidase (EC 1.4.3.4; MAO) is a flavoprotein
localized in the outer mitochondrial membrane and present in
practically all mammalian tissues. The primary role of MAO lies in
the metabolism of amines and in the regulation of neurotrans-
mitter levels and intracellular amine stores [1].

All mammals contain two MAO isoforms, MAO-A and MAO-B.
They can be distinguished by their respective substrate

* Corresponding authors. CIQ, Departamento de Quimica e Bioquimica, Faculdade
de Ciéncias, Universidade do Porto, Porto 4169-007, Portugal. Tel: +351
220402560; fax: +351 220402659.

E-mail addresses: aliuskamhelguera@yahoo.es (A.M. Helguera), fborges@fc.up.pt
(F. Borges).

0223-5234/$ — see front matter © 2012 Elsevier Masson SAS. All rights reserved.
http://dx.doi.org/10.1016/j.ejmech.2012.10.035

[1-3]. MAO-A, predominant isoform in the gastrointestinal tract
[2], is primarily responsible for the oxidation of tyramine. Its
peripheral inhibition has been associated with the risk for an acute
hypertensive syndrome known as the “cheese reaction” [4].
Whereas the MAO-B is the predominant subtype in the human
brain, where it acts in the breakdown of the dopamine (DA), as well
as in the deamination of B-phenylethylamine, an endogenous
amine that stimulates the release of DA and inhibits its neuronal
reuptake [5]. Expression levels of MAO-B in neuronal tissue
enhance 4-fold with aging, especially in glial cells, resulting in an
increased level of DA metabolism and in the production of higher
levels of dopanal and hydrogen peroxide (H,0,). Increased levels of
cellular H,O, promote apoptotic signaling events resulting in
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a decreased level of DA-producing cells [6], which are thought to
play a major role in the etiology of neurodegenerative diseases such
as Parkinson’s and Alzheimer's [6,7].

Due to their role in the metabolism of monoamine neuro-
transmitters, MAO inhibitors can be useful in treatment of psychi-
atric and neurological diseases. Actually, MAO-A selective
inhibitors act as antidepressant and antianxiety agents while
selective MAO-B inhibitors are an attractive therapeutic interven-
tion for patients with Parkinson'’s disease [1,8—10].

The recognition of the importance of MAO as a drug target has
produced a growing interest in the development of MAO inhibitors.
Privileged structures, such as indoles, arylpiperazines, biphenyls
and benzopyranes are currently ascribed as supportive approaches
in drug discovery. Different families of heterocycles, such as oxa-
diazolones, tetrazoles, oxadiazinones, indenopyridazines, pyr-
azoles, xanthones, coumarins and their precursors (chalcones) have
also been extensively used as scaffolds in medicinal chemistry
programs, namely for the search of novel MAO inhibitors [11—19].

Recently, a discovery and development of new chemical entities
as human MAO (hMAO) inhibitors belonging to chromone (benzo-
y-pyrone) nucleus [20—23] validating the scaffold for the design of
potent, selective and reversible MAO inhibitors. In general, chro-
mones substituted in position-3 of y-pyrone nucleus act as htMAO-B
selective inhibitors and those substituted in position-2 of the
pyrone nucleus inhibit the hMAO-A or are inactive. The —COOH
substituent in position 3- of this heterocyclic scaffold as well as the
introduction of a chloro substituent in para position of the exocyclic
aromatic ring of chromone 3-phenylcarboxamides improve the
potency and selectivity of hlMAO-B inhibitors (see Fig. 1).

In spite of the considerable advancements in the studies on the
interactions of MAO isoforms with their specific substrates or
inhibitors [24], there are not any available rules for the rational
design of new potent and selective MAO inhibitors. Although
several medicinal chemistry approaches can be used for the iden-
tification of hits, generation of leads, and optimization of leads into
drug candidates, no rational guidelines have been available yet.
Quantitative structure—activity relationships (QSAR) are important
strategies that can be applied for the successful design of potent
and selective MAO inhibitors [25].

QSAR methodology consists of a representation of the chemical
structure using molecular descriptors and a multivariate analysis
that relates the biological activity of one compound to its chemical
structure. Several methodologies have established QSAR to predict

Structure Exp. inhibitory activity References
AMAO-A inhibitors
o ‘/%T/OH PICso (BMAO-A) = 6.72
Ao A, ACa(MAO-B) =558 24]
‘\,I /‘, H SE=-1.15
T
o
AMAO-B inhibitors
o PACso (AMAO-A) < 4.00
M \\‘I 3 4 24
LN~ PICs (AMAO-B) = 7.20 [24]
[T ) 1 PSI*>3.20
0 0 NAg
MAO-B inhibitors PCso(AMAO-A) <4.00
PICx (AMAO-B) = 7.32
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*pSl s the selectivity to AIMAO-B and it is calculated as follow: pSI = pICso(hMAO-
B) - pICso(hMAO-A).

Fig. 1. Examples of potent and selective hMAO inhibitors based on the chromone
scaffold.

the inhibition on MAOs. The most of them are based on specific
kind of compound (congeneric series), e.g. coumarin, pirindole,
xanthone, etc. [11,26,27] or use chemicals assayed by different
experimental protocols [28].

One of the first QSAR studies to predict inhibitory MAO activity
is developed in 1974 by Martin et al. [29]. The study involved
a relatively small dataset (20 chemicals) of aminotetralins and
aminoindans with antidepressant activity reported. Linear
discriminant analysis was used as multivariate analysis technique
and only two molecular descriptors: Taft steric parameter and an
indicator variable were statistically significant. Also field-based 3D-
QSAR like comparative molecular field analysis (CoMFA) is among
the computational methods that have been extensively used to this
end [24,26,27,30—33]. This popular 3D QSAR approach makes
suggestion regarding steric or electronic modifications of the
training set compounds that are likely to increase their activity.
Some examples on the use of CoMFA to understand MAO-
selectivity include the work of Gnerre et al. to unveil structural
requirement for selective binding of 7-X-benzyloxy meta-
substituted 3,4-dimethylcoumarin derivatives to the MAO [27].
The chemical interpretation of the resulting CoMFA model suggests
lipophilicity as the property that should influence MAO-B versus
MAO-A selectivity, while the presence of an electron-withdrawing
substituent should favor the MAO-A inhibition. However in COMFA,
the alignment of the molecules is a main issue because the relative
interaction energies strongly depend on the relative molecular
position [34]. This problem is considered [35] a leading cause to
incorrect QSAR models, specifically those created with CoMFA.

An alternative to the CoOMFA model of MAO inhibitors is the use
of the receptor based alignment, recently proposed by Chimenti et
al [24]. This computational approach is possible because the crys-
tallographic structure of human MAO-B and MAO-A have been
recently published [36,37]. Combining docking with CoOMFA/QSAR
may enhance the probability of finding potent inhibitors. However
the current methodology has limitations like as: the high time-
consuming of molecular geometry optimization and its applica-
tion only to homogeneous series of compounds due to the
requirement for structural alignment.

Other QSAR model to predict MAO-A inhibitory activity was
developed by Niiiez et al. [11] using a dataset of 42 xanthones
derivatives and E-state index, molecular connectivity and shape
descriptors. After the exclusion of 7 outliers the model had
a determination coefficient of 0.847. The only validation methods of
the model were, leave one out and jackknife technique. There was
no division of the dataset into training and test sets. Consequently,
the model external predictivity power was not evaluated. In light of
recent studies is important to make the external validation [38],
this omission compromises the application of this model to predict
accurately the MAO inhibition of compounds that were not used for
the model development. Some other authors validate their MAO—
QSAR model using one or two compounds that were not used in
the model development [39], and still claim their models are
predictive.

On the other hand, the information on the inhibitory MAO
activity of many molecules reported in the literature is limited and
directed to behavioral tests and assays on bovine or rat mito-
chondrial MAOs [24]. Therefore, many of the QSAR studies to
predict inhibitory MAO activity were based on databases assayed in
non-human MAO tests [11,24,26,27,30]. However the access to
purified recombinant human MAO-A [40] and MAO-B [41] as well
as conditions for the crystallization of MAO-B complexes with
several inhibitors [36,42], has resulted in explosive growth of
amount of human MAO inhibition data [13,14,17,28,32,43—55]. This
progress has provided new opportunities for the design and fast
computer-assisted development of drugs involved in the human



FCUP

Chromone: a valid scaffold in Medicinal Chemistry

AM. Helguera et al. / European Journal of Medicinal Chemistry 59 (2013) 75—-90 77

MAO metabolic pathway, since accumulating evidence has shown
that inhibition data from rat MAO test often strongly differ from
data collected with similar methods from human enzymes [56].

In the present paper, we assemble a set of over 450 different
nitrogen and oxygen heterocycles as well as other synthetic
analogs obtained in our laboratories [20,21,23] or elsewhere
[13,14,17,28,32,43—55] that were evaluated toward human MAO in
a single and consistent inhibition assay [57]. Herein, OD, 1D and 2D
and molecular descriptors along with linear discriminant analysis
and feature selection algorithms were used to build reliable
predictive QSAR models from the available data. The final models
were reliable displaying significant statistics and were predictive
on an external validation set comprising chromone derivatives of
unknown activity and coumarins recently reported in the literature
[58]. Our work also highlights that different combinations of the
QSAR models increase our chance for success, whereas a conven-
tional QSAR approach using only one model and one type of
descriptors has a higher chance to fail.

2. Materials and methods
2.1. Dataset

Different types of heterocyclic such as chromones, homoiso-
flavonoids, coumarins and their precursors (chalcones) and a 2-
hydrazinylthiazoles and pyrazoles have been included in our data-
base. They were experimentally assayed for their inhibitory effects
(ICsp) on the hMAO-A and hMAO-B isoforms. The experiments were
all conducted at the Department of Pharmacology of Faculty of
Pharmacy of University of Santiago de Compostela in Spain,
following the same in vitro assay protocols that were previously
described [57]. To note that the biological data used along the work
has been measured by a single protocol at the same laboratory.

The compounds were first classified into four groups according to
their ICso values and the selectivity indexes (SI). The first group,
designated as inhibitors, include all chemicals with ICsg < 20 uM
(pICsp > 4.70). The second one, named as non-inhibitors, include those
compounds with ICsg > 20 uM (pICsg < 4.70). The third group, named
as hMAO-B selective ligands, contains those substances with pSI > 1.70
while fourth one, named as hMAO-B non-selective ligand comprises
those compounds with pSI < 1.70. pSl is the selectivity to htMAO-B and
it is calculated as follow: pSI = pClso(hMAO-B) — pICso(hMAO-A). In
this dataset, there are stereoisomers, which cannot be distinguished
by the present 2D descriptors but had nevertheless similar ICsg values;
in such cases, one of the isomers was discarded. Consequently, our
dataset is formed by 449 organic compounds. Table S1 of the
Supplementary material displays a complete listing of the
compounds and the reported experimental data.

The present large dataset was divided into training and test sets
to obtain validated QSAR models. In this work, the k-Means Cluster
Analysis (k-MCA) technique was applied to setup both sets repre-
sentative of the entire experimental universe.

2.2. k-Means cluster analysis

The Joining Tree Clustering (JTC) technique was applied to the
whole date set of compounds to set the appropriate number of
clusters and the Ward's method was used as a criterion of linking.
JTC is implemented in the STATISTICA software (version 8.0) [59].
The distances between clusters are determined by the greatest
distance between any two objects in the different clusters (this is
known as “furthest neighbors”), while the distances between cases
are computed by Euclidean or City-block (Manhattan) distances.

An appropriate number of clusters for each class; inhibitors and
non-inhibitors from three dataset (both isoforms and selectivity)

were selected (Figure S1 of the Supplementary material). For
a better visualization, the optimal number of clusters was high-
lighted with a red line cutting the branches. Once the number of
clusters to be developed was estimated, the k-MCA was applied to
design the training and prediction sets. By using this technique, it is
possible to obtain exactly k different clusters of greatest possible
distinction that can be assessed by comparing the means of the
resulting k-clusters. Another indicator of the good performance of
this technique is the magnitude of the Fisher ratio values from the
analysis of variance developed on each dimension (Table S3 of the
Supplementary material). For this aim, the STATISTICA software
(version 8.0) [59] was used.

After the partition of the whole data into different statistically
representative cluster of compounds, the training and test sets
were selected from the members of these clusters.

Choosing the suitable variables to be used in the cluster strategy
can be a problem in this case due to the availability of a large
number of molecular descriptors to undergo subsequent variable
selection while developing QSAR predictive models. However, this
problem can be solved by using a linear dimensionality reduction
technique. In that way useful structural information can be kept as
much as possible to be used in the clustering technique without
rejecting any descriptor in advance. Principal Component Analysis
(PCA) has been used to identify orthogonal directions of maximum
variance in the original data projecting it into a lower-
dimensionality space formed by a sub-set of the highest-variance
components. As a result, the most significant factors produced by
the PCA can be the input of the clustering analysis.

2.3. Molecular descriptors

Different sets of 0D, 1D, 2D and molecular descriptors available
in the DRAGON (version 5.4) [60], MOE (version 2008.10) [61] and
MODESLAB (version 1.5) [62] software has been used in the present
work. All them have had a long history in structure-activity and
structure—property correlation [25,63—65]. They include, for
instance, pure topological descriptors, walk and path counts,
connectivity indices, information indices, or 2D-autocorrelations.
Taking into account the structural diversity of the compounds an
initial subset of descriptors was computed for each molecule from
the SMILES (Simplified Molecular Input Line Entry Specification)
inputting of chemical structures. By disregarding descriptors with
constant or near constant values inside each class, three final subset
of 360, 174 and 226 molecular descriptors were generated by using
DRAGON, MOE and MODESLAB, respectively.

24. Modeling technique

Linear Discriminant Analysis (LDA), specifically the LDA tech-
nique implemented in the STATISTICA software (version 8.0) [59],
was used to find the classification models (Eq. (1)), that best
describe the inhibitory activity P, as a linear combination of the
predictor X-variables (descriptors) weighted by the a, coefficients:

P = ap+a1X; + aXy + ... + anXn (1)

LDA is based on finding the linear combinations with large ratios
of between-group to within-group sums of squares [66]. This
technique constructs a separating hyperplane between the two
groups: e.g. inhibitors and non-inhibitors. The hyperplane is
described by the linear discriminant function (Eq. (1)), which is
defined by the geometric means between the centroids (i.e. the
centers of gravity) of the both groups.

In developing the models, P values of 1 and —1 were assigned to
inhibitor (or selective) and non-inhibitor (non-selective) group,
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respectively. However, posteriori probabilities were used instead to
assert the models classification of compounds.

2.5. Feature selection

The Replacement Method (RM) [67] was used as the variable
selection procedure, which was implemented in the STATISTICA
Visual Basic [59]. Following this method, we observed the variation
in the performance of the selected model by minimizing the ROC
(Receiver Operating Characteristic) graph Euclidean Distance
(ROCED) corrected with FIT (1) (named here as ROCFIT). The
mathematical definition of the ROCFIT parameter has been previ-
ously described [68], so we will limit ourselves to a brief outline
highlighting only its most important aspects.

By analogy with the FIT Kubinyi function [69,70] used in regression
analysis, a similar function has been defined, named FIT (1), which can
be used in the discriminant analysis. FIT (1) is defined as follows:

 =HE=1="1)
(n+12)2

FIT(2) = )

where n is the number of cases, [ is the number of parameters of our
model and A is the Wilk’s lambda. Therefore, a higher value for this
parameter means improving the usefulness of our model.

Other parameter, ROCED, has been recently introduced [68].
ROCED is based on the ROC graph, and is useful for organizing clas-
sifiers. Ina ROC graph, true positives (TP or sensitivity) are plotted on
the Yaxis and false positives (FP or 1—-specificity) are plotted on the X
axis. The point (1, 1) represents perfect classification and the line
Y = X represents random classification. One point in ROC graph is
better than anotherifit is to the northwest (TP is higher, FPis lower, or
both) [71]. Thus, the most finely tuned classifiers are those whose
points fall in the left upper triangle as close as possible to the corner.

Fig. 2 shows the plot of the sensitivity vs. 1—specificity to one
classifier and the two points on ROC graph denote the classifications
for both training and test sets. The distances d; and d, are expressed as
Euclidean distances and their values represent the distance between
the real classifier and the perfect classifier, i.e. point (1, 1). Therefore it
is necessary that these two distances are as small as possible. Thus,
ROCED, a parameter relating them is defined as follows:

ROCED = (dy —dy +1)(dy +dp)(dy + 1) (3)
1-apeciticiy
1
e d1 g2
Training
Test
Sensitivity
0
0 1-Specificity 1

Fig. 2. Distances in a ROC graph for the selection of classification models.

A small ROCED value means improving the performance of our
classifier. It was found that the ROCED parameter gets a better
balance between sensitivity and specificity for both training and
test sets than other indices, like the Wilk’s lambda [68]. However
when the ROCED parameter was used, some linear discriminant
models showed the lower statistical significance [68].

To solve this problem, another parameter (ROCFIT) has been
defined (see Eq. (4)). It maintains the ROCED capabilities while
improving the significance of the models due to the inclusion of FIT (4).

ROCED
(4)

ROCFIT = FIT)

According with Eq. (4), the best classifiers are those with lower
values for both ROCED and ROCFIT and high value for FIT (4).

In all cases, the calculations were performed for a number of
variables between 3 and 12. For the evaluation of the model
performance several indexes were calculated for each model
(Wilk's lambda, sensibility (Se), specificity (Sp), accuracy (Ac),
precision (Pr), enrichment factor (EF) [72], Matthews correlation
coefficient (MCC) [73], Robust Initial Enhancement (RIE) [74] and
Boltzmann-Enhanced Discrimination of ROC (BEDROC) [75]) based
on a prior probability of 0.5 and the area under the ROC curve for
both the training and test sets. Most of these indexes are based on
the confusion matrix (Table 1), e.g. Se = TP/(TP + FN); Sp = TN/
(TN + FP); Ac = (FN + FP)/N, where N = TP + FP + TN + FN is the
total of compounds in the analyzed set. All calculations were per-
formed with the STATISTICA software [59].

