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ABSTRACT

and their benzo/hetero-fused analogs are an important

class of organic molecules that have attracted the attention of synthetic and medicinal

chemists, because of their presence in numerous natural products and their wide range of

activities. The li i those substituted at position 4, have
marked antimalarial, antibacterial, anti-i y. anti and antiviral activities.
The ications of these ds have not only prompted many

chemists tosynthesize these t ypes o f compounds, they have also become an active
research area of continuing interest.

In this work a structure-based drug design was done using Hyperchem-}TM in order
to develop a quinoline-originated Topoisomerase inhibitor with a potential anticancer and
a better pharmacokinetic profile. The work involves the design and synthesis of many
ring fused quinoline systems including thieno-, thiazeto-, thiazolo- and furobenzo[h]
quinolines in order to clarify the structural requirements for the activity; the in-silico data
determined in this work provides a deep understanding of the binding affinities of these
types of derivatives.

The results obtained in this study showed that the synthesized quinoline derivatives
have good binding affinities to Human Topoisomerase II, particulary in the ATP binding

region. Also, these derivatives were not able to chelate with Mg*" which helped to

account for the lack of cytotoxicity exihibited by these derivatives.
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Chapter 1: Introduction and overview.

1.1 Structure-based drug design
The drug design industry is now one of the major players in the bioinformatics and
biotechnology industries; the field is in great need for a rapid search for small molecules

which will bind to the appropriate targets. Drug design is the process of finding new

based on the knowledge of the biological target; the success in drug design
necessitates both the combined use of chemical and biological research. Computational

approaches are now playing a major part in rational drug design in combination with

structural i ion derived from X-ray cr and nuclear
magnetic (NMR) i igati tructure-based drug design is perhaps the
most reliable approach for di ing ing high specificity and

efficacy. In the last few decades, novel methods of synthesizing large libraries of

potentially bioactive small molecules using inatorial methods ing screening
strategies have led to increasingly important roles in drug discovery.
There are two major types of drug design. The first is referred to as ligand-based

drug design and the second, as structure-based drug design [1].
LI Ligand-based drug design

Ligand-based drug design can be identified on the basis of the knowledge of some
other molecules exhibiting binding to the biological target of interest, and figuring out the
possible binding interactions which in turn will lead to the identification of a
pharmacophore. A pharmacophore is the model which exhibits the minimum necessary

structural characteristics needed for a molecule to bind to the target [2].
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1.12 Structure-based drug design (SBDD)

SBDD is identified on the basis of the knowledge of the three-dimensional
structure of the biological target obtained through X-ray crystallography, or, via Nuclear
Magnetic Resonance (NMR) spectroscopy. SBDD involves detailed knowledge of the
binding sites of targets (such as proteins) associated with the particular disease of interest.
The lock and key mechanism is the most applicable design for an effective drug. This

drug design method involves basic k ledge of bioi

biochemistry, and computer modeling of three-dimensional protein structures [3].
1.1.3  Structure-based drug design steps

) Drug target identification

b) Identification of the binding site

¢) Virtual screening

d) Evaluation of potential lead candidate

1.1.3.1 Drug target identification

A drug target can be identified as a key biological molecule involved in a specific
metabolic or signaling pathway which is related either to a particular disease condition, or
the infectivity and survival of a microbial pathogen. The target molecule usually has a
well-defined binding pocket in which small molecules can compete in order to modulate
the function of the target. Also, the target molecule should be unique. No other pathway

should be able to provide the function of the target and overcome the presence of the
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inhibitor. In order to identify the potential target for the disease, different tools such as

genomics, bioinformatics and proteomics [4].

1.1.3.2  Identification of the binding site

X-ray crystallography (XRC), NMR, Homology Modeling or Comparative
Modeling are the most commonly used methods to identify the binding site. XRC is the
‘main source of information for drug design as it can give high resolution structures. Once
the three-dimensional structure of a protein is determined, the co-ordinates of the atoms
are used by the computer to construct the protein structure.

Homology modeling is only used when there is no exact predetermined three-

dimensional structure of the target (not determined either by XRC or NMR) based on an

available sequence, usually provided with an empirical structure template with at least
30% sequence identity. After the structure of the target has been determined, the binding
region should be determined. The binding site is considered as a cavity which exhibits

hydrogen bond donors as well as hydrophobic characteristics [5].

1.1.3.3 Virtual screening (In-silico drug design)

In silico methods can help in ining drug targets via bioi ics tools.
Also, they can be used to analyze different target structures for checking possible
binding/active sites, docking possible ligand molecules with the target, ranking them
according to their binding affinites (scoring functions), and finally optimizing the
structural features of tested molecules in order to improve their binding characteristics to

develop the best candidate [4].
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1.1.3.4  Evaluation of potential lead candidate

In order to evaluate a lead drug, Lipinski's “Rule of 5 “should be followed. Its name
implies that all of the four parameters which are listed below and which are used to judge
the expected efficacy of the drug should be close to five, or a multiple of 5. Lipinski [6]

states that poor absorption or permeation is more likely when:

i.  There are more than five H-bond donors.
ii.  The molecular weight is over 500 Da.
iii.  The logP (partition coefficient) is over 5.

iv.  The sums of N's and O's are over 10.

12 Research scope
The scope of the research presented in this thesis mainly includes:
i. Applying the above-mentioned methodology (SBDD) to the synthesis of novel

quinoline derivatives possessing potential biological activities.

ii. Performing isosteric and bioisosteric for the

derivatives in order to come up with a clear idea about their Structure-Activity
Relationships (SARs), and
iii. Shedding light on the requirements for the quinoline nucleus to develop

anticancer derivatives.
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1.3 Thesis overview

A manuscript-based thesis has been written to describe the entire work of the

ped research. It bines five ipts following the thesis writing guidelines

approved by Memorial University. The first manuscript is a literature review; the second,

third and fourth manuscripts describe the first objective of the thesis achieved; and the
last manuscript describes the second and third objectives of the thesis achieved. The
organizational structure of the entire thesis is shown in Figure 1-1 and the overview of

the different chapters is discussed hereafter:

Chapter 1: Introduction

I Chapter 2: Literature Review I

I
! 1

Chapter 3: Synthesis of novel Chapter 4: Applying different
angular benzo[Jquinoline alkylation methodologies in order to
derivatives prepare novel thiazeto[Alquinoline

derivatives

!

Chapter 5: Extension of developed approaches for
synthesis of bioisosteric derivatives

|

Chapter 6: Conclusions and
Future research

Figure 1-1: Thesis organization.
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Chapter 1 introduces a broad overview of structure-based drug design, its types

and the signi: of each. Basic itions and ions of based drug

design are also discussed. Finally, the research objectives are laid out.

Chapter 2 provides a di: ion of the lassi | activities
with the quinoline scaffold. The recent literature reviews on those activities are also

discussed. This chapter comprises a ipt which has been itted for

on Nov. 3" and accepted for publication online on Dec. 9™ in the Journal of pharmacy
and pharmaceutical sciences under the title of Nonclassical Biological Activities of

Quinolone Derivatives, 15 (1), 52-72, 2011 (available online).

Chapter 3, Chapter 4 and Chapter 5 comprise four different research papers

which indivi explore the
novel quinoline derivatives with different ring fusions.

Chapter 3: Abeer Ahmed and Mohsen Daneshtalab. Polycyclic Quinolones (Part 1)
~Thieno [2,3-6] Benzo [A] Quinoline Derivatives: Design, Synthesis, Preliminary in vitro
and in silico Studies, Heterocycles, V. 85,2012. DOIL: 10.3987/COM-11-12374 (in press,
available online).

Chapter 4: Abeer Ahmed, Louise N. Dawe and Mohsen Daneshtalab. Polycyclic
Quinolones (Part 2) - Synthesis Of Novel-4-Oxo-1,4-Dihydro Benzo [h] [1,3] Thiazeto

[3,2-a] Quinoline Carboxylic Acids via Oxidative Cyclization Of The Corresponding

line Precursors, | , V. 85,2012. DOIL: 10.3987/COM-11-12375

(in press, available online).
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Appendix 4A: Structure of 4-Oxo-1.4-Dihydrobenzo- [A][1,3-Thiazeto-[3.2-
a]Quinoline-1,3-Dicarboxylic Acid. Acta Cryst. 2011, E67, 0529 (available online).

Chapter 5: Development of Anti-Viral Angular Furo[2,3-b]Benzo[h] Quinoline
Agents Using Molecular Modeling and Virtual Sereening Techniques (in prep).

Chapter 6 provides the summary and conclusions, and describes the originality of

the research. In addition, recommendations for future research are provided.
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Abstract

Quinolones are a family of multi-faceted drugs; their chemical synthesis is flexible
and can be easily adapted to prepare new congeners with rationally devised structures.
This is shown by the description of many thousands of derivatives in the scientific
literature. Scientists could accurately describe their quantitative structure activity
relationship (QSAR), which is essential for effective drug design. This also gave them the
chance to discover new and unprecedented activities, which makes quinolones an endless
source of hope and enables further development of new clinically useful drugs.

Quinolones are among the most common frameworks present in the bioactive drug

molecules that have dominated the market for more than four decades. Since 1962,

4(1H)-quinol 3-carboxylic acid derivatives have been widely used as antibacterial
agents. Quinolones have a broad and potent spectrum of activity and are also used as
second-line drugs to treat tuberculosis (TB). Recently, quinolones exihibited “non-
classical” biological activities, such as antitumor, anti-HIV-1 integrase, anti-HCV-NS3
helicase and anti-NS5B-polymerase activities.

The present review focuses on the structural modifications responsible for the
transformation of an antibacterial into an anticancer a gent and/or an antiviral agent.

Indeed, qui " antimicrobial action is distingui among antibacterial agents,

because they target different type II topoisomerase enzymes. Many derivatives of this
family show high activity against bacterial topoisomerases and eukaryotic
topoisomerases, and are also toxic to cultured mammalian cells and in vivo tumor models.

Moreover, quinolones have shown antiviral activity against HIV and HCV viruses. In this
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context the quinolones family of drugs seem to link three different biological activities

and the antiviral activity) and the review will

also provide an insight into the different mechanisms responsible for these activities

among different species.
2.1 Introduction

Quinolones as “privileged building blocks” with simple and flexible synthetic

ds of libraries of ! . Because of their

routes, allow for the
diversity, drug-like properties and similarities to specific targets, they are considered a
central scaffold to build chemical libraries with promising bioactivity potential.

The first quinolone discovery, as with many important discoveries, was a result of

serendipity. Lesher e al. (1962) [1] di the first quinolone derivative as an

impurity in the chemical manufacturing of a batch of the antimalarial agent, chloroquine.
Since then, more than 10,000 quinolone derivatives have been patented or published
which explains the enormous progress that has been made in understanding the molecular
mechanisms of action behind the different pharmacological actions of this privileged
molecule.

Quinolones as a class of antibacterial agents have been known for over 40 years.
Although considerable results in the research of new antibacterial quinolones have
already been achieved, they are still a matter of study because of the continuous demand
of novel compounds active against resistant strains of bacteria. Research efforts are
mainly focused on obtaining new compounds which are active against very resistant

bacterial strains or acting on the mechanisms of resistance [1-4].
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Currently, f1

are approved as d-line drugs by the WHO to treat
TB but their use in MDR-TB is increasing due to the fact that they have a broad and
potent spectrum of activity and can also be administered orally. Moreover, they have
favourable pharmacokinetic profiles and good absorption, including excellent penetration
into host macrophages. As of today, the potential of fluoroquinolones as first-line drugs is
still under investigation [5-7].

2.2 The chemistry of 4-quinolones

The original method for the ion of 4-quij relies on the Gould-Jacobs

reaction between aniline and a dialkyl alkoxymethylenemalonate [§].

Lo o
O+ N — O
N

1 2

w

Scheme 2-1: Synthesis of 4-quinolones using the Gould-Jacobs reaction.



Chapter 2 Non classical

Lappin cyclization [9] results in ylation to form 3, on heating at a high

temperature to provide the quinoline-d-one system as shown in Scheme 2-1. S\2

alkylation at N-1 followed by ester is affords the i 4(1H)- qui 3-
carboxylic acid 5.

The Gould-Jacobs approach allows only the introduction of primary alkyl groups,
thus limiting the preparation of derivatives with more complex substituents at N-1. In this
respect the Grohe-Heitzer cycloacylation expanded the synthetic possibilities of

quinolones as depicted in Scheme 2-2 [10].

{o)

124

6
i
3
o d o o
=
@5‘\3 ccooes, o v, aco d\fL 0
osoosh om0,
cl - <l cl OK

7 8 9

o o o O o O
Q™ = OO OO
N N Cl "NH
R R R

1" 10

5

Scheme 2-2: Synthesis of 4-quinolones using Grohe-Heitzer reaction.
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In the Grohe-Heitzer synthesis, the active meth in a f-ket is

under ditions with an orth

2 resulting in the formation of the enol
ether which is further subjected to an addition-elimination reaction using an appropriate
primary amine. The product obtained is cyclized through an aromatic nucleophilic
displacement of a leaving group (typically Cl, F) at the ortho position with respect to the

activating carbonyl group. Final hydrolysis of the ester function under either basic or

acidic itions gives the qui 3 ic acid [11].

4(1H)-Quinolone-3-carboxylic acid derivatives containing a variety of substituents
at different positions have also been prepared by palladium-catalyzed carbonylative

heterocyclization [12]. Palladium cyclization enables the synthesis of several 4(1H)-

3 ylic acid ivati in 24-82% yields. Palladium-catalyzed
cyclization has the potential to accommodate substituents at position 2 which in turn

offers flexibility for the design of quinolinone derivatives as depicted in Scheme 2-3.

o . ° o o
X
0" R
CoL e OO — CQL°
—
NH R NH NTOR
H
RN
12 o O’R 14
13
Scheme 2-3: Synthesis of 4-quinols 3 ic acid derivatives by

catalyzed carbonylative heterocyclization.
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23 i ical targets of antil ial

Generally, quinolones directly inhibit DNA synthesis by binding to the enzyme-
DNA complex. Quinolones also stabilize DNA strand breaks created by DNA gyrase and

IV. Ternary c of drug, enzyme, and DNA block progress of the

replication fork. The cytotoxicity of fluoroquinolones can be explained on the basis of a

2-step process: (1) the conversion of the ternary complex (topoisomerase-quinolone-

DNA) into an irreversible form; and (2) the production of a double-strand break by

d of the i The molecular basis necessary for the transition from

step 1 to step 2 is still unclear [13].

anism of Action of
luoroquinolones

Figure 2-1: \ ism of action of qui

(adopted from Zhanel et al,, 1999).
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b f
+2 ATP
T-segment

G-segment
2200U0UDNRRRNS

Gyrase Gyrase-DNA a Gyrase-DNA
+DNA wrapped

Figure 2-2: DNA cleavage-religation mechanism of DNA Gyrase

(adopted from Gore et al., 2006).

(a) Gyrase binds to a DNA segment as a tetramer and wraps a DNA segment (120 — 140
bp) into a positive supercoil. (b) ATP binds to the GyrB subunits and a conformational
change occurs. The subunits dimerise, capturing the T-segment. At the same time, a
double-strand break is introduced into the G-segment. (¢) The T-segment is transported
through the G segment break, towards the central hole of the GyrA dimer. (d) Following
the T-segment passage, the G-segment is religated and the T-segment is released through

a transient opening of the primary dimer interface on the GyrA dimer. Religation of the
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DNA break introduces two negative supercoils on the DNA. ATP hydrolysis promotes

enzyme turnover and regenerates the starting state.

The DNA break is formed through a transesterification step which leads to the
attachment of the 5'- phorphoryl group on DNA to the hydroxyl on Tyr-122 on GyrA
[18]. The DNA is cut in a sequence-specific manner, creating a 4-bp staggered break on
opposite strands of the DNA. In a study by Morrison ef al., [19] the cleavage of four
double-stranded DNAs was examined. Each double-stranded DNA strand was cleaved
between T and G on the one strand; however, the cleavage on the complementary strand

seemed to have no sequence specificity.
2.5 Important structural features of antibacterial quinolones

It is really important to highlight the structural requirements for a quinoline

to exihibit antil ial activity, as presented in Figure 2-3.

Escntal for gyrase binding and
bacteral trampr

Son

Close 10 gyrase
binding st

Comroe |
ol Contrt prency |

Figure 2-3: General structure of the most-commonly used quinolone molecule.
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Position 1: This position is part of the enzyme-DNA binding complex, and has a
hydrophobic interaction with the major grove of DNA [20]. A cyclopropyl substituent is
considered the most potent substitution here; the second important substitution for the
required activity is the addition of a 2.4-difluorophenyl [21].

Position 2: This location is very close to the site for the gyrase binding site (or
topoisomerase IV) and it is well-known that any added bulk inhibits the transport and
results in a lower level of microbiological activity [20]. Only a sulfur, incorporated into a
small ring, has been able to replace hydrogen at the R-2 position [20].

Positions 3 and 4: These two positions on the quinolone nucleus are essential for gyrase
binding and bacterial transport and no other useful substitutions have been reported yet.
Therefore, the 3-carboxylate and 4-carbonyl groups are considered essential for
antimicrobial activity [22].

Position 5: Substituents at this position of the basic quinolone nucleus appear to have the
capacity to control potency. Electron-donating groups such as an amino, hydroxyl, or
methyl group were found to increase in vitro activity against gram-positive bacteria [23].
Position 6: The substitution with a fluorine atom had markedly improved antimicrobial

activity compared to the original quinolone agents, and gave rise to the now widely-used

and clinically inol ds. As by Ledoussal ef al.

[24] the 6-H is equivalent in activity to the 6-fluoro analogue even at the enzyme level.

Position 7: Five- or si nitrogen h yeles are the most applied
moieties at this position. This position is considered to be one that directly interacts with

DNA gyrase [25].
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Position 8: Of particular interest is the observation that specific changes in position 8
appear to dramatically alter the initial target in fluoroquinolones. For example, the
presence of a simple hydrogen atom as in ciprofloxacin, or a fused ring (for example,
ofloxacin and levofloxacin that have a benzoxazine bridge between C-8 and N-1)
typically leads to high activity against topoisomerase IV, with little clinically-useful
activity against DNA gyrase.