The predictivity of our final models was also evaluated by using
an external set of compounds that was not used in the model setup.
Validation of the final model with compounds, which are not part
of the training set, is a necessary step to ensure generalization, and
also of great relevance to future QSAR studies.

2.6. Y-randomization test

To ensure the robustness of a QSAR model we carried out a Y-
randomization test [76]. In this test, the Y-vector (response-variable)
is randomly swapped and new models are generated. This process is
repeated several times (iterations: 300) and the average of the
parameters: sensitivity, specificity, accuracy, Wilk’s lambda, etc. for
each model is reported. It expected that the resulting classifiers
should have lower statistical parameters for training and test sets
than the classifiers developed using the real Y-response. If the
opposite happens then an acceptable QSAR model cannot be obtained
for the specific modeling methods and data, e.g. independent vari-
ables of the model are randomly associated to the response variable.

2.7. Applicability domain

There are several methods for assessing the applicability
domain (AD) of QSAR models [77—79] but the most common one
encompasses determining the leverage values for each compound
[80]. Leverage (h) values are calculated for both training and test
sets and are computed by Eq. (5).

-1
hii = I (X7X) " x; (5)
where x; is the descriptor row-vector of the query chemical.

Table 1
Confusion matrix in two cases problem.

Predicted class

Positive Negative
True class Positive TP: true positive FN: false negative
Negative FP: false positive TN: true negative
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These values represent the distance from the chemical to the
centroid of the modeled space. A Williams plot, i.e. the plot of stan-
dardized residuals versus leverage values (h), was then used for an
immediate and simple graphical detection of both the response
outliers and structurally-influential chemicals in the model. From this
plot, the ADs were established inside a squared area within -£x stan-
dard deviations and a leverage threshold h* (h* was generally fixed at
3p/ /n, where n is the number of training compounds and p’ the number
of model parameters, whereas x = 2 or 3), lying outside this area
(vertical lines) the outliers and (horizontal lines) the influential
chemicals. For predictions, only the predicted activity for chemicals
belonging to the chemical domain of the training set should be
proposed and used.

2.8. Analysis of the final models

Once the optimization of the models by using RM was
concluded, the best and different models were submitted to
a consensus process. To this end, we firstly select the models with
the best performance and sort them according with the minimi-
zation of parameter ROCFIT. Finally, a distance measure between
these models was adopted to check the similarity/diversity among
the final models [69].

2.9. Consensus

In order to improve the predictions, a series of combinations of
the best and diverse QSAR models was carried out. We combined
the individual models in each of three ways as follows [81]:

Majority Vote (Unanimity, Simple Majority and Plurality):
Considering two classes, that is to say, inhibitors/non-inhibitors or
MAO-B selective/MAO-B non-selective, this consensus pattern
gives an accurate class label if all classifier are in agreement
(Unanimity), at least 50 percent of the classifiers have +1 values
(Simple Majority) or most of the classifiers (Plurality) give correct
answers [81].

Weighted Majority Vote: If the classifiers in the ensemble do not
display identical accuracy, then this consensus pattern gives to the
more competent classifiers more power in making the final deci-
sion [81].

Naive Bayes: A Bayesian network consists of a structural model
and a set of conditional probabilities. Assume that all attributes
(molecular descriptors) are fully independent given the class, and
then the resulting Bayesian network classifiers are called naive
Bayesian classifiers (simply NB). NB uses the following equation to
estimate the probability of a test instance x belonging to class c:

P(ck)ys = P(©) 11 P(ajo) (6)

where mis the number of attributes, g; is the jth attribute value of x, the
prior probability Ac) and the conditional probability P(ajlc). To
construct naive Bayes classifiers, we only need to estimate the prob-
ability values of P(c) and P(gj|c), j = 1, 2,..., m, from the training data
[81].

2.10. Chemistry

For the external validation of our strategy, we synthesized 10
new chromone derivatives decorated at 2, 3 positions of the
exocyclic aromatic moiety of the carboxamide substituent and 6
position of the chromone nucleus (450—459) and inspected their
hMAO inhibitory activities and selectivity. The structures, phar-
macological profiles of all new synthesized chromones are reported
inTable 2, while the general synthetic strategy to get the majority of
the chromones is depicted in Scheme 1.

Recently Matos et al. [58] reported the hMAO inhibitory
activity of 15 new 3-arylcoumarin derivatives substituted at 2, 3,
4 and 5 position of the exocyclic aromatic ring and in the
C6 of the coumarin scaffold (460—475). These compounds
were also included into our external validation set. Table 2
reports the structures and hMAO inhibitory activities of these
coumarins.

2.11. General

All chemicals used during this research were purchased from
Sigma—Aldrich and were pro analysis grade.

'H, and ¥C NMR were obtained on a Bruker AMX 300 spec-
trometer, operating at 300.13 and 75.47 MHz, respectively, at room
temperature. Chemical shifts are expressed as 6(ppm) values relative
to tetramethylsilane (TMS) as an internal reference; coupling
constants (J) are given in Hz. The mass spectra (MS) were obtained
using a VG AutoSpec electron impact spectrophotometer and
recorded in m/z. Thin-layer-chromatography was carried out on
precoated silica gel 60 F254 plates with a layer thickness of 0.2 mm.
The spots were visualized under UV detection (254 nm). Normal or
flash column chromatography was performed using silica gel 60
0.2—-0.5 or 0.040—0.063 mm, respectively. Solvents were partially
evaporated using a Biichi Rotavapor.

The synthesis of the N-methyl-4-oxo-N-phenyl-4H-chromene-
2-carboxamide (450) was performed according the procedure
previously described by Borges et al. [22,24]. The structural data
was in accordance to that described elsewhere [82,83].

2.12. Synthesis of chromones 451, 452 and 457

The Fischer esterification reaction was performed following the
procedure by Borges and coworkers [84]. Accordingly, a solution of
the chromone carboxylic acid (5 mmol) in 75 ml of the alcohol,
containing 2 ml of H2SO4 conc., was refluxed for approximately
24 h. After cooling the solvent was partially evaporated and the
solution neutralized using NaHCOs (5%). After extraction with
diethyl ether, the organic phases were combined and washed with
water. The solution was dried over Na,SO4 anhydrous and the
solvent evaporated. The crude product was purified by flash
column chromatography.

2.12.1. Propyl-4-oxo-4H-benzopyran-2-carboxylate (451)

Column chromatographic conditions: silica gel 60 0.040—0.063
and chloroform.

Yield: 52%; 'H NMR (CDCl3): 1.05 (3H, t, ] = 7.4 Hz, CH,CH,CH3),
1.76—1.90 (2H, m, CH,CH,CH3), 4.37 (2H, t,] = 6.6, CH,CH,CH3), 7.13
(1H, s, H(3)), 7.46 (1H, ddd, J = 7.0, 7.7, 1.0 Hz, (H6)), 7.62 (1H, d,
J = 8.4 Hz, H(8)), 7.75 (1H, ddd, | = 8.4, 7.0, 1.6 Hz, H(7)), 8.21 (1H,
dd, J = 7.7, 1.6 Hz, (H5)); *C NMR(CDCl3): 10.8 (CHaCH,CHs), 22.3
(CH2CH2CH3), 68.9 (CH2CH2CH3), 115.2 C(3), 119.3 C(8), 124.9 C(4a),
126.2 C(5),126.4 C(6),135.2 C(7),152.7 C(8a), 154.2 C(2), 160.2 (COO
CH2CH2CH3), 179.0 C(4). EMJIE: 232 (M'**).

2.12.2. Propyl-4-oxo-4H-benzopyran-3-carboxylate (452)

Column chromatographic conditions: silica gel 60 0.040—0.063
and ethyl acetate/dichloromethane (1:9).

Yield: 60%; '"H NMR (CDCl3): 1.04 (3H, t, ] = 7.4 Hz, CH,CH,CH3),
1.75—1.84 (2H, m, CH2CH2CH3), 4.30 (2H, t, ] = 6.8 Hz, CH,CH2CH3),
7.39-7.47 (2H, m, H(6), H(8)), 7.68 (1H, ddd, J = 8.4, 7.0, 1.6 Hz,
H(7)), 8.27—8.30 (1H, m, H(5)), 8.66 (1H, s, H(2)); 1*C NMR: 10.3
(CH2CH;CH3), 21.8 (CHCH2CH3), 68.4 (CHpCH,CH3), 114.7 C(3),
118.7 C(8), 124.4 C(4a), 125.6 C(5), 125.8 C(6), 134.7 C(7),152.2 C(8a),
155.9 C(2), 160.5 (COOPr), 178.4 C(4). EMJIE: 232 (M**).
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Table 2

Chromones and coumarins used as the external validation set along with the observed and predicted inhibitory activity on hMAO-A and hMAO-B and selectivity.

O _Ry
R3 Rz
(o] hMAO-A hMAO-B hMAO-B selectivity
Obs. Pred.©  Obs. Pred. Obs. Pred.©
D R R, Ry plGsy C* 1-11 piCy € 12 13 14 15 16 ps¢ 17 18 19 20 21
450 CONCH3Ph H H <400 -1 -1 <400 -1 -1 -1 -1 -1 -1 0 -1 -1 -1 -1 -1 -1
451 COO(CH),CH; H H <400 -1 -1 445 -1 -1 -1 -1 -1 -1 >045 -1 -1 -1 -1 -1 -1
452 H COO(CH2)2,CH3 H <400 -1 -1 5.25 1 1 1 -1 1 1 >125 -1 -1 1 1 1 1
453 COOH H <400 -1 -1 <30 -1 -1 -1 -1 -1 -1 <-100 -1 -1 -1 -1 1 -1
454 H COOH c <400 -1 -1 <300 -1 1 1 -1 -1 1 <-1.00 -1 1 1 1 1 1
455 COOCH,CHs H <400 -1 -1 441 -1 -1 -1 -1 -1 1 >041 -1 -1 -1 -1 -1 -1
456 COOCH>CH3 H H <400 -1 -1 <400 -1 -1 -1 -1 -1 1 0 -1 -1 -1 -1 -1 -1
457 H COOCH2CH3 H <400 -1 -1 572 1 1 1 -1 -1 1 >1.72 1 1 1 1 1 1
458 CH,0OH H H <400 -1 -1 <400 -1 -1 -1 -1 -1 -1 0 -1 -1 -1 -1 -1 1
459 H CH,OH H <400 -1 -1 442 -1 1 1 -1 -1 -1 =042 -1 1 1 1 -1 -1
hMAO-A hMAO-B hMAO-B selectivity
Obs. Pred. Obs. Pred. Obs. Pred.

ID R Rz Rs Ra Rs piCsp C* 1 2 3 4 5 6 78 910 11 piCsp C* 12 13 14 15 16 pSId c® 17 18 19 20 21
460 OCH; H CHs3 H H <400 -1 -1 -1 -1 -1 -1 -1 1 -1 1 -1 -1 7.77 11 1 1-1-1>377 1 1 1 1 -1 -1
461 OCH; H H CH; H <400 -1 -1 -1 -1 -1 -1 -1 1 -1 1 -1 -1 882 1T 1 1 1 1 1>48 1 1 1 1-1-1
462 OH H H CH; H <400 -1 -1 -1 -1 -1 -1 -1 1 11 -1 -1 717 11 -1 1 -1-12>25 1 1 1 1-1-1
463 C;Hs0, H H CH; H <400 -1 1 -1 1 1-1 11 11-1-1526 1 1 1 1 1-1>126 -1 -1 -1 -1 -1 -1
464 CsHoO H H CH; H <400 -1 -1 -1 -1 -1 -1 -1 1 11 -1 -1 484 11 1 1 1-1>084 -1 -1 -1 -1 -1 -1
465 CH; H H CH; H <400 -1 -1 -1 1 -1 1 -11 11 -1 -1 951 11 1 1 1-1>51 1-1-1 1-1-1
466 CH5 H CH; H H <400 -1 -1 -1 1 -1 1-11 11 -1 -1782 1 1 1 1 -1-1>382 1 -1 -1 1-1-1
467 CH;3 H OCH; OCH; H <400 -1 -1 -1 -1 -1 -1 -1 1 -1 1 -1 -1 856 11 1 1-1-12>39% 1 1-1 1-1-1
468 CH; H Br OCH; H <400 -1 -1 -1 -1 -1 -1 -1 1 11 -1 -1 913 17-1-1 1-1-1>513 1 1 1 1-1-1
469 CH; H OCH; Br H <400 -1 -1 -1 -1 -1 -1 -1 1 11 -1 -1 849 1 1 1 1 1 1>449 1 1 1 1 -1 -1
470 CH; Br OCH; H OCH; <400 -1 -1 -1 -1 -1 -1 -11 11 -1 -1427 -1 -1-1-1-1-1>027 -1 1 1 1-1-1
471 CH; Br OCH; OCH; OCH; <400 -1 -1 -1 -1 -1 -1 -1 1 11 1 1 <400 -1 1 1 -1 -1 -10 -1 1-1 1-1-1
472 CH; H OH H H <400 -1 -1 -1 -1 -1 -1 -11 11 -1 -1 619 1 -1 1 1-1-1>173 1 1 1 1-1-1
473 CH; OH H H H <400 -1 -1 -1 -1 -1 -1 -1 1 11 -1 -1 6.92 1 1-1-1-1-13>22 1 1 1 1-1-1
474 CH; H GHs0, H H <400 -1 1 -1 1 1 1 11-11-1 1674 1-1 11 1-13>274 1-1-1-1-1-1

All pICso (—log ICso) values shown in this table are negative log-transformation of ICsq values. pICso < 4.00 and pICsp < 3.00 indicate inactive compound at 100 uM (highest
concentration tested) and 1 mM (highest concentration tested), respectively. pSI: selectivity to hMAO-B = plCsg (hMAO-B) — pICso (hMAO-A).

2 C: 1if pICsg > 4.70 and —1 if pICs < 4.70.
b C: 1if pSI > 1.70 and —1 if pSI < 1.70.

© It is referred to the prediction of the ligand class by each model (the models are identified by their numbers in Tables 4-6). The classification represented in bold means

unreliable prediction due to it is outside of the AD of the model.

d pSl is the selectivity to hIMAO-B and it is calculated as follow: pSI = plso(hMAO-B) — pICso(hMAO-A).

2.12.3. Ethyl-4-oxo-4H-benzopyran-3-carboxylate (457)

Column chromatographic conditions: silica gel 60 0.040—0.063
and petroleum ether/ethyl acetate (5:5).

Yield: 60%; 'H NMR (CDCls): 1.40 (3H, t, ] = 7.1 Hz, CHCH3),
4.36—4.44 (2H, m, CH,CH3), 7.30—7.51 (2H, m, H(6), H(8)), 7.71 (1H,
ddd, J = 8.4, 7.0, 1.6 Hz, H(7)), 8.26—8.30 (1H, m, H(5)), 8.67 (1H, s,
H(2)); '*C NMR (CDCl3): 14.7 (CH,CH3), 61.8 (CH,CH3), 113.4 C(3),
116.7 C(4a), 118.6 C(8),125.6 C(5),126.7 C(6),134.6 C(7),152.7 C(8a),
162.2 C(2), 163.7 COOH, 179.5 C(4). EM/IE: 218 (M**).

2.13. Synthesis of 6-cloro-4-oxo-4H-benzopyran-2-carboxylic acid
(453)

The reaction procedure was adapted from Hadjeri et al. [85].
Accordingly, ethyl-(6-cloro-4-oxo-4H-benzopyran)-2-carboxylate
(1.98 mmol) was added to a saturated solution of NaHCOs3;

(10 ml) and the reaction was kept at 80 °C for 3 h. After cooling the
solution was acidified with HCl conc., diluted into water and
extracted with ethyl acetate and dried with Na;SO4 anhydrous.
After evaporation of the organic phase the crude material was
purified by recrystallization from ethyl acetate.

Yield (5): 60%. '"H NMR (MeOH): 7.15 (1H, s, H(2)), 7.57 (1H, d,
J = 8.9 Hz, H(8)), 7.87 (1H, dd, J = 8.9, 2.5 Hz, H(7)), 8.30 (1H, d,
J = 2.5 Hz, H(5)). C NMR (MeOH): 112.9 C(3), 119.4 C(8), 124.1
C(4a),125.1 C(5),126.2 C(6),137.2 C(7),155.9 C(8a), 163.8 C(2),179.0
C(4). EMJIE: 226 (M* + 1).

2.14. Synthesis of 6-chloro-4-oxo-4H-benzopyran-3-carboxylic acid
(454)

A solution of NaClO, 80%, (17 mmol) in water (400 ml) was
added dropwise to a mixture of 6-chloro-3-formyl-4-oxo-4H-
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1) Diethyl oxalate, sodium ethoxide, EtOH; 2) sodium borohydride, EtOH; 3) sodium hydrogen carbonate, saturated aqueous solution; 4) conc. sulphuric acid, propanol;
5) phosphorus oxychloride, anhydrous DMF; 6) sodium chlorite, sulfamic acid, DCM, H,0; 7) basic alumina, 2-propanol; 8) conc. sulphuric acid, appropriate alcohol .

Scheme 1. General procedure for preparation of some of the chromones used as external set.

benzopyran (17 mmol) and sulfamic acid (22 mmol) in dichloro-
methane (22 ml) at 0 °C for 30 min. After reaction the organic layer
was separated and the aqueous layer was extracted with CHCls. The
combined organic phases were washed with water and brine, dried
over NaySO4 anhydrous and evaporated. The desire compound was
obtained by a recrystallization from n-hexane. The reaction
procedure was adapted from Ishizuka et al. [86].