The current k dge of stru ivity ionships has been gathered through the

past development of a large number of compounds within the quinolone class and goes
on to improve the antimicrobial activity and extend the useful life of such clinically-

important compounds.
2.6 Dual targets mechanism of action

Quinolones act in a similar fashion against the two prokaryotic Type II enzymes.
They essentially block the topoisomerase catalytic cycle when the protein is covalently
linked to the cleaved DNA (cleavage complex). Stabilization of the enzyme-DNA
complex has been confirmed to block the progression of the replicative machinery and to
create DNA lesions that induce a bacterial SOS response [26,27]. Amino acid mutations
in the Quinolone Resistance Determining Region (QRDR) greatly reduce the affinity of
quinolones for the enzyme-DNA complex. The most relevant positions in E. coli are

Ser83 and Asp87 in GyrA, and the corresponding Ser79 and Asp83 in ParC [28,29]. The

structural features of the i fons between qui gyrase-DNA complex were
identified by the sequencing of additional mutant gyrA and gyrB genes that produce the

altered quinolone susceptibility [30]. Experimental evidence suggests that quinolones, in
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the presence of appropriate metal ions, bind single-stranded DNA and GyrA with
moderate affinity [31,32]. However, they bind efficiently to the gyrase-DNA complex
[33]. At the DNA level, cleavage is not required to stimulate drug binding: the structural
distortion of the double helix, bound to the protein and stabilized by selective contacts
with protein residues, appears to be sufficient to provide a favourable interaction site for
quinolones [34]. Additionally, the presence of quinolones alters not only the structural
features of GyrA (binding site) but also those of the overall A2B2-DNA complex [32,35]

inducing modifications in the kinetic rates of different catalytic steps.
2.6.1 Differences between DNA gyrase and eukaryotic topo IT

In eukaryotes, DNA gyrase and topoisomerase IV are functionally replaced by two
isoenzymes: topoisomerase Ila and IIb, 170 and 180 kDa proteins respectively [3]. These
proteins share a similar catalytic cycle, the main difference being in the fact that the
active form of eukaryotic topoisomerase II (Topo2) is constituted by a homodimer.
However, as supported by the extended sequence homology, Topo2, can be seen as the
fusion of the GyrA-GyrB or ParC- ParE subunits.

Common features in the ism of action of antil ial qui and

antitumor drugs have suggested that both compounds have a similar mode of interaction
with the type II DNA topoisomerase-DNA complexes. In particular, comparison between
quinolones and antitumor drugs of the epipodophyllotoxin family (etoposide and

teniposide) has been considered, since neither type of drug is a DNA intercalator [36].

ia are i as being an i iate phylogenetic position between

cukaryotes and eubacteria [37]. In these systems, comparable sensitivity to poisons of
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each Type II topoisomerase was observed and the DNA cleavage patterns induced by
ciprofloxacin and etoposide were found to be very similar [38,39]. These findings
strongly supported a common mode of interaction with the DNA- topoisomerase I
complexes for ciprofloxacin and etoposide.

2.7  Quinolone-based anticancer derivatives

Quinolone derivatives represent a large number of antiproliferative agents

through DNA i fon, causing interference in the replication
process [40-42]. Actinomycin D, doxorubicin, mitoxantrone and streptonigrin are
quinoline analogs possessing antibacterial or anti-cancer activity through DNA
intercalation. Most of these drugs are currently used in the treatment of human
malignancies targeting topoisomerase (Types II) enzymes [43-45].

An interesting point which was highlighted in many quinolones’ previous reviews,
is: how can small molecules discriminate efficiently between such similar enzymes? It
was found that a minute change in the quinoline structure enabled the drug to act on
another different target. High throughput screening revealed that there are two major
types of modification that appear to drive the quinolone action from antibacterial to
anticancer: i) The disruption of the zwitterionic properties of the compounds by
modifying either the C7 basic substituent or the C3 carbonyl group, or both, will affect
the electron density distribution and protonation equilibria; ii) The increase in the extent
of aromatic/condensed rings mostly lead to increase the affinity of quinolones for double-
stranded DNA, while antibacterial quinolones interact better with single-stranded DNA

[46].
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2.7.1 Historic of cytotoxic

Topoisomerase II is the primary target for several classes of antineoplastic drugs
[47,48,49]. These agents are widely used for the treatment of human cancers [47,48,49]
and their clinical efficacies correlate with their abilities to stabilize covalent enzyme-

cleaved DNA complexes that are intermediates in the catalytic cycle of the enzyme [47-

51]. While quinolone-based drugs have been e i as
agents (targeted to DNA gyrase, the prokaryotic counterpart of topoisomerase I1) [52,53],

these studies provided evidence that quinolones may have potential as antineoplastic

drugs. When c ing the known of i from bacteria to
mammals, the sequences appear to be similar around active site tyrosine, not only among
type II topoisomerase but also among type I. They also share the same mechanism of cell
killing which is performed by trapping topoisomerase 11 in an intermediary cleavable
complex with DNA, termed the "cleavable complex,” which is detected as DNA double
strand breaks [54]. The pioneering study in this field showed that ciprofloxacin and
ofloxacin interfer only slightly with the function of Calf Thymus Topo II, the prokaryotic
gyrase being approximately 100-fold more sensitive to inhibition than its eukaryotic

counterpart [55].

a 7-(4-pyridinyl)qui derivative Figure 2-4, showed great promise
in treating gonococeal infections [56]. Morover, the 7-(4-pyridinyl) derivatives produced

an unacceptable toxicity profile in viro, inducing a genetic toxicity endpoint [57].



Chapter 2: Literature Review: Non classical biological activities of quinolone derivatives.

Since that time, different directions were followed to elucidate the structural
activity relationships responsible for the interference of quinolones with eukaryotic

topoisomerase I1.

Figure 2-4: Structure of the cytotoxic quinolone Rosoxacin.

2.7.2 Important structural features of anticancer quinolones

2

2.1  Position 3 substituents
It is well established that, in antibacterial quinolones, the 3-carboxyl functional

group or its isosteric is a i for activity. However,

this functional group can be replaced even with a hydrogen atom, and effective poisoning

of Topo2 can still be maintained. It seems that, to inhibit the eukaryotic enzyme, the

basic i is the ity of the C-3 i with the quinoline ring. Thus,

although in 3-H derivatives small substituents can be beneficial at C-2, no such residue
can be introduced if the carboxyl group is present, as it will destabilize the coplanar
orientation of the acidic moiety [58]. Removal of the carboxylic group opened up new
synthetic opportunities. In fact, introduction of a phenyl group or a related heteroaromatic
ring at C-2 enhanced Topo2 poisoning activity [59]. The distance between the two

aromatic moieties is apparently crucial, as only a methylene linker allowed the
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maintainance of biological activity. Further increase in cytotoxic activity was obtained

upon introduction of hydroxyl- i into the C-2 phenyl group. In particular, the

2,6-dihydroxy benzyl derivative (WIN 64593, Figure 2-5 ) is the most active quinolone
derivative. In quinolones carrying the carboxyl group, the acidic moiety can participate
with the ketone at position 4 in chelating metal ions, or can be involved in hydrogen

bonding with the target macromolecules.

A-65281

WIN-64593

A-65282

Figure 2-5: Anti-cancer quinolones.

The substitution of the nitrogen at position 1 with a sulfur atom leads to inactive
derivatives [58]. However, as reported, other positions can support the introduction of
this heteroatom without the loss of activity. An example is represented by the isothiazolo
quinolones A-65281 and A-65282 [60]. These derivatives exhibit a heterocyclic moiety
fused onto the quinolone system, which can be considered as a modification of the
carboxylic group. It is worth noting that, in spite of the fact that these derivatives do not

exhibit an aromatic substituent at position C-7, they are active against both bacterial and
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eukaryotic type II topoisomerases. More recently, [61] derivatives bearing a 3-

di i i on the qui nitrogen and a methoxycarbonyl
group at position 9 (Compound 15) exhibited prominent antitumor activity. Cytotoxicity
was reduced when an anilido substituent was present at position 9 (Compound 16, Figure

2-6).

Figure 2-6: Structures of Compounds 15 and 16.

2.7.2.2 Positions 6 and 8

A study done in 1991 [62] showed that 6,8-difluoroquinolones were potent in
affecting the eukaryotic topoisomerase II. Following another study [63] showing the
contribution of the C-8 fluorine to drug potency, the authors compared the effects of CP-

115,955 [6-fl 7-(4-hydroxyphenyl)-1 propyl-4-quil 3-carboxylic acid]

Figure 2-7 on the enzymatic activities of Drosophil le i 11 with
those of CP-115,953 (the 6,8-difluoro parent compound of CP-115,955). Results showed
that removal of the C-8 fluoro substituent decreased the ability of the quinolone to

enhance the enzyme-mediated DNA cleavage ~2.5-fold.
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CP-115,953 CP-115,955

Figure 2-7: of 6 and or 8

2.7.2.3 Ring position N-1
Considerable evidence [64] indicates that the presence of a cyclopropyl as opposed

to an ethyl group at position N-1 increases quinolone potency against DNA gyrase and by

the DNA cl; 2 ing activity of i in with that of norfloxacin
or the activity of CP-115,953 with that of CP-67,804, Figure 2-8, it was determined that
substitution of an ethyl group at N-1 decreased quinolone potency against calf thymus

topoisomerase II between -30- to -40- fold, respectively.

HO'

Figure 2-8: Structure of Compound CP-67,804.

2.7.2.4 Substitution at C-7
A variety of substitutions were also introduced at position C-7. In fact, the presence

of a basic amino group in the aliphatic cyclic substituent at position C-7 is a strict

28



Chapter 2: Literature Review: Non classical biological activities of quinolone derivatives.

for anti ial activity. Additi y, ifications at this position were

shown to play a key role in directing the drug preferentially towards Gyr or Topo 4 [65].
These results suggested a direct interaction of this portion of the quinolone with the

enzyme. Conceivably, the C-7 substituent should affect the prokaryotic/eukaryotic

enzyme selectively. Indeed, methyl i at the C-7 pi ine group i

potency against the mammalian enzyme. In fact 3,5-dimethylpiperazinyl derivatives were
active in stimulating enzyme-mediated DNA cleavage only in the frans configuration.
This was particularly interesting because cis- or frans-methyl substitution on the
piperazine had little effect on the activity against Gyr, suggesting that only in the
mammalian enzyme does an asymmetric barrier exists which influences productive
quinolone interaction, and favours the less bulky trans-3,5-dimethylpiperazine substituent

at C-7 [66]. Parallel studies d d that ds with C-7

substituents were more cytotoxic than those with piperazine substituents [67]. This is
actually in line with observations made on derivatives related to the earlier cytotoxic
quinolones [68]. Looking both at the stimulation of DNA cleavage and the cytotoxicity
against cultured mammalian cells, it was observed that the presence of an aromatic group
contributed greatly to drug activity. In particular, 4-hydroxyphenyl substituent at the C-7

position was found to be critical for potency towards the mammalian Topo 2 [64]. From

this series CP-115953, a 6,8-difluoro-7-(4" phenyl)-1 propyl-4

3-carboxylic acid was found to be the most cytotoxic quinolone derivative [62].
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273 Quinoli derivatives as i ase i

Vosaroxin Figure 2-9 [69] (formerly voreloxin) is an anticancer quinolone

derivative that intercalates DNA and inhibits i 11, inducing site-selecti
double-strand breaks (DSB), G2 arrest and apoptosis. The quinolone-based scaffold

dif i in from the ines and antk di It has been

reported that vosaroxin induces a cell cycle specific pattern of DNA damage and repair

that is distinct from anthracycline and doxorubicin [69].

Figure 2-9: Structure of Voreloxin.

In 1989, Kyorin/Kyowa-Hakko described thiazoloquinolone carboxylic acids with
an impressive anticancer profile (Compound A, Figure 2-10) [70]. The clinical candidate
had exhibited favourable drug-like properties in different animal models in preclinical
studies.

Compound A, like other quinolone carboxylic acid derivatives, was presumed to
interact with topoisomerase 11 via its B-keto acid functional group by chelating with the
Mg”" ion to inhibit the enzyme. Considering this mode of action, [71] we hypothesized
that a quinolone with a B-diketo functionality may be able to mimic the action of f-

ketoester functionality, thus potentially providing the same level of complexity with the
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Mg* ion at the active site of the topoisomerase II. Also, due to the absence of free
carboxylic acid, the target quinolone may cause less gastric damage when used via oral
administration.

The design of target compounds was based on a structure-based design program

™
3

using the Hyperchem-3™ molecular modeling program. By applying Molecular

Mechanics Optimization (MMO) and Molecular Dynamic Option methods we were able

to identify linear tricyclic quinolones with B-diketo components that matched the angular
feature of Compound A. In this respect, Compound B, 9-benzyl-7-fluoro-3-
hydroxythieno  [4,5-b]quinoline-4(9H)-one, at its optimized steric/encrgetic
configuration, was found to have the best match with a perfect 3-point overlay with
Compound A as depicted in Figure 2-10.

Compound B and its derivatives were synthesized in our group using the Gould
Jacob method. This series of compounds displayed promising cytotoxic activity against
several cancer cell lines [72].

Compound 6a also was designed to act in the same manner as compounds B and A
applying the most important structural features which is the coplanarity of the B-diketo

functionality.
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Figure 2-11: Overlapping image of Compounds 6a (green color) and Kyorin/Kyowa

Hakko compound (A-blue color) at the ATP binding site of 1QZR.

Figure 2-12: Compound 6a docked at the ATP binding site of 1QZR.
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These derivatives did not show cytotoxicity against cancer cell lines. We attributed

this finding to a solubility problem and efflux pump mechanisms.

2.7.4  Signal transducers and activators of transcription (STATS) inhibition

STATs are an important family of molecules that mediate signal transduction in cells
[74.75]. Accumulating evidence indicates that STAT family members play important
roles in carcinogenesis and, in particular, STAT3 has emerged as a good target for cancer
therapy [76-78]. Very recently, a high throughput screening approach allowed the
identification of the highly

Fluorinated quinolone derivative 17 (R;= R, = F), Figure 2-13, that inhibits the STAT3 1

pathway and causes cell apoptosis (ECs =4.6 uM). Lead optimization with modification

of the phenyl moiety led to the identification of the 4-cyanophenyl derivative 18 (R;=CN,
Ry=H) with a 30-fold increase in potency (ECso = 170 nM) in which cell apoptosis
induction correlates well with inhibition of steady state and cytokine induced JAK and

STATS3 activation [79].

R o o
F | .
F N e
i
i
F 1

R

‘ Figure 2-13: Structures of Compounds 17 and 18.
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In a receptor-based virtual screening of around 70.000 compounds, some 3-carboxy-

4(1H)-quinolones were revealed to be human protein kinase CK2 inhibitors [80]. Protein

kinase CK2 participates not only in the d pi of some types of cancers but also in
viral infections and i y failures. Thus, lones could be considered not only
potential antitumor, but also anti-infectious and anti-infl y drugs. The

with high docking scores were selected for in vitro tests, and Compounds 19 and 20
displayed ICsq values of 0.3 and 1 uM, respectively. These findings led to investigating
other derivatives of this class in order to determine the effects of certain substituents on

their inhibitory activity.

Figure 2-14: Compound 19: R'= R*= R* = CI, R* = H and Compound 20: R' = R* = H,
R*R"=-CH=CH=CH=CH-.
2.8  Quinolone scaffold-based antiviral agents

Quinolines are not new to the field of antiviral agents. Previously reported data on

their binding with bacterial had the hyp is that these drugs
could also bind to the viral nucleic acid, and prompted the investigation of their antiviral

activity [81-86].
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Many structur ining the basic qui carboxylic acid template and
different lipophilic substituents were patented as antiviral agents: most of them were
tested against human immunodeficiency virus-1 (HIV-1) and were claimed to be
effective in the treatment or prophylaxis of Acquired Immune Deficiency Syndrome

(AIDS) [87-89]. However, their mechanism of action was not reported.
281 Quinolone-based anti-HIV agents

An earlier work done by Furusawa er al. [90], reported that several
fluoroquinolones protect cells from HIV-mediated cytotoxicity. The results showed that

after ofloxacin 21 treatment, the protected cells were able to survive for an extra 3

months without any loss in cell viability. The I-isomer of ofloxacin (DR-3355) [91] w
also reported to protect cells from HIV-1 mediated cytolysis in which the surviving cells
were unable to produce an infective virus and also lost expression of the CD4 antigen
[90].

The exact mechanism of action of antiviral quinolones is still unknown. The

following classification is done according to the authors postulations.

o o
OH

\
SRS,

Figure 2-15: Structure of ofloxacin (Compound 21).



Chaper 2: Non classical derivaives.

2811  Integration of proviral DNA into mRNA

Baba et al. [92] found that antibacterial fluoroquinolones can exhibit antiviral

activity as well. Anal bearing a 8-difl hoxy-1-ethyl-6-fluoro-1.4-didehyd
7-[4-(2-methoxyphenyl)-1-piperazinyl]-4-oxoquinoline-3-carboxylic acid (22), exhibited
ECso < 50 nM in chronically-infected cells. Compound 22 suppressed tumor necrosis

factor alpha (TNF-a)-induced HIV-1 expression in latently infected cells (OM-10.1) and

viral ducti in i infected cells (MOLT-4/Illg) at a
concentration of 0.8 mM. It was reported that Compound 22 could also inhibit HIV-1
antigen expression in OM-10.1 and MOLT-4/I1Ig cells at the same concentration [92].
Inhibitors of this step, which is considered a crucial step in HIV replication, will be able

to suppress HIV replication not only in acutely- but also in chronically-infected cells

[93].
o o
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Figure 2-16: Structure of Compound 22.
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2812 Interference with a postintegrational target of the HIV-I replication cycle

Much of the pertinent literature [94-96] has addressed the potential of 6-
aminoquinoline series to inhibit the HIV replication cycle. The prototype was Compound
23. The synthesized derivatives showed very strong activity on HIV-1 acutely-infected
MT-4, CEM, and PBMCs cells, as well as on chronically infected HuT78. A potent
antiviral activity was also observed in latently HIV-l-infected M/M cells at drug
concentrations as low as 40 ng/mL. This activity was further confirmed in an in vivo
model for HIV-1 latency, which provided encouraging evidence for the use of quinolones
in the control of HIV-1 infection [97]. The studies on the mechanism of action revealed

that 6-DFQs interfere with a postintegrational target of the HIV-1 replication cycle.