Yield: 48%. 'TH NMR (CDCl3): 10.37 (1H, s, COOH), 9.02 (1H, s,
H(2)), 8.30 (1H, d, ] = 2.6 Hz, H(5)), 7.81 (1H, dd, ] = 8.97, 2.6 Hz,
H(7)), 7.63 (1H, d, ] = 8.97 Hz, H(8)). *C NMR (CDCl3): 113.3 C(3),
120.4 ((8), 124.2 ((4a), 125.8 C(5), 126.6 C(6), 136.5 C(7), 155.5
C(8a), 163.7 C(2), 164.2 COOH, 178.5 C(4). EM/IE: 226 (M* + 1).

2.15. Synthesis of chromones 455 and 456

Chromones were obtained following the technique of Walenzyk
et al. [87], with slight modifications. To a suspension of the
adequate 2’'-hydroxyacetophenone (a or b) (5.86 mmol) and diethyl
oxalate (11.9 mmol) in EtOH (10 ml) was added 10 mL of sodium
ethoxide solution (21% in ethanol). The formation of a solid occurs
instantaneously. The reactional medium was diluted with EtOH and
then neutralized with conc. HCI leading to the formation a white
precipitate that was filtered-off. The supernatant was partially
evaporated, extracted with ethyl acetate and dried over Na;SO4
anhydrous. The crude product was then purified by recrystalliza-
tion from ethyl acetate.

2.15.1. Ethyl-(6-cloro-4-oxo-4H-benzopyran)-2-carboxylate (455)

Yield: 70%; '"H NMR (CDCl3): 1.44 (3H, t, ] = 7.1 Hz, CH,CH3), 4.47
(2H, m, CH,CH3), 7.12 (1H, s, H(3)), 7.58 (1H, d, ] = 9.0 Hz, H(8)), 7.68
(1H, dd, J = 9.0, 2.5 Hz, H(7)), 8.15 (1H, d, J = 2.5 Hz, H(5)) >*C NMR
(CDCl3): 14.1 (CHCH3), 63.1 (CH,CH3), 114.6 C(3), 120.5 C(8), 125.1
C(4a),125.3 C(5),132.0 C(6),134.9 C(7),152.4 C(8a), 154.2 C(2),160.2
(COOEL), 177.2 C(4). EMJIE: 254 (M + 2), 252 (M**).

2.15.2. Ethyl-4-oxo-4H-benzopyran-2-carboxylate (456)

Yield: 75%. "H NMR (CDCls): 1.44 (3H, t, ] = 7.1 Hz, COOCH,CH3),
4.48 (2H, m, COOCH,CH3), 7.14 (1H, s, H(3)), 7.46 (1H, ddd, ] = 8.0,
7.1, 1.0 Hz, H(6)), 7.63 (1H, dd, ] = 8.3, 1.0 Hz, H(8)), 7.76 (1H, ddd,
J=8.6,7.0,1.6 Hz, H(7)), 8.21 (1H, dd, ] = 8.5, 1.6 Hz, H(5)). *C NMR
(CDCl3): 14.1 (CH,CH3), 63.0 (CH,CH3), 114.8 C(3), 119.0 C€(8),125.2
C(4a),125.7 C(5),125.9C(6),134.8 C(7),152.0 C(8a), 155.5 C(2),162.5
(COOEt), 178.5 C(4). EM/IE: 218 (M**).

2.16. Synthesis of 2-hydroxymethyl-4-oxo-4H-benzopyran (458)

To a suspension of ethyl-4-oxo-4H-benzopyran-2-carboxylate in
methanol (40 ml) an equimolar amount of NaBH4 was added
dropwise. The reaction was kept with stirring for 24 h. The solvent
was evaporated and the residue was extracted with ethyl ether. The
combined organic extracts were washed with water, HCI (1 M) and
NaHCO3 5% and dried over Na;SO4 anhydrous. After evaporation
the residue was purified by flash column chromatography (ethyl
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acetate/petroleum ether (5:5)), giving rise to the desire product.
The reaction procedure was adapted from Payard et al. [88].

Yield: 43%. MP: 167—172 °C. '"H NMR: 2.95 (1H,.t ['=6:7 Hz,
CH,OH), 4.62 (2H, d, ] = 6.3 CH,0H), 6.50 (1H, s, H(3)), 7.40 (1H,
ddd, J = 7.9, 7.0, 1.0 Hz, H(6)), 7.42 (1H, d, ] = 8.6 Hz, H(8)), 7.66 (1H,
ddd, J = 8.6, 7.0, 1.6 Hz, H(7)), 8.18 (1H, dd, ] = 8.5, 1.6 Hz, H(5)). *C
NMR: 61.534 (CH,0H), 108.4 C(3), 117.9 C(8), 123.9 C(4a), 125.2 C(6),
125.8 C(5), 133.8 ((7), 167.8 C(2), 156.2 C(8a), 178.5 C(4). EM/IE: 176
(M*)

2.17. Synthesis of 6-chloro-3-formyl-4-oxo-4H-benzopyran (c)

A solution of 2-hydroxy-5-chloroacetophenone (40 mmol) in
anhydrous N,N-dimethylformamide (80 ml) was stirred at —10 °C
for 30 min. Then POCl; (80 mmol) was added dropwise at —10 °C
during 1 h. The mixture was stirred at room temperature for 12 h
and poured into water (200 ml). After it was extracted with
dichloromethane and dried over Na;SO4 anhydrous. After evapo-
ration of the filtrate a yellow solid was obtained which was
recrystallized from n-hexane. The reaction procedure was adapted
from Zhao et al. [89].

Yield: 75%. '"H NMR (CDCls): 7.52 (1H, d, J = 8.9 Hz, H(8)), 7.71
(1H,dd, ] = 8.9, 2.6 Hz, H(7)), 8.26 (1H, d, ] = 2.6 Hz, H(5)), 8.55 (1H,
s, H(2)), 10.37 (1H, s, CHO); '3C NMR: 120.7 C(4a), 120.8 C(8), 126.1
C(5),126.7 C(3), 133.3 C(6), 135.5 C(7), 154.9 C(8a), 161.2 C(2), 175.3
C(4), 188.6 (CHO). EM/IE m/z: 208 (M* + 1).

2.18. Synthesis of 3-hydroxymethyl-4-oxo-4H-benzopyran (459)

A suspension of formylchromone (5.6 mmol) and basic Al;03
(20 g) in 2-propanol (200 ml) was kept, with stirring, at 75 °C for
4 h. The mixture was filtered by celite and the solvent evaporated.
The crude material was purified by flash chromatography (ethyl
acetate/petroleum ether (5:5) with gradient elution) and recrys-
tallized from ethanol. The reaction procedure was adapted from
Araya-Maturana et al. [90].

Yield: 48%.'"H NMR (CDCl3): 3.09 (1H, t, ] = 6.2 Hz CH,0H), 4.60
(2H, d, ] = 5.6 Hz, CH,0H), 7.96 (1H, s, H(2)), 744 (1H, ddd, ] = 7.9,
7.6,0.9 Hz, H(6)), 7.48 (1H, d, ] = 8.4 Hz, H(8)), 7.70 (1H, ddd, ] = 8.5,
7.0, 1.6 Hz, H(7)), 8.23 (1H, dd, J = 8.0, 1.6 Hz, H(5)). >C NMR
(CDCl3): 58.7 (CH20H), 118.3 C(8),123.1 C(4a), 123.8 C(3),125.3 C(6),
125.6 C(5) 134.0 C(7), 152.7 C(2), 156.6 C(8a), 178.6 C(4). EM/IE: 176
(M*e).

2.19. Determination of human MAO isoform activity and selectivity

The evaluations of the MAO inhibitory activity and calculation of
the selectivity profile were performed using the experimental

Table 3

protocol previously described [57]. These assays were developed at
Department of Pharmacology of the Faculty of Pharmacy of
University of Santiago de Compostela in Spain.

3. Results and discussion

The starting group of molecular descriptors stemming from the
Dragon software for the further development of the QSAR study
encompassed a total of 450 descriptors. To reduce the number of
dimensions to take into account for the cluster analysis without
losing much structural information, a PCA, implemented into
DRAGON software [60], was carried out.

In doing so, 73 principal components (PC) were calculated in the
PCA. However, judging from the magnitude (and significance p-
levels) of the F values, the first principal components of constitu-
tional descriptors (PC01-01), topological descriptors (PC02-01),
walk and path counts (PC03-01), connectivity indices (PC04-01),
information indices (PC05-01), 2D-autocorrelation (PC-06-01),
Burden eigenvalues (PC08-01), eigenvalue-based indices (PC10-01)
are the major criteria for assigning cases to clusters (see Table S2 of
the Supplementary material). Setting-up these conditions, the k-
MCA and JTC techniques yielded different clusters for each subset
(Table S2 of the Supplementary material). For the hMAO-A inhibi-
tion data, the k-MCA splits the inhibitor compounds in five clusters
comprising 90, 37, 38, 2 and 7 members and the non-inhibitory
compounds in six cluster including 78, 98, 35, 37, 27 members.
For hMAO-B inhibition data, the k-MCA splits the inhibitor
compounds in six clusters with 48, 121, 15, 75, 34 and 5 members
each other, while the non-inhibitory compounds in four clusters
including 59, 34, 38 and 20 members. Finally for the selectivity data
the k-MCA splits the hMAO-B selective compounds in four clusters
each one with 38, 47, 13 and 11 members and the non-selective
compounds in five clusters with 65, 23, 151, 84 and 17 members.

The selection of each test set was carried out by leaving out 20%
of compounds (specifically one chemical every four chemicals) in
each cluster after the cluster was sorted by the Euclidean distance
criterion. Table 3 reports the distribution data indicating the
number of inhibitors/non-inhibitors and selective/non-selective
compounds in training and test sets, whereas Fig. 3 reflects that it
is possible to obtain chemically balanced training and test sets.
From a structural perspective, the compounds inside all six datasets
(three training set and three test set) are highly diverse (Fig. 4). For
example, the chemical structures of the inhibitors in the hMAO-B
training set fall into at least seven classes, such as chalcones,
coumarins, chromones, thiazoles, pyrazoles, homoisoflavonoids
and flavonoid derivatives. Therefore, considering the limited
chemical diversity in the training set of previous MAO inhibition
QSAR models [11,19,27], this work provides a unique, large and

Data distribution indicating the number clusters for each subset and the number of compounds for each cluster. In addition Table 3 illustrates the number of inhibitors, non-

inhibitors and hMAO-B selective/non-selective compounds in the training and test sets.

Subsets No. of clusters Members® Training set Test set Total per row
hMAO-A Non-inhibitors 6 78,98, 35,37,27 220 55 275
Inhibitors 9; 90, 37,38,2,7 140 34 174
Total per column 360 89 449
hMAO-B Non-inhibitors 4 59, 34, 38,20 121 30 151
Inhibitors 6 48,121,15,75,34,5 239 59 298
Total per column 360 89 449
Selectivity" Non-selective 5 65, 23, 151, 84, 17 272 68 340
Selective® 4 38,47,13,11 88 21 109
Total per column 360 89 449

2 Number of compounds in each cluster.
b 1t referred to selectivity to hMAO-B.

€ It referred to the number of compounds that have ICso(hMAO-A)/ICso(hMAO-B) > 50.
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Fig. 3. Distribution representation of the number of compounds by chemical classes in training and test sets. The chemical classes were chalcones (chal), coumarins (coum),
chromones (chrom), hydrazine-thiazole derivatives (thiaz), pyrazoles (pyraz), homoisoflavonoids (homoisoflav) and flavonoids (flav).

diverse dataset for modeling hMAO inhibitory activity. All these
data were measured in one laboratory under strict experimental
control [57] and thus represent a valuable source for making QSAR
models with a broad applicability, which could be used prospec-
tively to predict possible inhibitory activity for diverse organic
compounds.

The first step to obtain the best predictive models derived from
the training sets, by combining LDA and RM along with the
DRAGON, MOE and TOPS—MODE structural representations, was to
select the most significant variables. Toward that end, the RM was
carried out as described in the Materials and Methods section. In
general, LDA models with Wilk's lambda (1) and ROCFIT values for
the training sets lesser of 0.74 and 3.20 respectively, were accepted.
As a consequence, several models were available for each target
response. To compare them, we calculated Model distances for
pairs of models based in their molecular descriptors [69,91]. These
distances take into account the correlation of the molecular
descriptors within and between models and allow us to cluster
similar models, catching the most diverse models in such a way as
to preserve maximum information and diversity. Due to the large
amount of statistical information of this procedure, here we only

100

show the best and different models derived from each molecular
descriptor set and for the three target response; hMAO-A inhibi-
tion, AMAO-B inhibition and selectivity to htMAO-B (SI) (Table 4 and
Table S4 of the Supplementary material). The meaning of each
descriptor included in such models is shown in Table S3 of the
Supplementary material.

According with the results shown in Table 4 several aspects can
be summarized.

The hMAO-A models (Model 1—-11) produce the best statistical
models. Indices like as; Matthews's correlation coefficient (0.71—
0.81 for the training set), accuracy (91.11%—85.83% for the
training set and 77.53%—88.64% for the test set) sensibility
(83.57%—90.00% for the training set and 73.53%—88.24% for the test
set) specificity (86.36%—93.18% for the training set and 83.64%—
90.91% for the test set) and precision (0.9 and 0.8 for training and
test sets, respectively) have the most high values while the ROCFIT
(0.34—0.90) parameters and Wilk’s lambdas (0.31-0.48) present
the most low values. The correlation matrix (Table S5 of the
Supplementary material) for each QSAR model also indicates low
correlation coefficients between the descriptors, which is desirable
in the development of QSAR models based on LDA.

95 o hMAO-B
o Selectivity
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Fig. 4. Comparison of the results from 3 database using the multiclassifiers vs independent classifiers.
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A comparison of the number of models generated to hMAO-A,
hMAO-B inhibitory activities and hMAO-B selectivity showed that,
the final model population for htMAO-A training set (11 models) is
higher than the hMAO-B (6 models) and selectivity (6 models)
datasets.

Among three descriptor sets used in combination with the LDA
classification method, DRAGON and MOE descriptors afforded
models with higher predictive power than those using TOPS—
MODE approach. The TOPS—MODE approach only gave models
with higher accuracy for the study of the hMAO-A inhibition
dataset.

Results of the Y-randomization test (Table S6 in Supplementary
material) suggest that all classification models using actual data
represent robust quantitative structure-activity correlations.
Indeed, none of the models built with randomized activities of the
training set had Ac > 60.00% and A < 0.97. Therefore, randomization
of values of the inhibitory activity and the selectivity produced no
significant models.

3.1. External validation for the QSAR models

In the optimization step of drug discovery the principal applica-
tion of the present developed QSAR models is the prediction of the
hMAQO inhibitory activity and hMAO-B isoform selectivity of ligands
that were not used in the model development. To evaluate the
prediction capability of our approach, we have considered an addi-
tional test set (external test set). This is formed by two chemical
classes, chromones and coumarins. The first one consists of 10 novel
chromone derivatives decorated at 2, 3 of the exocyclic aromatic
moiety of the carboxamide substituent and 6 position of the chro-
mone nucleus (450—459), which have been synthesized and biolog-
ically evaluated here for first time (Table 2). The second one involves
15 new experimentally tested coumarins on hMAO inhibition, which
were published after these QSAR models were developed [58].

The hMAO-A and hMAO-B inhibition data is reported in Table 2
together with the selectivity index (SI = ICsphMAO-A/IC50hMAO-B).
The Dragon, MOE and TOPS—MODE molecular descriptors of these
new 10 chromones and 15 coumarins have been used as input
matrix for the previously generated classifiers (1—21, Table 4). In

Table 5
The statistic extracted from the previous QSAR models, using the external set.

most cases, our QSAR models are able to assign the correct class for
the external set with at least 70% of accuracy (Table 5), being
considered as predictive models. No predictive models were also
obtained, for instance Model 16. These results confirm that the
validation of the QSAR model using an external test set is an import
part of the QSAR analysis [38]. Table 5 also shows that in some
models the predictive ability improves when the AD is considered
(e.g. model 15, 20, 21). The definition of the AD is useful in the
identification of chemicals that fall outside of it and for which the
model does less accurate predictions [77].

The best prediction performance is achieved by the hMAO-A
models. For example, models 2 excellently classify to the 100% of
the external set as hMAO-A non-inhibitors. By analyzing the
statistical class-base parameters, good values of accuracy have been
obtained for the hMAO-B classifiers (Ac > 76%), with the exception
of Model 16. The selectivity models give adequate accuracy results.
One out of five selectivity models only gives an accuracy of 76%, the
remaining ones only about 70%.

The 10 new chromones derivatives that were included in the
external validation set are an outcome of a diverse decoration of
chromone scaffold in three different positions. From the data, one
can conclude that some chromone derivatives show inhibitory
activity toward hMAO-B in the micromolar range. The most active
chromone 457 and 452 (ICso(hMAO-B) = 1.89 + 0.08 uM and
5.65 + 0.38 uM, respectively) have a carboxylic acid function in the 3
position of y-pyrone. Compound 457 also shows the highest htMAO-
B selectivity from the external set (SI > 52.91). All chromones in the
external set are inactive toward hMAO-A. From this chromone data,
and in accordance with recent published data of our group
[20,21,23], we can conclude that the same type of substitutions on
the position-2 of y-pyrone nucleus causes a total loss of hMAO-B
inhibitory activity (e.g. 451 vs. 452, 456 vs. 457, 458 vs. 459).