HoN R
N N
AT

_N

Figure 2-17: Structure of Compound 23.

2.8.1.3  HIV-I integrase inhibitors
HIV-1 integrase (IN) [98-103], along with HIV-1 reverse transcriptase and HIV-1

protease, are essential enzymes for retroviral replication and represent important targets
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for interrupting the viral replication cycle. The HIV integrase catalytic cycle is illustrated
in Figure 2-8.

IN is an attractive target because it has no counterpart in mammalian cells;
therefore, most IN inhibitors should possess high selectivity and low toxicity. Quinolone
derivatives, as a class of HIV-1 inhibitors, have become of great interest due to their high
molecular versatility, easy synthesis at low cost and on a large scale, and well-recognized
biochemical properties that make them very suitable pharmacophore structures. The first
quinolone-based structure Elvitegravir (GS-9137) with very strong antiretroviral
properties owes its anti-HIV activity exclusively to the inhibition of the viral enzyme

integrase.

Figure 2-18: Strucure of Compound GS-9137.

The quinolone-based structure was also assumed to be the new pharmacophore for
designing new generation HIV-1 IN inhibitors. The diketo acid moiety (y-ketone,
enolizable a-ketone, and carboxylic acid) was believed to be essential for the inhibitory

activity of this series of integrase inhibitors [101] and the structures of diketotriazole

[104]  dil [105] diketopyridi [106] and 7-oxo-8-hydroxy-(1.6)-
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naphthyridine [107,108] were reported to be bioisosteres of the diketo acid
pharmacophore. It was found that the carboxylic acid could be replaced not only with
acidic bioisosteres, such as tetrazole and triazole groups, but also by a basic heterocycle
bearing a lone pair donor atom, such as a pyridine ring. Also, The enolizable ketone at
the a-position of diketo acids can be replaced with a phenolic hydroxyl group, indicating

that the a-enol form of each diketo acid is its bi i active coplanar

The 4-quinolone-3-glyoxylic acid 24 was treated as a new scaffold that maintained the

coplanarity of diketo acid i groups. i . the 4-quinol 3-glyoxlic
acid and also its precursor 4-quinolone-3-carboxylic acid 25 showed integrase inhibitory
activity [101]. The 4-quinolone-3-carboxylic acid only had two functional groups, a -
ketone and a carboxylic acid, which were coplanar. This result showed that the coplanar

acid motif in 4-qui ic acid could be an alternative to the

diketo acid motif, and provided novel insight into the structural requirements and the

binding mode of this type of inhibitor [108].

Cg—iOO o O
ey SR CH A,
N
N
H H
24 25

Figure 2-19: Structures of Compounds 24 and 25.
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The emergence of resistant mutants against available antiretroviral drugs brings out
the need to develop new therapeutic targets. HIV integrase inhibitors open up a new way
as a promising class of antiretroviral drugs. They act by inhibiting the action of the
integrase, a viral enzyme that inserts the viral genome into the DNA of the host cell
preventing formation of the provirus. The replicative life cycle of the HIV virus requires
the integration of viral DNA into genomic DNA of the host cell, a process which is
mediated by the viral protein integrase (IN). The development of inhibitors of IN activity
constitutes a new challenge for the treatment of HIV-1 infection. Diketoacid functionality
is critical for enzyme inhibition. Their derivatives as well constitute one of the most
successful classes of IN inhibitors that exhibit potent strand transfer (ST) inhibition as
well as good antiviral activity. Recently [109] a series of potential HIV integrase
inhibitors derived from quinolone antibiotics was described. The structurally optimized
and highly potent monoketo Compound GS-9137 was identified as the most promising
candidate, exhibiting potent inhibitory activity against integrase-catalyzed DNA strand
transfer. GS-9137 was shown to be well tolerated in healthy volunteers and HIV-infected
patients. Moreover, monotherapy resulted in substantial antiviral activity in infected
subjects. The agent is undergoing phase I1I clinical evaluation for the treatment of HIV-1
infection.

Another IN inhibitor [110] GS-9160 has potent and selective antiviral activity in
primary human T-lymphocytes producing an ECso of ~2 nM with a selectivity index
(CCso/ECs) of ~2000, but later on, GS-9160 suffered from unfavorable pharmacokinetic

properties.
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Figure 2-20: Structures of Compounds GS-9137 and GS-9160.
Diketoacid (DKA) constitute a ising class of HIV IN inhibitors with in

vivo antiviral activity [111, 112]. Styrylquinolines (SQ) are another group that are also
capable of IN inhibition [113,114]. Several compounds of both classes are under clinical
trials, S-1360 [115] or L-870810 (DKA) [116], or earlier stages of drug development
projects, FZ-41(SQ) [117]. Comparison of these two classes shows some similarities, but
they also differ in their inhibitory activity. Compound SQ1 which is synthesized in an
attempt to mimic the DKA pharmacophore in the styrylquinoline series, showed inactive
in vitro profile against IN [118]. On the other hand, this compound exhibited a significant

antiviral activity in the in vivo experiment [118].
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Figure 2-21: Structures of Compounds L-870810, FZ-41, S-1360 and SQ1..

Moreover, Engels ef al. [119], described the microwave-assisted synthesis of
fluoroquinolonenucleosides 26, 27 and their evaluation as HIV-1 integrase inhibitors.
These compounds were proved to be inactive against HIV-1 replication at subtoxic

concentrations in the MT-4/MTT assay.
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Accordingly, the activity of quinolones is likely due to sequestration of divalent metal
ions within the IN active site in complex with viral DNA [121]. Although the
crystallographic structure of IN in complex with viral DNA has not yet been resolved, it
has been reported that Tn5 transposase (Tnp), which belongs to the superfamily of
polynucleotidyl transferases as does IN, can be considered as an excellent surrogate
model for studying the mechanism of action of ST inhibitors [121]. In this context,
docking calculations on these derivatives together with S-1360 were performed on the
TnS Tnp-DNA complex by following the computational protocol described by Barreca ef

al. [121]. In its best docking pose (conformation with the highest fitness score and

to the most populated cluster), Elvitagravir presented the carboxylate group,
hydrogen-bonded to H329, chelating the metal ion between E326 and D97 and the -

ketone oxygen together with the fluorine atom coordinating the other metal ion. It was

found that the binding mode proposed for Elvitagravir was in accordance with its
mutation profile as well as with the pharmacophoric model for quinolones recently
reported [120].

282 Quinolones as anti-HCV (Hepatitis C virus) agents

Antiviral drugs can be classified into direct and indirect agents; the direct agents
target the structural components or enzymes encoded by the virus while the indirect
antiviral agents target the host cell components (immunomodulators ete.) [122].
Inhibitors of the NS3 protease, the NS5B polymerase, and the viral RNA are the most
intensively explored antiviral agents. The actual treatment of HCV will be a combination

of drugs of variable mechanisms in order to reduce the emergence of resistance [122].
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Figure 2-23: Structure of Compound A-782759.

A-782759, a 2-(1-ami i 3-yl) iadiazine derivative, was identified
as an inhibitor of HCV NS5B RdRp [128]. The combination therapy between Hepatitis C
virus (HCV) polymerase A-782759 with either Boehringer Ingelheim HCV NS3 protease

inhibitor BILN-2061 or interferon (IFN) [129, 130] showed an interesting additive effect

to synergistic relationships over a range of ions of two-drug

Treatment of HCV replicon with A-782759, IFN or BILN-2061 for about 16 days
resulted in dramatic reductions in HCV RNA (5.1, 3.0 and 3.9 log RNA copies,
respectively). Surprisingly, none of these compounds when tested alone showed any
replicon RNA reduction. Results showed that a monotherapy with either drug alone
possibly results in development of resistant mutants. However, a combination therapy
lowers the likelihood of resistance development [131].

Antiviral quinol are isi in the search for new therapeutically

effective agents. Diketo functionality seems to play an important role in targeting the

viral enzymes. The information gained so far will be useful for future rational drug design

aimed at new ds with optimized antiviral activity.
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2.9 Conclusion

The 4-quinolone scaffold exhibits many pharmacological profiles. Beside the
antibacterial acivity there are antiischemic, anixolytic, antitumor and antiviral activities.
In this review we have tried to highlight the most important pharmacological activities
(antibacterial, antitumor and antiviral activities). SAR studies revealed that very fine
changes in the main skeleton as well as changing the fused rings will effectively affect

the pharmacophore pharmacological activity.
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Preface

The manuscript developed for this chapter provides a description of an extensive
synthesis of a new series of ring fused angular quinoline derivatives based on a structure-
based design approach. The chemistry, in vitro testing, docking experiments and also,

structure

using different i analyses are described. A version of this

has been inf

Abstract

Heterocyclic systems with a quinoline nucleus represent the most spectacular example of
privileged molecules in medicinal chemistry, as their biological activities are modulated
by minor changes in structural features. Quinoline derivatives have been shown to
display a wide spectrum of biological activities such as antibacterial, antifungal,
antiparasitic, antiviral, cytotoxic and anti-inflammatory activities. In this study, several 7-

hydroxy-8 9-dil h]thieno[2,3-b]quinoline-9-carboxylic  acids ~ were

designed, synthesized, and were further subjected to chemical reactions such as

and lation. The i were also subjected to docking

studies and biological evaluation. This work was mainly designed to shed light on the
requirements needed for the quinoline nucleus to act as an anticancer agent.
Unexpectedly, the synthesized derivatives showed weak or no cytotoxicity against cancer
cell lines and the increase in the extent of aromatic/condensed rings did not increase the
affinity toward the double-stranded DNA. Our virtual screening demonstrated that the

chelation with Mg> is a determining factor in the expected interaction with
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Topoisomerases. Key synthetic issues, and crystallographic and docking studies are also

encountered in this chapter.

Keywords: Thienoquinolines, thiazoloquinolines, Topoi 1L, docking study,

angular quinoline.

3.1 Introduction
Quinoline derivatives represent a major class of heterocycles. The quinoline ring
system occurs in various natural products, especially in alkaloids. Its skeleton is often

used for the design of many synthetic compounds with diverse pharmacological

[1]. The 4(1H)-quinolone-3-carboxylic acid is one of the most studied
quinoline-originated multivalent scaffolds that has been used in constructing a diverse

series of biologi -active such as anti i i and antiviral

agents [2,3].
The benzo(/)quinolines can be seen as being a structural analogue to the antitumor

benzo(c idines, or, as h lic isomers of acridines and phenanthridine-

based antitumor agents [4].

In a search for novel small molecule with potential

activity, a joint patent by the Japanese pharmaceutical companies Kyorin/Kyowa-Hakko,
describing thiazoloquinolone carboxylic acids with an impressive anticancer profile
(Compound A, Figure 3-1) was of interest [5]. The clinical candidate compound had

exhibited favourable drug-like properties in different animal models in preclinical

studies.
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Compound A, like other quinolone carboxylic acid derivatives, was presumed to
interact with topoisomerase II via its B-keto acid functional group and chelation with the
Mg”" ion to inhibit the enzyme. Considering this mode of action [6], it was hypothesized
that a quinolone with a B-diketo functionality may be able to mimic the action of the p-
keto acid functionality in Compound A, thus potentially providing the same level of
complexity as the Mg?* ion at the active site of the topoisomerase II. Also, due to the
absence of a free carboxylic acid, the target quinolone may cause less gastric damage
when used via oral administration.

The target compounds were designed using the Hyperchem-3™ molecular
modeling program. By applying Molecular Mechanics Optimization (MMO) and
Molecular Dynamic Option methods, we were able to identify linear tricyclic quinolones

with B-diketo components that matched the angular feature of Compound A. In this

respect, “Compound B, (9-benzyl-7-fluoro-3-hydroxythieno [4,5-b]quinoline-4(9H)-

one), at its optimi. teri -geti ion, was found to have the best match,

with a perfect 3-point overlay with Compound A.

Compound B and its derivatives were ized in the D group using
the Gould-Jacob method. This series of compounds displayed promising cytotoxic

activity against several cancer cell lines [7a,b].
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Figure 3-1: Different overlays of the structure of Compound A (dotted lines) and

Compound B (solid lines).

During initial studies, we found out that the thiazoloquinolonecarboxylic acid

activity even without the presence of the
required substituent at position 7 (aromatic & aliphatic amine substituents for compounds
targeting euokaryotic topoisomerase 1I) [8-12], and also with the absence of mandatory

fluorine atoms at C-6 and C-8 positions [10,12,13].



e

Chapter 3: Thieno [2, : de ynih yi

Antitumor  cytotoxic  agents ing DNA-i i es are

characterized by the presence of a planar pharmacophore, generally a tri- or tetracyclic
ring system and one or two flexible substituent groups [14].

Compounds possessing a large coplanar aromatic chromophore are likely to ‘

to the double-helical DNA. Most derivatives are not obviously
| related in any way except in sharing the exhibition of coplanar chromophores that favour ‘
the intercalation; for this reason they are designated as DNA intercalators. Moreover,
most cytotoxic DNA-intercalating agents involve the inhibition of the enzyme DNA- ‘
topoisomerase I or IT [15].
Considering the above discussion, our first target was the annelation of a thieno ring
to the benzo[A]quinoline nucleus in an angular pattern. In this context, we attempted the
syntheses of benzo[/z]thieno[2,3-b]quinoline derivatives.

As a starting point, the synthesis of ethyl-7-hydroxy-8-0x0-8.9-

h]thieno [2, inoline-9- late (6a) was as i

in Scheme 3-1.

1-Naphthylisothiocyanate was used as a main starting material which, by reacting
with diethylmalonate and sodium hydride in acetonitrile, afforded the salt 1a. This
intermediate was allowed to react with different reagents to give rise to intermediates 2.
Thermal cyclization under vacuum enabled us to cyclize Compounds 2 in very good
yields (up to 80%). Dieckman cyclization on Compound 3a afforded Compound 6a,
saponification of which, yielded the carboxylic acid derivative 6b as depicted in Scheme

3-1.
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Scheme 3-1: General synthesis scheme for Compound 6a.
3.2 O-Alkylated products

Alkylation reactions were attempted on derivatives 3a using either 13-

or Mi reaction itions to obtain products 3g and 3i. Reaction

of Compound 3b with Diethylsulfate gave rise to the O-alkylated derivative 3h as shown

in Scheme 3-2.
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Scheme 3-2: Different O-alkylated derivatives of intermediate 3.
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Scheme 3-3: Synthesis of 9-cyano-7-hydroxy-8-0x0-8,9-dihydrobenzo| 4]thieno[2,3-

blquinoline 8.
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In order to prepare Compound 8, deprotection of Compound 3b was first necessary.

The deprotection reaction was performed using conc. HCI in dioxane to obtain the thiol

derivative 4. Compound 4 was then subjected to alkylation using bromoacetonitrile in

THF for 4 hours followed by Dieckman cyclization using sodium ethoxide in ethanol to

yield Compound 8, as shown in Scheme 3-3.

Dimethyl or diethylsulfate (1 eq YK,COyKI

DMF/24 h

DES (28 eq/K,CO/KI

COE DMF124h

Br(CH,),BrK,CO/KI

DMF/24 h

R
Q" oH

N R =CH, 6c,80%
| COfEt ¥
NS R=C p, 6; 85%

o &

o

N
[ B D—COE 6o:00n
e

o

o

N
\ 3 »—cogt  gem
o

Scheme 3-4: Reactions on Compound 6a.

N-Alkylation reactions were attempted on Compound 6a using diethylsulfate in

different proportions and dihalopropane derivatives. Interestingly, all the reactions

formed the O-alkylated derivatives as depicted in Scheme 3-4.

An intensive investigation on the quinoline nucleus reveals that the 4-pyridone-3-

carboxylic acid component remains a common feature of most inhibitors of DNA gyrase

and topoisomerase 1V. Positions C-3 and C-4 (the B-keto acid group, collectively) are
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considered necessary for the binding of quinolones to DNA gyrase in the ternary complex
[16].

It was found that replacement of the 3-carboxylic acid group of quinolones with
isosteres such as sulfonic acid, acetic acid, hydroxamic acid, phosphoric acid and
sulfonamides resulted in reduced antibacterial activity [17]. One successful strategy for
the replacement of the 3-carboxylic acid group with retained (or enhanced) antibacterial

activity moiety, either in

d a ring-fused i group [18].
fused or isolated forms, has been frequently found to play an important role in various

biological activities such as anti-inflammatory, antifungal, antibiotic, antiviral,

lowering, microbicide and the production of icals [19-25].

Our next strategy was based on annelation of the isothiazole ring onto the quinoline
moiety constructed in previous steps. In this context we tried the synthesis of
isothiazolobenzo[A]quinoline using the reported transamination of 2-sulfenamoyl-
benzoates with various amines [26, 27]. We applied many reported procedures in order to
synthesize the SNH; [28, 29]. The only successful procedure was the reaction of the thiol

4 with ine-O-sulphonic acid to yield the corresponding

thioamino derivative (5).

The use of hydroxylamine-O-sulfonic acid as a condensing agent in the presence of
the ester group has been reported to yield an isothiazole ring [30-32]. In our case, it only
yielded the thioamino derivative which further underwent cyclization to the targeted

i reaction it as depicted in

7 using Di

Scheme 3-5.
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t
| =% H,NOSO,HINGHCO, ITHF
7 SsH ah stirring

EtONa/EOH/reflux; 4h

Scheme 3-5: Synthesis of 7- [A[1.2]thiazolo[5.4-b]quinolin-8(9H)-one.

In another attempt to increase the hydrophilicity of the quinoline system, we

allowed Compound 6a to react with hydrazine hydrate to yield the pentacyclic

pyrazoloquinoline 9. The chemistry of p, inolines is well i This
system has proved to be a very attractive scaffold for medicinal chemists in recent years.

P inolines have been i studied as bioactive compounds and are known

to possess remarkable biological activities such as anti-cancer, anti-anxiety, anti-

y, anti-asthmati bro-protective and antiviral, among others. For many

of the activities, the molecular modes of actions are known [33].
The pentacyclic benzo[]quinoline 9 was formed as a result of reaction of 6a with
hydrazine hydrate and cyclization in acetic anhydride solution as illustrated in Scheme 3-
6. The structure of Compound 9 was confirmed by spectral analysis and X-ray

crystallography, as shown in Figure 3-2.
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Scheme 3-6: Synthesis of 9-acetyl-9H-benzol) 3'4":4,5]thieno[2,3-b]quinolil

7,10-diyl diacetate.