Our selectivity models are able to predict the selectivity toward
hMAO-B of the compound 457. But erroneously, most of them also
recognize the chromones 452 (models: 18—21), 454 (models: 17—
21) and 459 (models: 17—-19) as hMAO-B selective inhibitors
(Table 2), increasing the false positive rate of these single classifiers.
A possible explanation to this model fail could be the similar
structure of the false positive ligands and other selective ones, e.g.

D Subsets MD Se Sp Ac Se? Sp* Ac* Excluded chemicals
1 hMAO-A Dragon - 92.00 92.00 - 92.00 92.00 0
2 Dragon - 100.00 100.00 - 100.00 100.00 0
3 Dragon = 84.00 84.00 - 84.00 84.00 0
4 Dragon - 92.00 92.00 - 92.00 92.00 0
5 Dragon - 88.00 88.00 - 88.00 88.00 0
6 Dragon - 92.00 92.00 - 92.00 92.00 0
7 MOE - 40.00 40.00 - 100.00 100.00 15
8 MOE - 56.00 56.00 et 100.00 100.00 15
9 MOE - 40.00 40.00 - 76.92 76.92 12
10 TOPS-MODE - 96.00 96.00 - 96.00 96.00 0
11 TOPS-MODE = 92.00 92.00 = 92.00 92.00 0
12 hMAO-B Dragon 86.67 70.00 80.00 86.67 70.00 80.00 0
13 Dragon 86.67 70.00 80.00 86.67 75.00 8261 2
14 Dragon 80.00 80.00 80.00 80.00 77.778 7917 1
15 MOE 53.33 90.00 68.00 63.64 90.00 76.19 4
16 MOE 20.00 60.00 36.00 25.00 60.00 4091 3
17 Selectivity Dragon 75.00 69.23 72.00 75.00 69.23 72.00 0
18 Dragon 66.67 69.23 68.00 66.67 69.23 68.00 0
19 Dragon 91.67 61.54 76.00 91.67 61.54 76.00 0
20 MOE 8.33 76.92 44.00 100.00 66.67 70.00 15
21 MOE 8.33 76.92 44.00 100.00 66.67 70.00 15

MD: the program used to calculate the Molecular Descriptors. Se: sensitivity (true positive rate), Sp: specificity (true negative rate), Ac: accuracy.
@ It referred the statistics but considering the applicability domain of the model determined by the William's plot.

113



FCUP

Chromone: a valid scaffold in Medicinal Chemistry

86 A.M. Helguera et al. / European Journal of Medicinal Chemistry 59 (2013) 75—-90

457 vs. 452 (Table 2). It is interesting to note, that 452 is not
selective to hMAO-B, however it is considered by our selectivity
models as hAIMAO-B inhibitor (models: 18—21 in Table 2).

The other 15 chemicals in the external set are the result of
several substitutions in 5 different positions, explored to improve
their selectivity [58]. Many of them display high hMAO-B inhibitory
activity and selectivity with ICsyp values in nanomolar range. It
confirms that the coumarin nucleus is an attractive scaffold in the
MAO inhibitor development, which has been extensively explored
to this end [33].

The analysis of the experimental and predicted data of the
external set containing coumarins by the above mentioned models
supports that the AD definition is essential. For instance, all the
compounds excluded from the AD of models 7, 8, 9, 20 and 21
(Tables 2 and 6) are coumarin derivatives and most of them were
bad predicted by these classifiers. Then considering the AD of the
models, it is noteworthy how most of the selective coumarins in the
external set are correctly classified. Some exceptions, regarding the
quality of the potency and selectivity predictions are represented
for coumarins 468 and 473. Surprisingly, the majority of the models
wrongly predicted them as hMAO-B non-inhibitors (e.g. coumarin:
468 and models: 12, 13 and 15, 16) and then they were perfectly
predicted as selective against htMAO-B.

In conclusion, it is indispensable to consider AD of the model in
order to make reliable predictions. The comparison of all experi-
mental data with the predicted pharmacological activities by
hMAO-A, hMAO-B and selectivity models on the external set
demonstrated in general, the good prediction performance of our
individual models. However a logical combination of these indi-
vidual models could improve the theoretical predictions.

3.2. Structural interpretation of the hMAO-B selectivity

The structural interpretation of all models involved in the
modeling of three endpoints is a very hard task. So, we only analyzed
descriptors with high frequency found in validated hMAO-B selec-
tivity models to elucidate the chemical features that may be
responsible for hMAO-B selectivity. The selectivity calculations were
performed based on reliable experimental data (see Section Materials
and methods). Table 6 lists the top 11 most frequent descriptors found
in three validated and different Dragon and two MOE models with
both accuracies of training and test sets greater than 74%.

In fact, it is expected that the descriptors selected by the most
validated and different models should be critical chemical deter-
minants of the respective biological activity. Among all descriptors
families, the contributions of shape descriptors were found to be
significant, suggesting a high importance of steric factors in the
enzyme selectivity [92].

Thus, the shape-related Dragon/MOE most frequent descriptors
in Table 6 are associated with van der Waals volumes or areas,
such as MATS3v, PEOE_VSA + 1 and Q_VSA_FNEG and one is
related with self-returning walk count of order 5 (SRWO05). The
latter is closely related with the presence of five member rings in
the chemical structure and it was found that the presence of these
rings occurs predominantly in non-selective ligands. This finding
is in agreement with the previous SAR results obtained with
a series of N1-thiocarbamoyl-3,5-di(hetero)aryl-4,5-dihydro-(1H)-
pyrazole derivatives [52] where the simultaneous presence of
heteroaromatic substituents in 3- and 5-position of the pyrazoline
ring (e.g. compounds 379, 380, 384 and 385, Table S1 of the
Supplementary material) leads to a decrease in the potency and
selectivity for the hMAO-B activity.

Consistently, three of the most frequent descriptors are based on
the counting of atom-centered fragments, C-019 and of chemical
functional groups, nArCO and nCrs, and bonds (b_1rotN). The first
one (C-019) describes the =CRX fragment (Table 7), where R
represents any group linked through carbon; X represents any
electronegative atom (O, N, S, P, Se, halogens) and = represents
a double bond. This fragment is included mainly in non-selective
ligands (Table 7) and it is in correspondence with experimental
evidences. For instance, Borges et al. found that chromones with
substituents at the position 2 of y-pyrone nucleus (e.g. chro-
mone76, Table 7) in general gives rise to a total loss of activity while
the same type of substitutions at the position 3 of y-pyrone nucleus
act preferably as hMAO-B inhibitors and are hMAO-B selective
[20,23]. In addition, Santana et al. also found that coumarins with
electronegative groups substituted at the position 3 of y-pyrone
nucleus (e.g. coumarin 102, Table 7) decrease the hMAO-B selec-
tivity [28]. In contrast to previous referred descriptor, the chemical
group that represents to aromatic ketones (nArCO) can be mapped
onto selective and non-selective molecules. However, it can be
found predominantly in selective ligands, especially in compounds
260—294 (Table S1 of the Supplementary material). These 35
chemicals belong to the homoisoflavonoid family, of which 19 are

Table 6
Symbols and definitions of more frequent variables in selectivity models.
Symbols Means Frequency Total
hMAO-A hMAO-B Selectivity
Dragon
nCrs Number of ring secondary C(sp3) 0 0 3 3
AMW Average molecular weight 0 0 2 2
C-019 =CRX, where R represents any group linked through carbon; X represents any electronegative 0 3 2 )
atom (O, N, S, P, Se, halogens) and = represents a double bond.
GATS3p Geary autocorrelation — lag 3/weighted by atomic polarizabilities 0 0 2 2
MATS3v Moran autocorrelation — lag 3/weighted by atomic van der Waals volumes 1 0 2 3
nArCO Number of ketones (aromatic) 0 0 2 2
SRWO05 Self-returning walk count of order 05 0 0 2 2
MOE
b_1rotN Number of rotatable single bonds. Conjugated single bonds are not included (e.g., ester and peptide bonds) 0 1 2 3
GCUT_PEOE_2 The GCUT descriptors are calculated from the eigenvalues of a modified graph distance adjacency matrix. 0 0 2 2
Each ij entry of the adjacency matrix takes the value 1/sqr(dij) where dij is the (modified) graph distance
between atoms i and j. The diagonal takes the value of the PEOE partial charges. The resulting eigenvalues
are sorted and the smallest, 1/3 ile, 2/3-ile and largest eigenvalues are reported.
PEOE_VSA + 1 Sum of vi where qi is in the range [0.05,0.10]. 0 0 2 2
Q_VSA_FNEG  Fractional negative van der Waals surface area. This is the sum of the v; such that g; is negative divided 0 0 2 2

by the total surface area. The v; values are calculated using a connection table approximation.

In bold is marked the variable frequencies. Frequency is the number of times each descriptor occurred in the 5 validated and different selectivity models (Table 5).
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Table 7

Structural representation of counting of atom-centered fragments and of chemical functional groups.

Descriptors Structural representation
of the descriptors

Example of compounds

C-019: =CRX X R

T

(76) chromone

Chemicals 76, 102 and 402 (C-019 = 1). Non-selective ligands

(102) coumarin (402) flavonoid

Chemicals 270 (nArCO = 1). Selective ligand

(270) homoisoflavonoid

nArCO: number Y
of ketones
(aromatic) >=O

Ar

Y = Al or Ar
nCrs: number Y Y Y C
of ring secondary \c/ \c/
C(sp3) C/ \C C/ \Y

_0O

Y: H or any heteroatom

Chemical 343 (nCrs = 4). Selective ligand

S N=—
IN/>\NH /

(343) hydrazine

R: any group linked through carbon; Al: aliphatic chain linked through carbon unless otherwise stated; Ar: aromatic ring linked through carbon unless otherwise stated; X: O,

N, S, P, Se, halogens.

selective ligands and 16 are non-selective. It is interesting to note
that exactly the similar behavior presents nCrs and b_1rotN
descriptors, which represent number of ring secondary C(sp3) and
rotatable single bonds, respectively. They can be found in selective
and non-selective ligands.

Another molecular descriptor that was frequently present was the
average of molecular weight (AMW), Geary autocorrelation — lag 3/
weighted by atomic polarizabilities (GAT3p) and descriptors calcu-
lated from the eigenvalues of a modified graph distance adjacency
matrix, weighted with partial charges (GCUT_PEOE_2).

The results of more frequent descriptors analysis reinforce our
knowledge of the subtype selectivity and may potentially provide
important hints useful in the design of hMAO-B selective inhibi-
tors. In addition to that, these molecular descriptors were derived
from molecular structure using low computational resources,
making them very attractive and widely used in Medicinal
Chemistry [25].

3.3. Consensus predictions of inhibition activity (pICsg) and hMAO-
B selectivity for compounds used as test sets and external validation
set for the hMAO ligand datasets

Even though the predictive ability of individual models was, in
general, good, we have applied the model consensus in an attempt to
improve the accuracy on the predictions. By this method, the best
classifiers (Table 4) were combined to create more useful multi-
classifiers. The multi-classifier accuracy achieved by using different
subsets of individual classifiers and different output combination
(majority vote, weighted majority vote and Naive Bayes) is shown in
Table 8. To evaluate the prediction capability of these combinatorial
QSAR approaches, the test set and an additional test set (external set,
Table 2), consisting of 10 novel chromone derivatives (450—459) and
15 coumarins (460—475) were considered.

hMAO-A inhibition. Two single classifier combinations resulted
to this set, identified in Table 8 as (1 +2 + 5 + 8 + 9 + 10) and
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Table 8

Multiclassifier accuracy results using different subsets of single classifiers and different output combination.

Biological activity Sets Single classifier

Single classifier results Multiclassifier results

combinations®

Max result” Majority vote Weighted majority vote Naive Bayes
Unanimity Simple Plurality
hMAO-A Test set 1+2+5+8+9+11 87.64 (88.64) 89.89 89.89 89.89 86.52 88.76
14+2+5+8+9+10 87.64 (88.64) 88.76 88.76 88.76 89.89 89.89
Externalset 1 +2 +5+ 8 + 9+ 11 100 76.00 80.00 (95.24) 96.00 96.00 96.00
(100.00)
1+2+5+8+9+10 100 76.00 80.00 96.00 96.00 96.00
(100.00) (100.00)
hMAO-B Test set 13 +14 78.65 (79.31) 86.52 86.52 86.52 61.80 (91.67) 82.02
12 +13 + 14+ 16 82.02 (82.76) 84.23 (86.21) 85.39 84.23(86.21) 57.30 (86.44) 86.52
External set 13 + 14 80 (82.61) 72.00 (85.71) 68.00 (89.47) 72.00(85.71) 80.00 88.00
12 +13 + 14+ 16 80 (82.61) 20.00 (83.33) 68.00(89.47) 84.00(87.50) 84.00 88.00
hMAO-B Test set 18 + 19 85.39 (85.23) 89.89 89.89 89.89 41.57 (97.37) 86.52
selectivity 18 + 21 80.90 86.52 86.52 86.52 86.52 (87.50) 86.52
17 +18 + 19 + 21 85.39 (85.23) 88.76 88.76 88.76 26.97 (92.31) 89.89
External set 18 + 19 76.00 64.00 (76.19) 64.00 (76.19) 64.00(76.19) 68.00 68.00
18 + 21 68.00 (70.00) 64.00 (69.56) 24.00 (75.00) 64.00 (69.56) 68.00 72.00
17 +18 +19 + 21 76.00 60.00 (83.33) 64.00 (76.19) 68.00 68.00 68.00

In brackets are the accuracies, taking into account the application domain of the single classifiers.
2 It only showed the best single classifier combinations. The numbers of this column mean the identification code of the classifier (ID) showed in Table 5.
b It is the best accuracy obtained from the single classifiers that combined to form the multiclassifier.

(1 +2+5+ 8+ 9 + 11). Both combinations of the individual
models have a max accuracy of 89.89% for the test set and 100%,
considering the AD, for the external validation set. In the test set
case our multiclassifiers achieved higher accuracy than individual
classifiers (87.64%), while in the external set case, the accuracy of
the multiclassifiers was only the same to the single classifier when
the AD was taken into account.

hMAO-B inhibition. Like to hMAO-A inhibition, two best combi-
nation of single models were obtained to the hMAO-B dataset
(13 + 14) and (12 + 13 + 14 + 16). The best classifications of indi-
vidual models and their combinations are given in Table 8 for test
and external sets. To the test set, our multi-classifiers got better
accuracy than single classifiers (i.e. (13 + 14) combination: from
78.65% t0 86.52% and (12 + 13 + 14 + 16) combination: from 82.02%
to 86.52%). If the AD of the single models is taken into account, then
it greatly increased (from 79.31% to 91.67%). To the external set the
accuracy of multi-classifiers was higher than single classifiers if the
AD is considered. However, when the Naive Bayes consensus
pattern was used as combination of individual models (without
consider the AD), the accuracy of both multi-classifiers increased to
88.00%.

hMAO-B selectivity. To this dataset, three combinations of indi-
vidual models (18 + 19; 18 + 21; 17 + 18 + 19 + 21) were
considered as the best ones. Generally to the test set the multi-
classifiers have higher accuracy than the individual models
(Table 8). In contrast, the combinations perform poorly for the
external set, but this scenario changes when the AD is considered.
Particularly, when the unanimity consensus pattern is used as
combination of individual models and the AD of single models is
also taken into account, the accuracy of one multi-classifier
(17 + 18 + 19 + 21) increased from 60.00% to 83.33%. In the
unanimity consensus pattern a prediction is given if all models are
in agreement.

To summarize, Fig. 4 shows the comparisons between the
proposed QSAR models combinations and the best results of the
single classifiers, considering the test set predictions. Each dot
represents a comparison: if the point lies above the line means that
our multi-classifiers achieved higher accuracy than individual
classifiers. Thus, in general combinations of multiple classifiers
have been found to be consistently more accurate than a single
classifier, increasing our chance for success. In addition it important

to consider the AD definition for the single classifiers, due it
improves the predictions of them and their combinations. These
results confirm the importance of employing the combinatorial
QSAR approach to reach the goal of finding the most predictive
QSAR method/descriptor combination for each specific dataset.

4. Conclusions

This work provided a unique, large and diverse dataset for
modeling hMAO inhibitory activity. All these data were measured in
one laboratory under strict experimental control, so they represent
a valuable source for making QSAR models with a broad applica-
bility. On this database, a novel classifier combining 0D, 1D and 2D
molecular descriptors along with Linear Discriminant Analysis and
the Replacement Method as the variable selection method was
presented as a powerful tool for the prediction of hMAO-A and
hMAO-B inhibitory activities and to infer about the selectivity
toward hMAO-B of new chromones derivatives. Twenty one
statistically meaningful and structurally diverse models have been
generated from the same training set by using different endpoints:
hMAO-A inhibition, hMAO-B inhibition and selectivity toward
hMAO-B, and positive results were achieved in the validation
procedure. The interpretation of the models allowed derivate some
chemical features, which can be considered important in the
hMAO-B selectivity. For instance, the presence of five member rings
or the =CRX fragment (R: any group linked through carbon; X:
electronegative atom and =: double bond) in the chemical struc-
ture decreases the selectivity. The predictive ability of individual
model was acceptable, but the combinatorial QSAR approach
improved our predictive results. Thus the application of individual
models and especially, their combinations were able to assign with
acceptable accuracy the hMAO inhibitory activity and selectivity of
an external set, conformed by 10 new chromones derivatives
described here for first time and 15 coumarins, recently reported in
the literature.