Figure 3-2: ORTEP ion of the linear p ic derivative 9 with 50%

probability ellipsoids.
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The synthesis of Compound 9 prompted us to further explore the effect of

annelating different ring systems with quinoline-based building blocks which may

possibly result in i of novel pol with potential bioactivity.
In this context, we attempted the synthesis of 1H-3-thia-11c-azaazuleno [1,8,7.6¢-6f]
phenanthrene-1,6(5H)-dione. In this structure, a thiazoloazepinone moiety is annelated to
the benzoquinoline system.

Since nalidixic acid was reported by Lesher ef al. (1962) [1], pyridone carboxylic
acid antibacterials have become an important class of therapeutically useful compounds.
Ofloxacin [34] (a tricyclic pyridone carboxylic acid, having an oxazine ring) is one of

these agents. The oxygen atom of the oxazine ring of ofloxacin was found to give optimal

antibacterial activity vs nitrogen, sulfur, or the carbon atom. Also, the tetracyclic

pyridone ic acids having a thiazol ine ring [35], as shown in structure C,
have proven to improve antibacterial activity against both Gram-positive and Gram-

negative bacteria.

In the above study, replacement of the oxygen atom of the thiazolo-oxazine ring by
nitrogen, sulfur, or a carbonyl group was attempted. The antibacterial assessment of the
resulting compounds revealed that the replacement of an oxygen atom of the thiazolo-

oxazine ring by a nitrogen atom enhanced both in vitro and in vivo antibacterial activity.
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The synthesis of Compound 11 was achieved via the reaction of la with 4-
chloroethylacetoacetate, followed by thermal cyclization under vacuum to afford
Compound 10. Compound 10 was subjected to cyclization using PPA, to yield the novel

phenanthrene derivative 11.

t0,C.COEt CICH,COCH,CO,C; HJFHFMI\Z h /Z.,co ,Et
K 175°Civacuum
&

CO Et
1 10 50%
o
\
NS
O | Polyphosphoric acid 1150°C/ 3n
o
1 29%
Scheme 3-7: Synthesis of /H-3-thia-11 1.8.7,6-cdef]ph: I 1L6(5H)-

dione 11.
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H(24c)

H(23a)

H(17b)
Figure 3-3: ORTEP representation of Compound 10 with 50% probability ellipsoids.

3.3 Materials and methods

331 In vitro testing

3.3.1.1 Brine shrimp lethality bioassay (BSL)

The determination of toxicity of the compounds against brine shrimp was conducted

according to Meyer’s procedure [36], with minor i i Toxicities of
were tested at 0.2, 10, 100, and 1000 pg/mL sea-water solutions with 1% DMSO (v/v).
Ten one-day nauplii were used in each test tube and the percentage of the survivors was

measured after 48 h. Three replications were used for each concentration.
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3.3.1.2  MTT cytotoxicity bioassay

The general principle for the detection of cell growth or cell kill via the MTT

assay is the ion of the yell loured ium salt (MTT) to the
purple-coloured product formazan. The concentration can be measured photometrically at

570 nm. The formation of formazan takes place via intact mitochondria.
The most cytotoxic derivatives were tested against HeLa and KB cell lines using the

MTT cytotoxicity bioassay [37,38].

NN LN -NH
N N N
| N
N ‘{SI NADPH 'N"N‘<;:’L/
R mitochondrial enzyme.
B
MTT, yellow

Formazan, purple
HeLa cells, human cervix adenocarcinoma, were grown in DMEM (GIBCO) with
15% FBS and antibiotics (penicillin 100 U/ml, streptomycin 100 ug/ml). Cells were

dat37Cina idified 5% COy

Cells were trypsinized and seeded into 96-well cell culture plates as 180ul/well
(about 5000 cells/well). After 16 h incubation, the cells were treated for 48 h by the
compound at final concentrations of 100, 10, 1, 0.1 pg /ml. The compounds were
prepared in DMSO (stock solution of 10 pg/ml) and further diluted with culture medium
to obtain the desired concentrations. All tests included controls with equivalent

concentrations of media DMSO corresponding to the relevant dilutions of the test

The 3-(4.5-dil i 2-yl)-2,5-dipheny! tetrazolium bromide (MTT)

83



[

Chapter 3: Thieno [2, design, synthesis, preliminary in v

was added in the final concentration of 1 mg/ml, and 30 pl/well. After 4 h incubation
the MTT-formazan product was solubilized using DMSO (150 pl/well) with shaking for
10 min. The absorbance measurements were carried out using a microplate reader at 570
nm.

The weak cytotoxicity on HeLa and KB cell lines by the most cytotoxic derivatives
in the BSL bioassay prompted us to explore the possibility of these derivatives to act as

topoisomerase inhibitors theoretically.
3.4 Molecular modeling,

341 Methods

Docking calculations were carried out ing to the Dockij er

[39]. The MMFF94 force field [40] was used for energy minimization of the ligand

using  Dockil er. PM6 i-empirical charges by
MOPAC2009 (J. P. Stewart, Computer code MOPAC2009, Stewart Computational
Chemistry, 2009) were added to the ligand atoms. Non-polar hydrogen atoms and
rotatable bonds were defined.

Docking calculations were carried out on the topoisomerase II structure with the
pdb code 1QZR. Essential hydrogen atoms, Kollman united atom type charges, and
solvation parameters were added with the aid of AutoDock tools [41]. Affinity (grid)
maps with 25x25 x25 A grid points and 0.375 A spacing were generated using the
Autogrid program. AutoDock parameter set- and distance-dependent dielectric functions

were used in the calculation of the van der Waals and the electrostatic terms, respectively.
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Docking simulations were performed using the Lamarckian genetic algorithm
(LGA) and the Solis & Wets local search method [42]. Initial position, orientation, and
torsions of the ligand molecules were set randomly. Each docking experiment was
derived from 100 different runs that were set to terminate after a maximum of 2,500,000
energy evaluations. The population size was set to 150. During the search, a translational

step of 0.2 A, and quaternion and torsion steps of 5 were applied.

3.4.1.1 Human topoisomerase II docking

Topoisomerase 1I is an ATPase belonging to the GHKL (Gyrase, Hsp90, histidine
Kinase, mutL) family. The mechanism of function of human toposiomerase II is to
simultaneously cut both strands of the DNA helix using the energy derived from ATP

is. The inhibition of human i 11 is one of the targets of current

oncology research. There are several ways to inhibit the enzyme’s action [43]:

1-While exerting its function, the enzyme creates a transient covalent DNA-enzyme
complex. Topoisomerase 1 poisons exert their effect by stabilizing this transient
complex, thus causing DNA damage. Since these compounds are very toxic to normal
cells, alternative ways of topoisomerase II inhibition are subjects of interest in drug
research.

2-An alternative way of inhibition is to block the enzyme before the DNA cleavage
step or in the last step of its catalytic cycle. The competition for the ATP binding site as
well as stabilization of a transient dimer interface between two ATPase monomers have
been described [42,44]. Nevertheless, these ways of inhibition take place at the ATPase

region of the protein. Among the available structures of the human topoisomerase 11
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protein, 1PVG and 1QZR carry the ATPase region. Additionally, 1PVG contains
modified methionine residues (MSE), while 1QZR contains phosphoaminophosphonic
acid-adenylate ester (ANP) at the ATP binding site and an inhibitor ICRF-187 at the

interface of the homodimer. All our docking calculations were done using 1QZR.

3.4.1.2  Docking experiment

In order to define possible binding sites in the protein, the known human
topoisomerase 11 inhibitor, Compound A, was docked into the crystal structure. First, a
blind docking procedure was applied. The docking result showed no cluster possessing
significantly higher frequency or lower energy as compared to the other clusters. Thus,
blind docking in this case was not able to clearly define the possible binding site.
Therefore, biochemical knowledge was used for binding site identification. The cluster
possessing the highest interaction surface between the docked ligand and the protein
indicating strong binding was located at the ATP binding site. None of the results were
found at the inhibitor’s (ICRF-187) binding site. Thus, focused docking calculations were

carried out at the ATP binding site of the protein.

3.4.1.3 Focused docking results
Compound A was subjected to focused docking calculations at the ATP binding site
of the protein with docking energy equal to -7.39 keal/mol.
All compounds were calculated to bind at the ATP binding site with reasonable

affinity, with 6a possessing the lowest docking energy. It is noted that in the X-ray
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structure Mg’z is coordinated by 3 oxygen atoms coming from ANP. Compound A is also

able to donate non-bonding electrons to the Mg?" fon.

Table 3-1: Docking energies of the investigated compounds at the ATP binding site.

Compound Docking energy (keal/mol)
6a -9.21
) -9.19
6b -9.00
6¢ -8.64
6d -8.29
11 -8.
of 8.