The QSAR methodology presented in this paper reflects recent
progress made in our groups toward successful QSAR modeling of
human MAO inhibition. All models and their combinations used in
our study are available on request of the Medicinal Chemistry
Community.
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Synthesis and NMR studies of novel chromone-
2-carboxamide derivatives

Alexandra Gaspar, b Fernando Cagide,” Elias Quezada,® Joana Reis,”
Eugenio Uriarte® and Fernanda Borges®*

Chromones are heterocyclic compounds of natural or synthetic origin that possess relevant pharmacological activities. Versatile
functionalization of the chromone nucleus allows attaining of a chemical diversity suitable to perform structure-activity relation-
ships in drug discovery and development programs. Accordingly, the synthesis and identification of novel chromone carboxamide
derivatives with electron-donating and electron-withdrawing substituents in different positions of the exocyclic ring are
reported in this work. Their complete structural characterization was performed using one-dimensional and two—dnmensuonal
resonance techniques. The data acquired are useful for a prompt analysis of related compounds that encompass our integ
medicinal chemistry sketch. Copyright © 2013 John Wiley & Sons, Ltd.

Keywords: synthesis; chromone carboxamides; 'H NMR; '*C NMR; HMQC; HMBC

Introduction Method A

To a solution of chromone-2-carboxylic acid (1.1 mmol) in
dimethylformamide (1.5 ml), phosphoryl chloride (POCl5; 1 mmol)
was added. The mixture was stirred at room temperature for
30min with the in situ formation of the corresponding acyl
chloride. Then, the aromatic amine with the pretended aromatic

Chromones are benzannulated oxygen-containing heterocyclic
compounds widely distributed in nature that have a y-pyrone
ring. In fact, the chemical core of chromone has an important
place in the realm of natural products, in synthetic organic chem-
istry, and in drug discove rograms because of its particular 5 s
str?llctural featurgs and dinrsZ p%\armacological prope’:ties. The pattgrn wasadded. The systemwas hgated 19 160°C.for-3 .mm n
importance of the chromone nucleus is well recognized not only a ‘microwave/ apparatus, ‘and; the, mixture; was .poured Into 2
by the development of new and improved synthetic methods!"? beaker, and water was added. The formed solid was filtered

but also by their application in medicinal chemistry programs.”’ anz_?;;feti t;y rzcrgslt:!!zitlc-):H(iH;glZ/n;h:i(;ne),.b xamide (1):
The chromone scaffold has emerged as a privileged structure SLNONYPCHy = 0XO CIEORYI il -CarJoNanIae (st

1 10/ . +.
for drug discovery because of the versatile pharmacological pro- Yield'90%; EIM5:{m/z}:295 (M,100); 266 (20); 191 141),89/(33)
file and good drug-like properties.># Besides anti-asthmatic, 57 (3).
anti-inflammatory, anticoagulant, anticancer, and antimicrobial N:(3:Methioxyphenyi)4-oxos4ti-benzopyran2:carboxamide: (2)
e 3 s s 9 ! £ : Yield 65%; EIMS (m/z): 295 (M™, 15), 294 (100), 266 (13), 89 (2),
activities, their application for neurodegenerative diseases, such

7 SR B 5 57 (8).
as Parkinson, was recently highlighted.*™' In fact, the versatile y
functionalization of chromone allows attaining chemical diversity N-(2-Bromaphenyl)-4:0x0-4li:0enzopyran.2-cdrooxamide (4)

. L ) ) 3 ) Yield 45%; EIMS (m/2): 345 (M +2, 8), 344 (6), 343 (M™, 8), 342
suitable in either improving the pharmacological profile or dis-
" x s oo . " " (4), 264 (100), 121 (8), 89 (40), 63 (8).
covering new biological applications. Therefore, in a continuation .
of our previous studies in the development of novel small-mole N:{S-Bromiopheny)-4:0x0:4H:0enzopyran:2-carboxanilde|(5)
P 2 Yield 60%; EIMS (m/2): 345 (M +2, 22), 344 (100), 343 (M*, 22),
cule agents to address the therapeutic needs of neurodegenera-

tive diseases,’® the synthesis of novel chromone carboxamide 342 (100);:316/(14);.314/(15), 89 (32), 63 (6):
derivatives with electron-donating and electron-withdrawing
substituents in different positions of the exocyclic ring (Fig. 1)
was performed. The selected compounds were appropriate for ~ To a solution of the chromone-2-carboxylic acid (1 mmol) in
a complete identification by 1D and 2D NMR techniques and  dimethylformamide (2.5 ml) at 4°C was added a solution of benzo-
for data extrapolation for other chromone derivatives of our triazol-1-yl-oxytripyrrolidinophosphonium  hexafluorophosphate
library, speeding up the structure-activity studies of the medici-

nal chemistry program.

Method B

* Correspondence to: Fernanda Borges, Departamento de Quimica e Bioquimica,
Faculdade de Ciéncias, Universidade do Porto, Rua Campo Alegre 687, 4169-007

. Porto, Portugal. E-mail: fborges@fc.up.pt
Experimental

. a CIQUP/Departamento de Quimica e Bioquimica Faculdade de Ciéncias,
Synthesis Universidade do Porto, Porto, 4169-007, Portugal

The chromone derivatives were synthesized by two synthetic  , pepartamento de Quimica Orgdnica, Facultad de Farmacia, Universidad de
approaches, previously developed by our group.*® Santiago de Compostela, 15782, Santiago de Compostela, Spain
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Figure 1. Structure of the chromone carboxamide derivatives.

(1 mmol) in CH,Cl, (2.5 ml). The mixture was kept in an ice bath and
stirred for 30 min. Then, the substituted aromatic amine was added,
and the mixture was allowed to warm up to room temperature. The
reaction was kept with stirring for 4 h. Work-up of the crude mate-
rial was performed by a liquid-liquid extraction (CH,Cl,), followed
by flash chromatography (CH,Cl,/MeOH) and final purification by
recrystallization (ethyl acetate/n-hexane).
N-(4-Methoxyphenyl)-4-oxo-4H-benzopyran-2-carboxamide (3)
Yield 85%; EIMS (m/2): 296 (14), 295 (M*, 100), 294 (30), 266 (15),
173 (13), 145 (10), 122 (68), 95 (17), 89 (22), 71 (10), 69 (11), 57 (15).
N-(4-Bromophenyl)-4-oxo-4H-benzopyran-2-carboxamide (6)
Yield 70%; EIMS (m/2): 345 (M+2, 48), 344 (38), 343 (M™, 49),
342 (28), 145 (20), 89 (100), 63 (21).

NMR spectroscopy

'H and '*C NMR spectra of the samples, approximately 10%
solutions in deuterated dimethyl sulfoxide, were recorded at room
temperature in 5-mm-outer-diameter tubes. TMS was used as inter-
nal standard, and chemical shifts are expressed in parts per million
(8) and J in hertz. 1D "*C NMR was recorded on a Bruker AMX 500
(Billerica, MA) NMR spectrometer operating at 125.77 MHz, typically
with a 30° pulse flip angle, a pulse repetition time of 4.8s, and a
spectral width of 31.250Hz with 32K data points. For the DEPT
sequence, the width of the 90° pulse for '*C was 4 s, and that of
the 90° pulse for 'H was 9.5 jis; the delay 2Jcy was set to 3.5ms.
One-bond HMQC spectra were recorded on a Bruker AMX 500
spectrometer using a pulse sequence that allowed gradient selec-
tion (Bruker programs INV4GS and INVGSLPLRND). The spectra
were collected in the t; domain in 256 experiments with 2K data
points and spectral widths of 5.050 and 27.669 Hz in the F, ('H)
and F, (**C) dimensions, respectively. The relaxation delay D, was
set to 2s. The data were processed using sine-bell weighting
functions in both dimensions.

EIMS were carried out on a VG AutoSpec (Fison, Ipswich,
United Kingdom) instrument; the data are reported as m/z
(percentage of relative intensity of the most important fragments).

Microwave-assisted synthesis was executed in a Biotage®
Initiator Microwave Synthesizer (Uppsala, Sweden).

Results and Discussion

The chromone carboxamides were obtained following the syn-
thetic strategies outlined in Scheme 1. Briefly, method A includes

an attempt to accelerate the synthetic process by the application
of a microwave-assisted process via acyl chloride. In this methodol-
ogy, the formation of the acyl chloride intermediate was attained
by the reaction of the chromone-2-carboxylic acid, with phospho-
rus oxychloride. The chromone carboxamide was synthesized by
taking advantage of a microwave reactor involving a condensation
reaction between the previously mentioned intermediate and the
aniline derivative. On the other hand, method B is based on the
activation of the carboxylic acid function under mild reaction
conditions using the coupling reagent benzotriazol-1-yl-oxytripyr-
rolidinophosphonium hexafluorophosphate. The in situ generated
intermediate reacts with the appropriate aniline derivative, giving
rise to the target chromone. It is noteworthy that the microwave-
assisted reaction of the products was finished in a short time with
a low-price reagent and easier work-up.

The complete structural characterization of the six synthesized
compounds was achieved by the combined use of 1D and 2D
NMR techniques, such as HMQC and HMBC. The 'H and '*C
chemical shifts (d) and coupling constants, obtained for 1-6
(Fig. 1) as well as the HMBC '*C-'H correlations, allowing
unambiguous assignments of all carbons and hydrogen atoms,
are depicted in Tables 1 and 2.

The structure of 1 (Fig. 1) was assigned through a detailed
analysis of 2D NMR experiments. The signals of the protons at
carbons 3 and 5-8 were easily assigned by their chemical shift
(0), multiplicities, and direct correlation (HMQC) between the
protons and their direct attached carbons. H-5 disclosed a long-
range correlation (HMBC) with C-7 and with two quaternary car-
bons at ¢ =155.48 and 177.73 ppm. These signals were attributed
to carbons 8a and 4, respectively, because of their distinct chem-
ical environment. H-8 displayed a direct correlation with C-6, C-
8a, and a quaternary carbon at d =124.11 ppm that was assigned
to C-4a. From the HMBC experiments, it was verified that the H-3
signal shows a long-range correlation with those of C-4, C-4a, and
also two carbons, one at ¢ = 155.86 ppm, assigned to C-9, and the
other at d=157.82 ppm, assigned to C-2. The data were con-
firmed by a long-range correlation between the N-H proton
and a tertiary carbon at 6 =124.27 ppm, assigned to C-6/, and a
quaternary carbon at =151.75 ppm, assigned to C-2" and with
C-2. Furthermore, the C-2' chemical shift assignment was also
confirmed by a long-range interaction with the methoxyl pro-
tons. H-6" exhibits a correlation with the quaternary carbon C-2/,
a tertiary carbon at § =127.21 ppm, assigned to C-4/, and a qua-
ternary carbon &=125.73 ppm, assigned to C-1'. Finally, the '*C

wileyonlinelibrary.com/journal/mrc

Copyright © 2013 John Wiley & Sons, Ltd.

Magn. Reson. Chem. 2013, 51, 251-254

121



Structural elucidation of chromone-2-carboxamides

Chromone: a valid scaffold in Medicinal Chemistry

Magnetic
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Method B

4°C/30 min
DMF

Aniline derivative
w4h
(o}
|

Method A
/30 min

O._COcCl

Aniline derivative

- 160°C/ 5 min
CONH \\
R
R=OCH, or Br

Scheme 1. Synthetic strategies used for the obtention of chromone carboxamide derivatives.

NMR signal carbons at 6=112.04 and 120.90 were assigned to
C-3" and C-5/, respectively. This was performed on the basis of
HMBC data that indicate a long-range correlation of the H-5 with
C-1" and C-3'. Moreover, for H-3/, a long-range correlation be-
tween the tertiary carbon C-5' and the quaternary carbons C-1
and C-2' was observed.

The structure of 2 (Fig. 1), particularly the carbons of the
chromone carboxamide structure (2, 3, 4, 4a, 5, 6, 7, 8, 8a, and

9), was assigned by the same approach as described for 1. The
methyl protons exhibit a long-range interaction with a carbon
at 6=159.93 ppm, which was assigned to C-3'. The '*C NMR
signal detected at d=107.20 ppm was readily attributed to C-2'
by the HMQC experiments. By analysis of the HMBC results, it
was observed that H-2' correlates with the quaternary carbon
C-3' and a quaternary carbon with d=139.17 ppm, assigned to
C1'. In addition, a correlation was detected for the H-2' with

Table 1. 'H and ">C chemical shifts and HMBC correlations for 1-3
1 2 3

H Be HMBC® He e HMBC® THe 3¢ HMBC®
2 —_ 157.82 —_ — 15817 — — 157.75 —
3 6.92 (s) 1114 C2,C4,C4a,C9  6.96 () 111.54  C2,C4,C4a C9 6.94 (s) 111.35 C2, C4, C4a, C9
4 —_ 177.73 —_ —_ 177.76 —_ —_ 177.77 —_
4a — 12411 —_ —_ 124.15 —_ —_ 12414 —_
5 8.07 (d, 7.8) 12543 C4,C7,C8a 8.06 (d, 7.8) 12539 (C4,C7,C8a 8.06 (d, 8.8) 125.39 C4,C7, C8a
6 7.55 (m) 126.62 C4a, C8 7.55 (m) 126.59 C4a,C8 7.54 (m) 126.55 C4a, C8
7 7.90 (m) 135.53 C5, C8a 7.91 (m) 13550  C5,C8a 7.91 (m) 135.47 C5, C8a
8 7.82 (m) 119.42 C4a, C6, C8a 7.84 (d, 7.8) 119.49  (4a, C6, C8a 7.82(d, 8.8) 119.45 C4a, C6, C8a
8a — 155.48 — — 155.60 — — 155.62 —
9 - 15586 — - 156.08 — - 156.31 -
1 — 125.73 — — 13917 — — 130.94 —
2! —_ 151.75 —_ 7.45 (s) 107.20 c1’,C3, ¢4, ce 7.70 (d, 8.8) 123.15 Ccv,c4,ce
3 7.14 (d, 7.8) 11204 CV,C2,CY — 159.93 — 6.97 (d, 8.8) 114.40 CY;ca,cs'
4 7.24 (m) 127.21 Cc2, ce 6.77 (d, 8.8) 110.93 G2, G3L:Gh — 156.87 —
5 7.00 (m) 12090 CV,C3 7.31 (m) 130.10 C1,C3 6.97 (d, 8.8) 114.40 €,c3ica
6 7.82 (m) 124.27 G c2% cal 7.39 (d, 8.8) 11368 CV,C2,C4 7.70 (d, 8.8) 123.15 €, C2, ¢
CHs0 3.88 (s) 56.34 c2 3.76 (s) 55.58 3 3.75(s) 55.68 4
NH 10.01 (br) - C2,C2, ce 10.68 (br) — C2,C2, C6 10.64 (br) - C2,C2, ce
2Chemical shifts & in parts per million (multiplicity, J in hertz); solvent: dimethyl sulfoxide.
bCarbons coupled to the corresponding H atom.

Magn. Reson. Chem. 2013, 51, 251-254
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Table 2. 'H and '*C chemical shifts and HMBC correlations for 4-6

4 5 6

W B¢ HMBC® W 3¢ HMBC® W B¢ HMBC®
2 = 15847  — = 15843  — - 15832 —
3 6.95 (s) 11169  C2,C4,C4a,C9 697 (s) 11173 C2,C4,C4a, C9 6.97 (s) 11166  C2, C4, C4a, C9
4 — 17768  — — 17772 — — 17773 —
4 — 12414 — — 12415  — - 12415 —
5 808(d, 88) 12547 (4,C7,C8a 807 (m) 12543  C4,C7,C8a 807(d,7.8) 12541  (4,C7,C8a
6 7.56 (m) 12669  Cda, C8 7.55 (m) 12665  Cda, C8 7.55 (m) 12662  Cda, C8
7 7.91 (m) 13566  C5,C8a 7.92 (m) 13559  C5,C8a 7.92 (m) 13556  C5,C8a
8 7.80(d, 88 11938  C4a, C6,C8a 7.81 (m) 119.44  Cda, C6,C8a 7.83(d,7.8) 11947  C4a, C6,C8a
8a — 15554  — e 15557  — = 15560  —
9 - 15559  — - 15573  — = 15591  —
1 - 13549  — — 13962 — — 13743 —
2 — 12061  — 807 (m) 12383 C1,C3,C4,C6  778(d, 88 12343  C1,C4,C6
31 764 (d, 88 12878 C1,C2,C5 - 12193 — 760 (d, 88 13216  C1,C4,C5
4 7.29 (m) 12920 C2,¢C6 7.38 (m) 12801  C2,C3,C6 = 11730  —
s’ 7.47 (m) 12888  C1,C3 738 (m) 13132 C1,C¥ 760(d, 88 13216  C1,C3,C4
6 776 (d,88) 13335  C1,C2,C4 7.81 (m) 12026  CV,C2,C4 778 (d, 88 12343  CV,C2,C4

NH 10.66 (br) — 2,2, ce 10.83 (br) =

C2,C2,ce 10.84 (br) = C2,C2, Ce

2Chemical shifts 6 in parts per million (multiplicity, J in hertz) ; solvent: dimethyl sulfoxide.

bCarbons coupled to the corresponding H atom.

two tertiary carbons with 4 =110.93 ppm and J =113.68 ppm that
were easily assigned to C-4’ and C-6/, respectively. This was based
on the chemical shifts and multiplicities of the protons directly
linked to these carbons and the direct HMQC correlation with those
carbons atoms. Finally, the signal observed at 6 =130.10 ppm was
assigned to C5' according to their directly attached proton.

The structural similarity of 3 (Fig. 1) compared with 1 and 2
allows an unambiguous interpretation of the NMR data. However,
the presence of the methoxyl group in the para-position at the exo-
cyclic aromatic ring causes chemical shift changes, due to inductive
and resonance effects, confirmed by 2D NMR experiments. The pro-
tons of the methoxyl group display a long-range correlation with a
quaternary carbon at 6 = 156.87 ppm that was assigned to C-4'. So,
the "H NMR signal at & =6.97 ppm was assigned to H-3'/H-5', two
chemically equivalent protons, as it has a long-range correlation
with C-4'. Likewise, the chemically equivalent protons H-2'/H-6'
are located at 6 =7.70 in the NMR spectra.

The signal assignments of 4, 5, and 6 (Fig. 1) were performed by
analogy with 1, 2, and 3. However, as expected, the bromide sub-
stituent has a different effect on the chemical shift of the carbons
directly attached: for 4, the signal of C-2’ appears at 6 = 120.61 ppm;
for 5, the signal for C-3" appears at 6 =121.93 ppm; and, finally,
for 6, with the bromide group in para-position, the C-4' chemical
shift is 6 =117.30 ppm.

Conclusions

Novel chromone carboxamide derivatives with electron-donating
and electron-withdrawing substituents in different positions of the
exocyclic ring were obtained in moderate to high yields by either
classic or microwave reactions. However, in the microwave-assisted

reaction, the target compounds were obtained in a shorter time with
a low-price reagent and easier work-up. The compounds were fur-
ther characterized by 1D and 2D NMR techniques that allowed full
NMR signal assignments. The acquired data constitute a valuable
database for the unambiguous identification of the chromone library
developed with the aim of our medicinal chemistry program.
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As previously described in chapter 2 simple chromones can be a valid scaffold for
medicinal chemistry drug discovery programs. However, and despite the
pharmacological properties so far described for simple chromones, their application in
the field of neurodegeneratives diseases is still an open issue. The emergent need and
pressing need for new therapeutic entities (NTEs), e.g. repurposed drugs, or new
chemical entities (NCEs) for this type of diseases encouraged the design and
development of the drug discovery project performed in this thesis. The project is
mainly focused in the synthesis, development and biological evaluation of small,
concise and diverse chromone libraries, comprising mainly functionalised chromones in
2- and 3- positions, as new NCEs for neurodegenerative diseases, particularly PD. In
the following sections will be adress the synthetic work executed and the biological
evaluation of the synthesised libraries.

4.1 Design, synthesis and structural characterisation of the
diverse functionalized chromone libraries

The generation of new lead compounds in drug discovery is howadays a process
mainly focused in the development of suitable chemical libraries providing reliable
SARs. Chemical libraries are collections of different molecules sharing a common
chemical core, which can be achieved by a diversity of approaches, for instance by
combinatorial chemistry. This concept is a common practice in Pharma industry and it
is often used to create a large variety of structurally related molecules in a short time,
which are subsequently screened against a variety of targets by high throughput
screening (HTS).

Accordingly the conception of the chromone chemical libraries herein described
were inspired in combinatorial chemistry and parallel synthesis, methodological
concepts useful for the development of smaller and more specialized libraries based on
a particular skeleton. Furthermore, the synthetic methodologies developed along this
work were selected taking in account the possibility of the scale-up of the processes,
using whenever possible available and cost-effective starting materials, straightforward
one-pot synthetic and environment-friendly procedures, and choosing, if possible,
simple and effective work-ups for product isolation and purification.

The design of the chemical libraries based on the chromone scaffold
encompasses the synthesis of several functionalised chromone derivatives, mainly
located in the positions 2- or 3- of the pyrone ring but also in position 6/7- of the
aromatic ring, such as alkyl esters, alcohols, carboxylic acids and amides. The
synthesised chromones are depicted in the tables 4.1, 4.2 and 4.3.

Table 4.1. Chromone library I: ester, carboxylic acid, hydroxymethyl and formylchromone derivatives.
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2-Substituted

3-Substituded

chromones chromones
Compound Yield R R4 Rz Compound Yield

1 81% COOC:Hs H H 2 60%

3 52% COOC:Hy H H 4 60%
5 60% COOC:Hs Cl H - -

6 72% COOC:Hs H OCHs = =

7 62% COOH H OCHs = =
8 60% COOH Cl H 9 48%

- - CHO o] H 10 75%
11 65% COOC:Hs Br H - .

- - CHO Br H 12 85%
13 43% CH,OH H H 14 48%
15 55% COOC:zH;5 CsHs H - -
17 30% COOH CeHs H - -

- - CHO CeHs H 18 30%

Table 4.2 Chromone library lI: phenylcarboxamide chromone derivatives.
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0\2 O R R,
2-Substituted ©iﬂ/:_3<N R 3-Substituded
chromones o H 3 chromones
Rs R,

Compound | Yield R1 R2 R3 R4 R5 Compound | Yield
19 81% H H H H H 20 60%
21 56% H H CH; H H 22 45%
23 40% CH; H H H H 24 52%
25 77% H CH; H H H 26 54%
27 75% CH; CH, H H H 28 63%
29 67% H H C.H; H H 30 56%
31 69% H H CiHy H H 32 49%
33 85% H H OCH; H H 34 30%
35 90% OCH; H H H H 36 72%
37 65% H OCH; H H H 38 42%
89 50% H OCH; OCH; H H 40 45%
41 62% H H @:% H 42 40%

o

43 51% H H OH H H 44 55%
45 57% H OH OCH; H H 46 45%
47 65% H OH OH H H 48 50%
49 30% H H NO, H H 50 37%
51 82% H H COOC,H; H H 52 89%
53 65% H H COOH H H 54 63%
55 70% H H SCH; H H 56 60%
57 45% H H SO,CH; H H - -

58 26% H H NH, H H - -

59 50% H H CF; H H 60 55%
61 56% H H OCF; H H 62 55%
63 72% H H F H H 64 50%
65 50% H H cl H H 66 47%
67 23% Cl H H H H 68 23%
69 33% H cl H H H 70 49%
71 70% H H Br H H 72 64%
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Table 4.2 (cont.): Chromone library Il: phenylchromone carboxamide derivatives.

Omz O R1 R2
2-Substituted U, QN R 3-Substituded
chromones o 3 chromones

H
Rs Ry

Compound | Yield R1 R2 R3 R4 R5 Compound | Yield

73 45% Br H H H H 74 25%

75 60% H Br H H H 76 42%

77 95% H H | H H 78 50%

79 71% H H CN H H 80 50%

Table 4.3: Chromone library llI: alkyl, phenyl and heterocyclic chromone carboxamide derivatives.

R, 0\ , O
2-Substituted :—/< 3-Substituded
chromones R, *R chromones
(o)
Compound | Yield R R, R, Compound | Yield
81 35% AN H H 82 30%

H
83 60% }N@ cl H 84 45%
H
85 67% NOCI cl H 86 48%
H
87 72% %N@ OCH,4 H . :
H
88 85% %N@* OCH, H - -
H
89 65% §—N4©7CI OCH, H : i
H
90 60% %—N4<:> H H of 30%

92 35% N 0 H H 93 48%

Table 4.3 (cont.): Chromone library llI: alkyl, phenyl and heterocyclic chromone carboxamide derivatives.
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_ R, 0\ , O _
2-Substituted ;4/( 3-Substituded
chromones R4 *R chromones

o)
Compound | Yield R R, R, Compound | Yield
N
94 209, ;&N L H H 95 35%
H
H
96 55% NYS H H 97 259%
(o] | o
N\/>
H
N
08 48% §7 YS H H 99 10%
|
Nf
100 33% “’é N H H 101 45%
_o
S
102 35% %{ \©\ H H 103 229,
104 52% s’;\u/\/ H H 105 47%

4.1.1 Synthesis of ester, carboxylic acid and formylchromone derivatives

Some of the alkyl esters synthesised in this work (compounds 1-4, table 4.1.)

were obtained by classical Fischer esterification (scheme 4.1 and article in section 3.7)

from the commercially available chromone carboxylic acids and ethanol or propanol, in

moderate to good yields (table 4.1.)

. o
°m H,S0,/R-OH 3
4-COOH > 7 C

o (o]

OOR

R= C,H; or C;H,

Scheme 4.1 Synthesis of ester chromone derivatives by Fisher esterification.

Additionally, the synthesis of the 6/7- substituted chromone esters (compounds 5,

6, 11 and 15, table 4.1) were obtained by Claisen condensation of the appropriate 2-

hydroxyacetophenone with diethyl oxalate, in the presence of sodium ethoxide in
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EtOH, followed by an intramolecular cyclisation, under acidic conditions (scheme 4.2
and article in section 3.7).

ONa

OH > 0.__COOCH
RS 0 o  NaOEVEtOH RICT o H* R S | 2
! —» R
A * 018: - o™ =
o <° o o

R= Cl, Br, OCH; or C¢H;

\

Scheme 4.2 Synthesis of ester chromone derivatives by Claisen condensation.

The good yield obtained (>60%, table 4.1) and the single-step purification
process, consisting of a simple recrystallization from ethyl acetate, validates the
selection of the method. After purification, this chromone ester was submitted to a
hydrolytic process, following the procedure of Hadjeri et al. *% (article in section 3.7),
yielding the corresponding carboxylic acids (compounds 7, 8 and 17, table 4.1).

A different synthetic strategy was selected for the synthesis of 6-chloro-3-
chromone carboxylic acid and (compound 9, table 4.1), since it was described that 3-
chromone carboxylic acids can be easily obtained from 3-formylchromones ¥,

Accordingly, 6-chloro-3-formylchromone (compound 10, table 4.1) was obtained
via a Vilsmeier-Haack reaction, using 4-chloro-2-hydroxy acetophenone as the starting
material, with a good yield (>70%, article in section 3.7.; scheme 4.3). The subsequent
oxidation step, performed with sodium chlorite and sulfamic acid as oxidizing reagents,
gave rise to the correspondent carboxylic acid in a moderate yield (48%, article in
section 3.7; scheme 4.3).

DMF, POCI, | NaCIO, in H,0 |
> c CHO > COOH
ci OH NH,SO,H in CH,Cl,

(o] (o]

Scheme 4.3. Synthesis of 6-chloro-3-chromone carboxylic acid.

The commercial availability of the starting material and the simplicity of the
reaction and its work-up, were the main reasons to adopt this strategy to obtain the
intended chromone carboxylic acid derivative. This methodology (Vilsmeier-Haack
reaction) was also used to obtain compounds 12 and 18 (table 4.1.) using the
appropriate 2-hydroxyacetophenone as starting materials. These types of 2- and 3-
chromone derivatives, namely the ester, formyl and the carboxylic acid derivatives
were subsequently used as starting materials to obtain other type of functionalized

chromones.
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4.1.2 Synthesis of hydroxymethylchromone derivatives

The hydroxymethylchromone derivatives used along this project, namely the 2-
hydroxymethylchromone and the 3-hydroxymethylchromone (compounds 13 and 14
respectively; table 4.1) were obtained by reduction processes from two different types
of functionalized chromones: a chromone 2-ethyl ester derivative (synthesized by the
method described in scheme 4.1) or the commercially available 3-formylchromone,
respectively (scheme 4.4.).

0. _COOCH,CH, o
NaBH,

v

(o] (o]
o 2-prOH o
B | > | OH
CHO Basic alumina
o (o}

Scheme 4.4. Synthesis of hydroxymethylchromone derivatives.

The 2-hydroxymethylchromone (scheme 4.4 A) was obtained by reducing the
correspondent chromone ethyl ester using sodium borohydride (NaBH,4) in methanol
that promotes the transformation of the ester into a hydroxyl function (article in section
3.7). It is noteworthy to mention that NaBH, is not a classic reagent for ester reduction
under ambient conditions, mainly due to the slow reaction rate *°®. In this particular
case, the procedure was adopted from Payard et all'®™ who have successfully
obtained similar compounds in reasonable yields. The yields obtained in our studies
are in accordance with those obtained by Payard et al.. These yields can somehow be
explained by the presence in the chromone core of an a,B-unsaturated ketone system,
which can reacts with NaBH, formating side products.

The synthesis of 3-hydroxymethylchromone (scheme 4.4 B) from 3-
formylchromone was based on the work of Maturana et al. ®®, that used basic alumina
in 2-propanol as reducing agent (article in section 3.7). The obtained yield for
compound 14 (table 4.1) is in accordance with the reported by Maturana et al..

4.1.3 Synthesis of amide chromone derivatives

The first synthetic approach used for the formation of the chromone
carboxamides (table 4.2 and table 4.3) from chromone carboxylic acids (starting
materials) encloses the activation of the carboxylic acid function with phosphonium
coupling reagents, and consequent formation of phosphonium reactive intermediates,
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followed by a condensation reaction with aniline derivatives. (scheme 4.5.; articles in
sections 3.1.- 3.8.)

o o

X X
RIL \:—COOH » Ri™ \:—CONR1R2
= =

o O R=H,clo0CH,

Scheme 4.5. Synthesis of amide chromone derivatives.

The generation of the phosphonium intermediates was accomplished by using O-
benzotriazol-1-yloxytris(dimethylamino)phosphonium  hexafluorophosphate  (BOP)
(figure 4.1.) as a coupling agent, that was after substituted by O-benzotriazol-1-
yloxytris(pyrrolidino)phosphonium hexafluorophosphate (PyBOP) (Fig. 4.1.), to avoid
the generation of toxic hexamethylphosphoramide (HMPA), a by-product of BOP %],
Another phosphonium coupling agent, bromotripyrrolidinophosphonium
hexafluorophosphate (PyBrOP) (Fig. 4.1.), was used to obtain the tertiary amide
reported in the work reprinted in section 3.7. In fact, it was described that BOP and
PyBOP are not suitable coupling

agents for condensation reactions . ] @EN\\N PF;
with hindered aminoacids®'®. As an @[NN PFe N Q
alternative, the use of PyBrOP or ‘o\+P,E(:(2ﬂz) © ﬁla’iN Q
chlorotripyrrolidinophosphonium \N(CHa): ’ @

hexafluorophosphate (PyCIOP) (Fig.
BOP PyBOP
4.1) is strongly advised. Therefore,

i | Cl
th.e unproduc.:tlve results ob’Falned G,\F,,:D G\ED
with PyBOP in the condensation of N. PF; I —

6
the chromone-2-carboxylic acid with Q ()

the N-methyl aniline, was evaded by PyCIOP PyBrOP

the use of PyBrOP (article in section
3.7).

Driven by the preliminary biological results, new chromone carboxamides were

Figure 4.1. Phosphonium coupling agents.

designed in order to progress the SAR studies, while costless, easy and eco-friendly
reactions were sought for their synthesis. Although the amidation reaction promoted by
phosphonium coupling reagents is a one-pot step synthesis, without the need of
intermediate isolation, the high cost of the reagents, the laborious and time consuming
purification steps boost the search of other synthetic strategies. It was found that the
activation the chromone-2-carboxylic acid with phosphoryl chloride (POCIs;), gave rise

to a rapid in situ formation of the acyl chloride intermediate, which without isolation is
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used in the N-acylation step. In fact, after the subsequent addition of the intended
amine derivative, and under microwave irradiation for a short period (5 min), several of
the desired chromone carboxamides were obtained. The purification processes
involves only filtration and recrystallization techniques (article in section 3.8.). However,
despite the inherent advantages, this strategy revealed itself unproductive for the
synthesis of chromone-3-carboxamides. Additional research is on progress to optimize
the technique and attain good results with 3-substituted chromones.

4.1.4 Structural characterization of the chromone derivatives

All the synthesised compounds (tables 4.1, 4.2 and 4.3) were fully characterized
by 1D NMR ('H, *C and DEPT) techniques and electron impact mass spectrometry
(EI/MZ). Additionally, 2D NMR (COSY, HMBC and HMQC) studies were also
performed. A database for the unambiguous identification of the chromone-2-
carboxamide library was successful attained using 1D and 2D NMR (article in section
3.8).

During the structural elucidation of the compounds of the chromone 3-
carboxamide library some dilemmas arise due to the appearance of non-expected
signals in the NMR spectra of all the compounds of the series, namely the splitting
pattern of the NH of the carboxamide and of H-2 signals and also in the appearance of
double signals in the region corresponding to the CONH and C-2 carbons (Table 2 of
the article in section 3.3). To justify the presence of this type of signals in the spectra, a
dynamic study was performed, using diverse spectroscopic and theoretical tools, which
was reported on the paper in section 3.3. The data acquired in the NMR experiments
as well as in theoretical approaches, gave rise to the hypothesis that a possible
intramolecular hydrogen bond may be presented in solution, with the putative formation
of tautomers. However, it seems also plausible the existence of amide rotamers in
solution, as the amide function often demonstrates to have this property ', These
hypotheses were investigated by performing focused NMR studies, like the use of
deuterated water to evaluate the exchangeability of the proton and by the acquisition of
the NMR data at temperatures higher than 300 K, to speed up the exchange of
rotamers. Unfortunately the gathered data is still inconclusive and further investigations
are still needed.

4.2 Chromone a valid scaffold for the development of MAO-B

inhibitors

Since the introduction of L-deprenyl in 1975 as an antiparkinsonian drug the
search for new of MAO-B inhibitors has been strengthened. As a result, rasagiline was
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launched in 2006 for monotherapy in early Parkinson's disease or as an adjunct
therapy in more advanced cases. Rasagiline has received singular attention not only
duo to its MAO-B inhibitory activity, but also for its neuroprotective properties. Although
both mentioned drugs are highly potent selective inhibitors of MAO-B they are
irreversible inhibitors, permanently deactivating the enzyme.

So, the development of selective and reversible MAO-B inhibitors is still an open
issue and the goal of numerous medicinal chemistry programs. Accordingly, several
privileged structures, such as pyrazoles, xanthones, coumarins and hydrazine
derivatives have been used in the process of discovery and development (chapter 1).

To validate the chromone structure as a scaffold for the development of new
MAO-B inhibitors, we have selected for the first approach two functionalized
chromones: chromone 2- and 3- carboxylic acids (article in section 3.1). To note that
chromones without substituents doesn’t not display MAO inhibitory activity®'?. The
results of the screening assays towards human MAO isoforms (hMAO-A and hMAO-B)
showed that the presence and position of the COOH group on benzopyrone ring has a
significant influence in the biological activity. In fact, when the COOH substituent is
located in the position 3 of the benzopyrone ring a selective inhibition of AMAO-B
isoform (ICso hAMAO-B 0.048 £ 0.0026 nM; SI >2083) was observed. In contrast, the
chromone isomer, with the carboxylic function in position 2, has no activity for both
MAOQ isoforms (article in section 3.1).

Molecular modeling and docking studies were at that point performed to assess
the putative interactions between the chromone isomers and MAOs enzyme active
sites that can explain the experimental data. These studies were performed in close
collaboration with Stefano Alcaro’s group, from the Department of Pharmacology,
Faculty of Pharmacy, University “Magna Graecia” in Catanzaro, ltaly.

The publication of the crystallographic structures of MAO-B in 2002 ' 3% gnd
MAO-A in 20048 provided useful support tools to better understand the features that
regulate the ligand recognition by both MAO isoforms. Apart from punctual differences
in the amino acids sequences, since both human isoforms share approximately 70% of
homology, one of the most relevant discoveries from the acquired x-ray data, was the
structural differences of the active site of both isoforms, namely the bipartite cavity of
hMAO-B against the monopartite cavity of AMAO-AP™. In fact, it was demonstrated
that the active site of hMAO-B is formed by two hydrophobic cavities, the “substrate or
catalytic cavity” and the “entrance cavity” *'%. These two pockets are separated by four
amino acids residues namely, Tyr326, 1le199, Leu171 and Phe168 and transient
movements of these amino acids must occur for the ligand to reach the catalytic site of
the enzymel®'® %13 33 Fyrthermore, interactions with 1le199 and Tyr326 seem quite
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important for inhibitor recognition by hMAO-B B¢l The major differences regarding the
active site of AMAO-B and hMAO-A have been identified, mainly the hAMAO-B lle199
and Tyr326 that are substituted in AIMAO-A, by Phe208 and lle335 respectively®'?,

The molecular docking data points out the existence of different interactions
between the chromones and the active site of MAO isoforms, namely the presence of a
hydrogen bond established between chromone 3-carboxylic acid and AMAO-B amino
acid Tyr 326 (Fig. 4.2), that was not present in the docking process of chromone 2-
carboxylic acid. This outcome was the engine for the design and development of a
small chromone library, mainly based on chemical modifications similarly performed at
positions 2 or 3 of the pyrone ring (tables 4.1. 4.2. and 4.3.) that was screened towards
MAO isoforms. The results were reported in papers reprinted in sections 3.2., 3.3., and
3.4..

The preliminary SAR studies allow concluding that i) the modification of the
carboxylic acid moiety by an ester or an alcohol function gives rise to inactive
compounds (article in section 3.7.); ii) when the carboxylic acid was replaced by an
alkyl/cycloalkyl or aryl amide function in position 3 of the chromone ring, several active
compounds were obtained with a diverse inhibitory activity outline, although alkyl
chromone carboxamides are less active than aryl ones (articles in sections 3.2., 3.3,
and 3.4.); iii) the presence of a phenyl ring located on the 3-carboxamide side chain
enhances MAO-B potency of inhibition (article in section 3.3.).

The overall data allow concluding that, in general, when the carboxamide
substituent is allocated at position 3 of the chromone scaffold a AMAO-B inhibitory
activity is noticed whereas the corresponding isomeric chromone-2- carboxamides are
inactive in respect to both MAO isoforms. This tendency is similar to that obtained for
the chromone carboxylic acids suggesting that the amide function can be also an
important feature as it can -
also play a role in the
establishment of a hydrogen
bond with the active site of
the enzyme.

After the preliminary
SAR study the chromone

carboxamide library  was GIn206

Leu328

amplified to optimize the

Compound n pOtenCy and Figure 4.2. Virtual docking of chromone-3-carboxylic acid into the

selectivity as a MAO-B hMAO-B catalytic site (figure extracted from article in section 3.1).

inhibitor. Accordingly, the exocyclic aromatic ring was decorated with different type of
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substituents located in different positions (see section 4.2). The data obtained so far
confirms the superior activity and selectivity of all the chromone-3-carboxamide
derivatives towards MAO-B isoform. Additionally, it was also concluded that the
potency and selectivity of the chromone-3-carboxamides was modulated by
substituents located in the para position of the exocyclic aromatic ring. The most
promising compounds are highlighted in Fig. 4.3. Moreover, reversibility studies were
performed over two of most promising chromones carboxamides (compounds 44 and
66, Fig. 4.3). These studies revealed that the mentioned chromone carboxamides
behave as quasi-reversible MAO-B inhibitors (article in section 3.2.).

Compound 22

o
Q;J\WH
N—< >—CH3
o o

hMAO-B IC, (uM)= 0.0680.0030
SI>1471

Compound 44 Compound 46

o (o) OH
| H I H
N OH N OCH,
O O o O

AMAO-B ICy, (uM)= 0.064£0.0054  hMAO-B IC, (M)= 0.0674£0.0032

SI=74 SI=110

Compound 66 Compound 78
(o} (o)

| H | H

N Cli N |
O O O O
AMAO-B IC, (UM)= 0.063%0.0042 hMAO-B IC, (uM)= 0.069+0.0054
SI>1585 SI>1449

Figure 4.3. Chemical structures of five of the best chromone-3 carboxamides and their inhibitory activity
towards hMAO-B.
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The theoretical calculated binding modes of N-phenyl, N-cyclohexyl N-propyl,

(Fig. 4.4) and N-4"-chlorophenyl (compound 66, Fig. 4.3) chromone-3-carboxamides

were visually inspected and similar interactions were found for all of the cited

compounds (article in section
3.3).
modes of this type of chromone
that the
carboxamide side chain is
FAD

cofactor and the y-pyrone ring

The proposed binding
reveal

inhibitors

located toward the

located towards the pocket
entrance. All the studied
compounds showed a

hydrogen bond interaction with
Tyr326 residue involving either
the ether present in the vy-
pyrone ring (Compound 105,
Fig. 4.4) and the sp® oxygen

Compound 20
(o}
%H C
N
O O
hMAO-B ICs, (uM)= 0.40£0.022

SI>250

Compound 91

o (o)
| H | H
N N~
o (o) (o] (o)

hMAO-B IC, (uM)= 0.930.062
SI>107

Compound 105

AMAO-B IC, (uM)= 37.69+1.68
SI>2.7

Figure 4.4 Chemical structures of N-phenyl (compound 20), N-
cyclohexyl (compound 91) and N-propyl (compound 105)
chromone-3-carboxamides and their inhibitory activity towards
hMAO-B.

from the carboxamide moiety (compound 66, Fig. 4.3; compounds 20 and 91, Fig. 4.4).

Remarkably, it was observed that all the studied compounds are somehow correlated

with Cys172, an amino acid residue present in the entrance cleft of hAMAO-B

[312]

Focusing the attention in the N-(4-(chlorophenyl)-chromone-3-carboxamide (compound

66, Fig. 4.3),

most

one of the

hMAO-B
inhibitors (article in section
3.2), it is
highlight the presence of
hydrogen bonds  with
Cys172 and Tyr326 (Fig.
4.5) and other productive

active

possible to

interactions of the
hydrophobic side chain of
the compound with lle199,

Pro102, Phe103, and

Leus8s*
_ﬁhrnd k S

7

Leul67**

Prolo2+*+ ' Tyr326
lle316*

vae LOU171%%%

"GIn206% 8 Phe;ﬂ

Leu328* '~Y5295

Leu167.

Figure 4.5 Virtual docking of N-(4-(chlorophenyl)-chromone-3-

carboxamide into the hMAO-B catalytic site (figure extracted from

article in section 3.2).
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In summary, the molecular docking studies have shown that the productive
interactions detected between the chromone-3-phenylcarboxamides and the AMAO-B
isoform occur in non-conserved a.a. residues of the active site of hMAO-A isoform, a
variance that can explain their selectivity towards hMAO-B isoform.

The overall data obtained in this rational drug discovery program allows to
conclude that chromone-3-carboxamide is a valid scaffold for the development of MAO-
B inhibitors and that a subsequent project of lead optimisation must be implemented to
attain potent, selective and reversible MAO-B inhibitors.

4.3 Chromone a valid scaffold for the development of
adenosine receptors ligands

One of the drug discovery approaches accepted at the present time as a putative
solution to find an effective therapy for multifactorial pathoetiological diseases, such as
neurodegenerative disorders and cancer, encompasses a change of the “one disease,
one target, one molecule” paradigm, This new point of view embraces the concept of
“promiscuous” drugs and consequently encloses the design and development of new
drugs that act simultaneously in more than one target. Accordingly, and taking
advantage of the MAO-B inhibition outline exhibited by chromone carboxamides, it was
decided to perform the screening of the same chromone library towards other target.
As adenosine receptors (ARs) are a recognized target for the development of drugs for
the treatment of diverse maladies, namely in neurodegenerative diseases, as
described in section 2.4 of this thesis, they have been selected to accomplish the
objective. So, the affinity of the chromone ligands towards the four subtypes AR was
evaluated. The data was first acquired by outsourcing with an academic research
centre, and then by a fruitful collaboration with Professor Karl-Norbert Klotz, from the
Institute of Pharmacology and Toxicology, University of Wurzburg. Consequently, the
methods used to assess the AR binding capacity encompass different procedures, a
fact that can explain the apparent data differences found in the published articles
(articles in sections 3.5. and 3.6.).

One of the most glaring discrepancies is related with the data assessed for Ag
receptor. In fact, in one of the papers (article in section 3.5) the binding affinity was
acquired using radioligand assays and in the other one (article in section 3.6) by the
measurement of adenylyl cyclase activity (indirect method). The binding affinity data
acquired for the other three receptors have been performed by radioligand competition
experiments in both assays. Nevertheless, the type of cells and radioligands used in
the cited assays was different (table 4.4).
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Table 4.4. Radioligands binding assays conditions.

Adenosine
Type of cells Radioligands
receptor
Article in section 3.5 Article in section 3.6 JArticle in section 3.5 Article in section 3.6
CHO 3 3
A ["H]IDPCPX ["H]CCPA
transfected cells
CHO transfected cells . 3
Aza Hela transfected ["H]ZM241385 ["HINECA
As cells [’HINECA [°H]JHEMADO

Despite the pointed differences, and excluding the data acquired for Agg, a
comparative analysis for some chromone carboxamides disclosed the existence of the
same structural trends: i) a higher affinity for A; AR subtype and ii) a higher selectivity
for the A; AR subtype receptor for chromone-2-carboxamides.

In summary, the data acquired so far allow concluding that chromone carboxylic
acids (the starting building blocks) display no significant binding affinity for all ARs and
that the introduction of carboxamide type substituents result in compounds with a
diverse affinity and selectivity profile towards human A, A.n and A; ARs. In general,
the introduction of a phenylcarboxamide substituent at position 2, with or without
substituents in the exocyclic aromatic moiety (e.g. 3’,4’-dimethoxyphenylcarboxamide)
generates compounds that bind selectively to A; AR. However, one can highlight that
when the phenylcarboxamide substituent is located at position 3 the compounds are
generally more potent, but less selective.

Focusing our attention on the data described on the article in section 3.6., other
significant SAR conclusions can be carried out. In general, it is possible to assume that
the positions of the substituent on the pyran ring of the chromone scaffold, the type of
amide (aromatic, cyclic or aliphatic) as well as the presence of electron donors or
withdrawing groups on the exocyclic aromatic substituent have a marked effect on their
binding affinity towards ARs.

A closer look through the results showed that, despite being more active,
chromone-3-carboxamides are generally less selective than their corresponding
isomers at position 2 (see tables 1 and 2 of the article in section 3.6.) and that in
general, the presence of withdrawing groups causes a decrease or loss of the binding
affinity towards A; ARs. Nevertheless, the presence of chlorine or nitro substituents at
the para position of the chromone-3-phenylcarboxamides seems to improve the affinity
for Aoa and A; ARs subtypes. The presence of electron donating groups at the
exocyclic aromatic ring of the chromone carboxamides induced different performances
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in the two isomeric series. In fact, all the chromone-2-phenylcarboxamides with
donating groups displayed a significant binding affinity towards A; AR. The most
remarkable improvement of potency is related with the introduction of a methoxy group,
when compared to that of the non-substituted 2-phenylcarboxamide. Interestingly, the
introduction of a hydroxy function at the para position of the exocyclic aromatic ring led
to enhanced affinity binding towards A, AR, although with a reduced selectivity ratio. In
contrast, the chromone-3-phenylcarboxamides with donating groups showed in general
an improvement of their binding affinity potencies for all the ARs, when compared with
the non-substituted one. An exception for this trend comprises the chromone-3-(4'-
methoxyphenyl) carboxamide that only exhibits improvement in the binding affinity
potency towards Az AR.

The overall results obtained with chromone carboxamide library allow concluding
that this type of chromones can work as a valuable starting point for development of
new ligands for A; AR. Some chromone carboxamides (Fig. 4.6) have an interesting
binding affinity towards A.x AR, despite the lack of selectivity regarding A; and A; ARs.
It is expected that their optimisation can lead to the discovery of new ligands for this
receptor subtype in a foreseeable future.

Compound 40 Compound 46 Compound 66
o OCH; o OH o
| H H H
%N OCH, I H OCH, | NOCI
(o] o o) o (o] o
hA,, AR Ki (nM)= 12,400 hA,, AR Ki (nM)= 6850 hA,, AR Ki (nM)= 17,400
Sl (hA,,/ hA,)= 1.06 Sl (hA,,/ hA,)= 0.8 Sl (hA,,/ hA,)= 0.7
Sl (hA,,/ hAz)= 1.9 Sl (hA,,/ hAZ)= 1.9 Sl (hA,,/ hA;)= 1.1

Figure 4.6. Chemical structures of three of the best chromone-3 carboxamides as A, AR ligands.
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huA Ki(nM)=86850
hyA Ki (nM= 3,680

Figure 4.7. Hypothetical binding modes of one of our most active compound obtained after docking
simulations: (A) inside the hA;x AR binding site; (B) inside the hA; AR binding site. (Figure extracted from
article in section 3.6)

The studies were also accomplished by a receptor-driven molecular modelling
investigation performed in collaboration with the Molecular Modeling Section (MMS),
Department of Pharmaceutical Sciences, University

of Padua. It was concluded that in general chromone HO

carboxamides exhibit different binding poses inside

the binding pockets either of hA,n or hA; ARs, a NH

condition that can somehow explain the different Ki N)\N’N y
obtained in the pharmacological assays. This type of HN )\\N )QN\>_@

molecular docking studies (fig 4.7.) were thoroughly

Figure 4.8. Chemical structure of

performed for one of the most active chromone ZM241385

carboxamide (compound 46, Fig. 4.6) towards Asa

and A; ARs subtypes in order to disclose the nature of interactions with the binding
pocket of each receptor. Additionally, the per residue electrostatic and hydrophobic
contributions were also calculated (article in section 3.6.).

The homology models, the mutagenesis studies and the A,n AR recently
determined crystallographic structure®®'”! have brought to the light the existence of
several amino acids residues that are important for ligand binding, namely l1e80, Val84,
Leu85, Thr88, GIn89, lle135, Leu167 (EL2), Phe168 (EL2), Asn181, Phe182, Val186,
Trp246, Leu249, His250, Asn253, lle274, Ser277, His278. Furthermore, the
crystallographic structure of the hA,n AR in complex with the potent and selective
antagonist ZM241385 (Fig. 4.8) reinforced the importance of Glu169, His250, Asn253,
lle274, Phe168, Met177 and Leu249 amino acids residues in the binding of the ligand
with the receptor®®'’l. Interestingly, in the A;a AR model used in our studies the most
active chromone carboxamide revealed putative interactions with two key amino acid

residues establishing an H-bond interaction with Asn253 and a stabilizing interaction
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with Phe168 (EL2). In addition, a weak H-bond interaction with Tyr271 as well as
hydrophobic interactions with some aa residues of the pocket, including Leu85, Trp246,
Leu249, Tyr271 and lle274, were also detected. However, no interaction with Glu169
(EL2) an important residue in ligand recognition was detected. The information
gathered in the analysis of the electrostatic contribution per residue and in the
hydrophobic interaction score patterns strengthen the hypothesis that the most
stabilizing contributions are due the H-bond with Asn253 and the hydrophobic
interactions of the ligand with Phe168 (EL2). The acquired data is of utmost
significance for the optimisation step of this chromone carboxamide.

Despite the enormous advances in X-ray crystallography of proteins the high
resolution structural information on the active and inactive states of GPCRs is still
uncovered. In fact, the 3D structural information available so far for this type of
receptors is still largely based on rhodopsin homology models®'”). However, as
previously mentioned, the recent publication of the crystal structure of the hA;a AR in
complex with a high-affinity subtype-selective antagonist, ZM241385 has provided a
new template for the 3D structure of hA; AR.

The homology model of the hA; AR used in this work was built up by Moro and
co-workers ['°> 38 |n accordance with the aim of project ligand binding studies were
performed for the most active compound (the same used for hA,a molecular docking
studies, Fig. 4.7). The most important binding features were related with the presence
of two H-bond interactions with Asn250 and Phe168 (EL2), and hydrophobic
interactions between the ligand and some residues of the binding site, such as Leu91,
Trp243, Leu246 and Leu264 (article in section 3.6.).

Comparing the data gathered for the hA,, and the hA; ARs one can infer that the
electrostatic contribution associated to the Asn residue is much more prevalent for the
hA; AR ligand complex and in that way can compete with the stabilizing interaction with
Phe168 found for A.a AR ligand complex. This assumption is in accordance with the
experimental data (hA.a AR Ki (nM)= 6850 and hA; AR Ki (nM)=3680) which showed a
lower K; value for hAz; AR.

As known in medicinal chemistry programs, the prerequisite of interdisciplinary
artwork encompass a natural delay on the attainment of the results, a problematic that
is aggravated when the project is focused on the discovery and development of dual-
target drugs. So, when expecting data acquisition the chromone carboxamide library
was amplified and the affinity of the ligands towards ARs was evaluated. In general, the
new chromones display a superior affinity for A; AR ligands and so this part of the
unpublished work was reported in the thesis.
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4.4 Chromone-2-carboxamide a valid scaffold for the
development of A; AR ligands

Currently, a growing number of evidences related with all four AR subtypes as
potential drug targets for cancer have been gathered, placing the A, and A; subtypes
as the most promising ones®®. As adenosine plays a crucial role in the cell
progression pathway, either during apoptosis or during cytostatic state, it has been
postulated that high levels of extracellular adenosine can have a profound impact on
the growth of solid tumours masses ', Paradoxically, the drug discovery process
performed so far encompasses either agonist or antagonist AR ligands and both of

s [320. 321 Ag mentioned in section 2.4.2 the

them have shown encouraging result
search for new A; AR agonists has been mainly based in adenosine and xanthine
scaffolds, with other classes of compounds having a less significant expression in the
drug discovery projects. However, the strategy to develop new A; AR antagonists
involved also a diversity of scaffolds, such as flavonoids, 1,4-dihydropyridines and
pyridine derivatives and isoquinoline and quinazoline derivatives #2323,

On the other hand, it has been recently proposed that there is a significant
inverse relationship between PD and certain types of cancers®'® ¥ These two
pathologies can be faced as the result of opposite abnormal cell signalling, with an
irreversible cell death in PD and cell overproliferation resistant to death in
carcinogenesis. The research in the field is now gathering evidences to attest the
existence of an overlap between the molecular pathways implicated in these two
distinct processes!®'%- 311313

Epidemiological studies have shown that some cancers, namely melanoma and
breast cancer, occur frequently in PD patients, when compared with the controls®*. To
note that the possibility of an increased risk of melanoma in PD patients associated
with the L-Dopa therapy has being discarded over the years by the scientific
community®®'® and that other variables, such as molecular, genetic and environmental
factors are emerging as probable explanations for the epidemiological data®'”. Albeit
of the exact mechanisms underlying the observed cancer-PD association are not still
fully understood, the study of the signalling pathways and mechanisms for both
diseases can unveil new approaches in the discovery and development of new
chemical entities as anti-cancer and/or as antiparkinsonian drugs. In fact, the work of
Hebron et. al®’¥ that describes nilotinib, a drug approved by the US Food and Drug
Administration (FDA) in 2007 to leukemia treatment, as a possible drug for Parkinson
disease therapy was the pioneer .

In the search for dual-target compounds for PD based on the chromone scaffold

it was observed that some compounds of the library displayed a noticeable affinity and
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selectivity for A; AR subtype, and that when the library was amplified the new
chromones exhibited a superior affinity for Az AR ligands (unpublished data). So, as
mentioned before, this new data was included in the thesis and discussed.

As it was already mentioned in section 4.3 it was concluded that chromone 2-
carboxamides were more selective for A; AR subtype than their isomers at position 3
and that the preliminary SAR studies have shown that the presence of electron donors
or withdrawing groups on the aromatic exocyclic substituent modulate their affinity and
selectivity towards the ARs. After the amplification of the chromone 2-carboxamide
library and biological evaluation towards ARs a more well-founded SAR have been
established. Some of the chemical modifications have been constructed on structural
changes of the compounds highlighted in Fig. 4.9 involving the synthesis of their ortho
and meta structural isomers (table 4.2).

Compound 21 Compound 33 Compound 65
H H
o N (o) N (o) N
| H | H [ H
(o) o (o)
hA; AR Ki (nM)= 15,800 hA; AR Ki (nM)= 9,580 hA; AR Ki (nM) > 100,00

Sl (hA,/ hA;) > 6.3 Sl (hA,/ hA3) > 10
Sl (hA,,/ hA;) > 6.3 Sl (hA,,/ hA;) > 10
Sl (hA,s/ hA; > 1.9 Sl (hA,g/ hA, > 3.1

Figure 4.9. Chemical structures of mono substituted chromone-2-carboxamides, their corresponding hA; Ki and
selective index (SI).

The binding affinity data of compounds 23, 25, 35, 37, 67 and 69 (table 4.5.)
show that the location of the substituents, namely at para position of the exocyclic

aromatic ring, are somewhat important for ligand recognition.

Table 4.5 Affinity (Ki, nM) of monosubstituted chromone-2-carboxamides in radioligand binding assays at
hARs.
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A AR Asa AR Ass AR A; AR
Compound . . . .
Ki (nM) Ki (nM) Ki (nM) Ki (nM)
H,C
o o j@ 21,800
23 | N >100,000 >100,000 >10,000 (17,300—
27,500)
(o]
CH,
i ©
25 @ETJ*N >100,000 >100,000 >10,000 >100,000
H
(o]
H3C
35 ©;‘J)L : >100,000 >100,000 >10,000 >30,000
OCH,4
(o]
37 °| N >100,000 >30,000 >10,000 >30,000
H
(o]
Cl
2 1)
(o]
67 @%J)L N >100,000 >100,000 >10,000 >100,000
(o]
>100,000 >10,000 >100,000

Cl
2 2
o N >100,000
| H
(o]

Other structural modifications have been based on the results obtained for the

compounds highlighted in figure 4.10, compound 45 (articles in sections 3.2 and 3.5)

and the newly synthesised compounds (27 and 41) represented in table 4.6 were also

evaluated as potential ligands for ARs and the (data is described in table 4.6.).
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Compound 45 Compound 39
OH OCH;,
o /©/OCH3 o i OCH,
(o) (0]
N N
| H I H
o o
hA; AR Ki (nM)= 15,400 hA; AR Ki (nM)= 27.900
Sl (hA,/ hA;) > 6.5 Sl (hA,/ hA;) > 3.6
Sl (hA,,/ hA;) > 2.3 Sl (hA,,/ hA;) > 3.6
Sl (hAyg/ hA; > 1.9 Sl (hA,g/ hA; > 1.1

Figure 4.10. Chemical structures of di-exocyclic substituted chromone-2-carboxamides, their corresponding
hA; Ki and selective index (SI).

Table 4.6. Affinity (Ki, nM) of disubstituted chromone-2-carboxamides in radioligand binding assays at hARs.

A AR Azx AR Az AR As; AR

Compound . . . .
Ki (nM) Ki (nM) Ki (nM) Ki (nM)

20,000

CH,
H,C
(o]
27 o N >100,000 >100,000 >10,000 (16,537-
I 24,253)
(o]
0
(o]
(o]
41 @QJ)LN >100,000 >100,000 >10,000 >100,000
H
o

39,727

OH
o OH
7,366 (4,290— 5,735 (5,192—
47 o N (32,099— >10,000
) 12,700) 6.335)
H 49,168)
o

Analysing the data reported in table 4.6., one can conclude that the modifications
based on compound 47, which have two hydroxyl groups in meta and para positions of
the exocyclic aromatic ring, were able to produce a compound with a better A; AR
subtype binding profile, when compared with the compounds presented in figure 4.10.
and with those described in Fig. 4.9. However, it is important to note that the selectivity
index of this compound between A; AR and A; AR is only around 1.3 resulting in a loss
of selectivity towards A; AR.

To inspect the role of electron donating and withdrawing groups on the binding
affinity towards ARs, new chromone-2-carboxamides were synthesized (table 4.7. and
4.8.). The data obtained so far reinforces the hypothesis (article in section 3.6.) that the
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presence of withdrawing groups in the exocyclic phenyl group (compounds 51, 63, 71
and 77, tables 4.7) has a negative effect in the binding affinity toward all ARs.

Table 4.7. Affinity (Ki, nM) of monosubstituted chromone-2-carboxamides with withdrawing groups in
radioligand binding assays at hARs.

A AR Azx AR Az AR As; AR

Compound
Ki (nM) Ki (nM) Ki (nM) Ki (nM)

COOCH,CH,

o
o N
51 | H >100,000 >100,000 >10,000 >100,000
o
F
(o]
o 8 LY
63 | H >100,000 >100,000 >10,000 >100,000

o
Br
WS
o
71 @%J)LH >100,000  >100,000 >10,000 >100,000
o
1
Y
(o)
77 @%J)LH >100,000  >100,000 >10,000 >100,000
(o]

Furthermore, the presence of a straight alkyl chain with a length higher than CH3
(compounds 29 and 31, table 4.8) leads to a complete loss of activity towards A; AR
subtype. Interestingly, the replacement of the OCHj; (compound 33 table 4.2 and Fig.
4.9) by its bioisoster SCH; (compound 55, table 4.8.) or by a NH, group (compound 58,
table 4.8) led to a total loss of activity for all the ARs.

To examine the importance of the existence of a secondary amide for the
biological activity, tertiary chromone 2-carboxamides (compounds 81 and 100 table
4.9.) have been synthesised. However, a decrease or loss of binding affinity towards
hA; AR (table 4.9.) was observed, when compared with monosubstituted N-phenyl
chromone 2-carboxamide (Ki =14,200 nM, article in section 3.6).
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Table 4.8. Affinity (Ki, nM) of monosubstituted chromone-2-carboxamides with donating groups in radioligand
binding assays at hARs.

c d A; AR Aza AR Azg AR A; AR
ompoun
P Ki (nM) Ki (nM) Ki (nM) Ki (nM)
o C,Hs
(o] /( ]
29 | H >100,000 >100,000 >10,000 >30,000
(o]
L O
(o]
31 | H >100,000 >100,000 >10,000 >30,000
(o]
SCH
SO
o
55 | H >100,000 >100,000 >10,000 >100,000
(o]
(o]
58 | H >10,000 >10,000 >10,000 >10,000

Table 4.9. Affinity (Ki, nM) of tertiary chromone-2-carboxamides in radioligand binding assays at hARs.

A AR Aon AR Aw AR A AR
Compound Ki (nM) Ki (nM) Ki (nM) Ki (nM)
o i /@ 26,177
81 Q%J)Lzm >100,000  >100,000 >10,000 21,177-
31,614)

(o]

(o]

(o]

100 | O >100,000  >100,000 >10,000 >100,000

The replacement of the phenyl ring by other type of heteroaromatic rings gave
rise to the compounds 92, 94, 96 and 98 (table 4.10). The results for the binding affinity
assays (table 4.10) show that the introduction of a heterocyclic aromatic ring, directly
linked to NH of the carboxamide (compounds 94, 96, 98) produced active but non
selective ligands for A;, A;a and A; ARs. The presence of a CH, spacer between the

carboxamide function and the exoheterocyclic ring (compound 92, table 4.9.) led to a
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compound without affinity to A; and Axs ARs but with affinity towards A; and Aza ARs
with a selective ratio Ai/Aza of 0.7. This data and the results obtained for non-aromatic
carboxamides (article in section 3.6) reinforce the hypothesis that the aromatic
exocyclic ring is an important requisite for the binding affinity of chromone carboxamide
ligands towards A; AR.

Table 4.10. Affinity (Ki, nM) of heterocyclic chromone-2-carboxamides in radioligand binding assays at hARs.

A AR A2n AR Az AR A; AR

Compound . . . .
Ki (nM) Ki (nM) Ki (nM) Ki (nM)

(o]
o \ o 11,976 18,499
92 | H/\U (8,450 (11,700 >10,000 >100,000
17,000) 29,100)
(o]
(o] N/\>
o NJI\S 17,328 15,092 11,923
94 I H (11,400~ (9,160 >10,000 (10,900—
26,300) 24,900) 13,100)
(o]
(o] I\f/\>\
CH 10,354
° N/LS : 8,178 (5600~ 1,307 (982-
9 |- (8,040— >10,000
11,900) 1,740)
13,300)
(o]
(o] N~ |
o S 10,203 18,892 10,687
98 r A (7,620 (13,300— >10,000 (8,610—
13,700) 26,900) 13,100)

(o]
o CH,
o O 8,630 8,214
102 Q;‘J)\ S >100,000 >100,000 (5,740 (5,130—
13,000) 13,100)
(o]

On the other hand, the modification of the carboxamide moiety (Compound 102,
table 4.10) by introducing of a thio bioisostere, and maintenance of the substituent 4’-
CHs; on the phenyl exocyclic ring, led to a compound twice as potent for A3 AR (Ki
=8,630 nM) than compound 21 (Ki =15,800 nM) (Fig. 4.9) However, and despite the
pronounced affinity potency improvement, a loss of specificity was observed as,
surprisingly, a similar binding potency for A,z AR (Ki =8,630 nM) (unpublished data)
was noticed.

From the overall data obtained so far it is concluded that the type and position of
the donor groups at the exocyclic phenyl ring of the chromone 2-carboxamides is
constrained, as only 4’-CH; and the 4’-OCHj; substituents are able to enhance the
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affinity and specificity towards A; AR, when compared with the non-substituted N-
phenyl chromone 2-carboxamide. In fact, the lack of binding affinity observed for the
four positional isomers (compounds 29, 25, 35 and 37, table 4.5) corroborates the
hypothesis that the location of substituents in the para position is vital to preserve the
Az AR affinity. Interestingly, it was observed that the presence of two hydroxyl groups
(compound 47, table 4.6.) at the exocyclic aromatic ring led to an enhancement of the
binding affinity to A; AR. This compound is one of the most active compounds with a
hA; AR Ki=5,735 nM being around 2.5 fold more potent than the non-substituted N-
phenyl chromone 2-carboxamide (hA; AR Ki= 14,200 nM article in section 3.6). Finally,
it is important to highlight the compound 96, the most potent compound so far tested,
with an A; AR Ki =1,307 nM, being 6 and nearly 8 times more selective for A; than A,
and Aqa, respectively.
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5.1 Concluding remarks and future perspectives

The discovery and development of a new drug is a long, laborious and
demanding process. lts successful development generally relies on the availability of a
continuous pipeline of novel molecules (New Chemical Entities, NCE's). However, a de
novo drug discovery campaign has considerable drawbacks, mainly related to the
challenge of selecting a satisfactory library for the establishment of preliminary
structure—activity relationships. This process can be fast-tracked taking advantage of
the concept of privileged structure. Despite the identification of many molecular
frameworks performed so far, there is still a restricted number of core scaffolds and
fragments for the design of chemical libraries directed for specific targets "%,

In this project, the chromone scaffold was validated as a useful framework for the
development of new lead compounds for Parkinson disease. In this context, a pioneer
dual-target (MAO-B and A.a AR) drug discovery and development project based on the
chromone scaffold has been implemented. To attain this goal, chromone libraries were
planned and diversity-oriented synthetic strategies have been applied.

The results obtained so far highlight two promising chromone carboxamides (Fig.
5.1) that show potent and selective MAO-B inhibition and also display binding affinity
towards A.a AR.

The preliminary SAR studies, reinforced by the molecular modelling data, afford
important clues to get-

up-and-go the Compound 46 Compound 66

research. In fact, it was o o OH o -
demonstrated that, in N4<j>focu3 NOG
general, only the c o 0 o

chromone-3- hMAO-B IC5, (uM)= 0.0674+0.0032 hMAO-B IC5, (uM)= 0.063£0.0042

SI=110 SI>1585
carboxamide series ]
hA,, AR Ki (nM)= 6850 hA,, AR Ki (nM)= 17,400
present MAO-B Sl (hA,,/ hA,)= 0.8 Sl (hA,,/ hA,)= 0.7
Sl (hA,,/ hA;)= 1.9 Sl (hA,,/ hAz)= 1.1

inhibitory activity, and

that some chromones Figure 5.1. Chemical structures of two of the best chromone-3-carboxamides

. as inhibitors of h[MAO-B isoform and as ligands of hA2A ARs.
display remarkable

potency/selectivity ratios (Compound 22, 1C5,=0.068+0.0030 uM,SI>1471; Compound
46= 0.0674+0.0032 uM SI=110; compound 66, 1Cs,= 0.063+0.0042 pyM, SI>1585 and
compound 78, ICsp = 0.069+0.0054 uM SI>1449, to cite some). Interestingly, it was
found that the two of the best chromone-3-carboxamides (Fig. 5.1.) displayed
simultaneously affinity towards the A,a AR subtype.

In a foreseeable future it will be important to perform fine molecular

modifications in order to attain more robust SARs studies that hopefully will result in the
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optimisation of above mentioned compounds. The improvement of either the A,a AR
potency as well as their selectivity towards this AR subtype is therefore a forthcoming
aim in future research. Moreover, the results obtained for the chromone-2-
carboxamides as selective ligands towards A; AR, provide a new scaffold for the
development of new anti-cancer drugs. Therefore, efforts should also be performed to
carry this particular research a step further. The introduction of substituent(s) on the
aromatic chromone ring, bioisosteric replacements on the carboxamide moiety, and the
modification of the substitution pattern on the exocyclic aromatic ring are some of the
likely modifications that can be made.

Additionally, the balance between physiochemical and pharmacokinetic
properties is not only a critical point in the design of new drugs, but also a feature of
upmost importance in the design, synthesis and development of NCEs for
neurodegeneratives diseases. In fact, blood-brain barrier permeability is a crucial
requirement to obtain centrally active drugs that are able to reach their target(s) within
the CNS, making the development of these drugs a pressing and challenging
endeavour. Accordingly, as a complement to the synthetic artwork and in order to
enhance the preliminary SARs studies, screening assays will be important to attain
several physicochemical and pharmacokinetic properties (e.g. solubility, permeability,
metabolic stability) of the most promising compounds.
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