7 -7.
8 -7.
6e -7.7
10 -7.7¢

Figure 3-4: Compound 6a docked at the ATP binding site of 1QZR.
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Table 3.1 shows the calculated interaction energies at the ATP binding site. The

estimated binding energies can be used to rank the ligands according to their binding
affinity.

w77 g AS

) gg;m \\

Figure 3-5: Overlapping image of Compounds 6a (green colour) and A (blue colour) at
the ATP binding site of 1QZR.

Compound 6a indicates a hydrogen bonding interaction with ASN70 and LYS147.

Namely, the amino group of ASN70 hydrogen-bonds to the aromatic nitrogen and the

protonated nitrogen of LYS147 hydrogen-bonds to the ester carbonyl of 6a. The aromatic

planar ring system of 6a is stabilized by a number of hydrophobic interactions with
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surrounding hydrophobic amino acid residues at the binding site: ILE67, ILE120,
ALA71, VAL197 and with the aromatic side chain of PHE121. It is important to note that
none of the compounds used in the docking studies were involved in interactions with
Mg, in contrast to Compound A.

Focused docking calculations at the ATP binding site revealed that the investigated
compounds are able to bind to human topoisomerase II with a reasonable binding affinity.

The main difference between A and the i i pounds is in its

ability to coordinate with the Mg>* fon and that explains the potent cytotoxic and

topoisomerase 11 inhibitory effect of compound A, compared to the weak cytotoxic

effects d d by the ized in our study.

35 Results and discussion
3.5.1 Brine Shrimp Lethality bioassay results

The number of shrimps surviving after 48 h exposure to compounds were counted,
and based on that, the percentage inhibition was evaluated. The 50% lethal concentration
(LCso) was calculated, which is presented in Table 3-2 using taxol as a reference
standard. The percentage mortality at each vial and control was determined using the
equation:

% mortality = (no. of dead nauplii/ initial no. of live nauplli) x 100
Probit analysis by Finney (1971) was used to determine thec oncentration at which
lethality to brine shrimp represents 50% (LCso).

The results showed that only three of the synthesized derivatives (6a, 7, 8) were

considered as cytotoxic (less than 100 pg/mL). The Brine Shrimp Lethality bioassay
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represents a rapid, inexpensive and simple bioassay method which in most cases

correlates reasonably well with cytotoxic and antitumor properties.

Table 3-2: Brine shrimp lethality bioassay results.

Structure no. LCs (ng/mL)
6a 50
6b 500
6¢c >1000
6d >1000
[ 850
of 920

7 70

8 95

9 950

10 >1000
Taxol 0.2

352 MTT Cytotoxicity results

The viability was calculated with regard to the untreated cell control, which was set
to 100% viability. A lysis control where the cells were treated with Doxorubicin was set

to 0% viability, and was found to be sufficient to induce 100% cell death.

Table 3-3: Results of cytotoxicity testing against HeLa and Kb cell lines.

Structure no. HeLa-1Csy(uM) Kb-ICso(uM)
6a 17.7 20.67
7 >30 27.29
8 22 244

Cytotoxicity assessments were performed at Taiho and Naeja pharmaceuticals.
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3.6 Conclusion

The quinoline systemis considered an attractive scaffold upon which to build
chemical libraries with promising bioactivity potentials. Its unique structural feature has
prompted scientists to design, synthesize, and evaluate different quinoline-based

structures which exhibit diverse biological activities.

In this study, novel polycyclic quinoline-based were designed having a
structural relationship to a molecule that is currently under clinical investigation as an

antineoplastic agent. The structure-based molecular modeling approach led us to ethyl-7-

hydroxy-8: 8,9-dihyd h]thieno [2, inoline-9- (6a). A series
of 6a analogues was synthesized and tested for cyctotoxicity against different cancer cell
lines. The test results revealed a lack of cytotoxic potency for these compounds. In order
to rationalize the non-toxic profile of these compounds, docking experiments with the
topisomerase II protein structure were evaluated using “Compound A”, as a standard-
reference topoisomerase II inhibitor. The docking experiments revealed that while the
synthesized compounds interact with the protein carrying the ATP binding region, they
do not coordinate with Mg** ion. However, while Compound A forms a stable

coordination complex with the Mgz‘ ion, this could possibly explain the weak

by the i Further bioassays of these

compounds to find other potential bioactivities are ongoing in the Daneshtalab group.
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3.7 Experimental

Solvents and reagents were obtained from commercial suppliers and were used
without further purification. Melting points were not optimized. 'H and *C NMR spectra,
HSQC, and COSY spectra were recorded on a Bruker AVANCE-500 MHz NMR

spectrometer using TMS as an internal standard. Mass spectra were obtained on an

Agilent 1100 series LC/MSD ch hic system. High. ion mass spectra (EI
or ESI) were obtained on Waters GCT Premier Micromass Spectrometer. X-ray
structures were measured with a Rigaku Saturn 70 instrument, equipped with a CCD area
detector and a SHINE optic, using Mo Ka radiation. Silicycle Ultrapure silica gel (0-20
um) G and F-254 were used for the thin-layer chromatography (TLC), and Silicycle Silia-
P Ultrapure Flash silica gel (40-63 pm) was used for flash column chromatography. TLC
was conducted on Polygram SIL G/UV254 precoated plastic sheets. The reaction yields
are included in corresponding schemes.

i " o
Sodium  3-ethoxy-2 1 1-y prop-1 1

thiolate (1a):

To a suspension of sodium hydride (0.60 g, 25 mmol) in MeCN (50.00 mL) at 5-10 °C
was added dropwise diethyl malonate (4.00 mL, 26.34 mmol) over a period of 15 min.
The mixture was stirred at 5-10 °C for 30 min., then 1-naphthylisothiocyanate (5.00 g,
26.99 mmol) was added portionwise at the same temperature, and stirring was continued
for extra 30 min. Evaporation of MeCN yielded a yellowish solid which was washed with
Et,O; mp 118-120 °C; 'H-NMR: (500 MHz, DMSO-dg): & = 12.33 (s, NH), 8.57 (d, J =

7.1 Hz, 1H), 8.16 (t, J="7.7 Hz, 1H), 7.91-7.86 (m,1H), 7.52 (ddd, /= 4.7, 1.1, 8.8 Hz,
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3H), 7.46-7.38 (m, 1H), 4.02 (q, 2 X OCH,CHs, J = 7.0 Hz, 4H), 1.16 (t, 2 X OCH,CH;,
J=17.0 Hz, 6H);°C NMR (175 MHz, DMSO-dy): & = 181.6, 166.4, 136.1, 132.5, 127.0,
126.6, 1243, 1242, 123.9, 121.2, 1206, 119.4, 116.8, 95.2, 56.8 (2CH,), 13.3 (2CH;):
APCIMS: 368.40 (M"+1, 100).

Ethyl 2-[ )thio]-4 inoline-3-carboxylate (3a):

To the above yellow solid (la, 2.00 g, 5.44 mmol) in THF (50 mL) was added
BrCH,CO,Et (0.60 mL, 5.44 mmol) dropwise at 0 °C and stirring was continued for an
extra hour at room temperature, evaporated the solvent , extracted with CHCl; and dried
over Na;SO; The organic layer was evaporated by rotary evaporator to give yellow ol
(2a). The obtained oil was heated at 170-180 °C in an oil bath under vacuum for 10 min.
The resulting oil was solidified, then washed with ether resulting in (3a) as colourless
needles; mp 136-138 °C; 'H-NMR: (500 MHz, CDCl3): 8 = 13.11 (s, 1H, OH), 9.22-9.15
(m, 1H), 8.10 (d, J = 8.9 Hz, 1H), 7.8 (dd. J = 3.1, 6.0 Hz, 1H), 7.76-7.68 (m, 3H),
4.61 (q.J= 7.0, 6.9 Hz, 2H), 4.22 (q,J = 7.0, 6.9 Hz, 2H), 4.13 (s, 2H), 1.60 (t, /= 7.0
Hz, 3H), 129 (t. J = 7.0 Hz, 3H); *C NMR (175 MHz, CDCl3): § = 170.9, 170.4, 168.2,
158.1, 147.6, 135.8, 130.6, 129.4, 128.1, 127.1, 126.2, 125.9, 119.9, 115.1, 104.0, 63.2,
61.9, 34.6, 14.6, 14.6; HR-MS (TOFEI) caled for CzH;oNOsS (385.0984); found

(385.0991).

Ethyl 2-[( io]-4 inoline-3-carboxylate (3b):

This compound was prepared according to the same procedure as that applied for 3a
using chloromethyl ethyl ether; yellow crystals; mp 120-122 °C; 'H-NMR: (500 MHz,

CDCl3): 8 =13.11 (s, 1H), 9.26-9.19 (m, 1H), 8.13 (d, J=9.0 Hz, 1H), 7.91 (d, J=3.3

93



r

Chapter 3: Thieno 2, lesign, synthe

Hz, 1H), 7.75 (d, /= 9.0 Hz, 1H), 7.72 (dd, J = 3.2, 6.1 Hz, 2H), 5.76 (s, 2H), 4.60 (q./
= 7.1 Hz, 2H),3.76 (q, J = 7.0 Hz, 2H), 1.59 (t,J = 7.0 Hz, 3H), 1.25 (t,/ = 7.0 Hz,
3H);°C NMR (175 MHz, CDCL): § = 171.1, 168.3, 158.2, 147.4, 135.8, 129.4, 128.2,
1273, 1262, 125.7, 120.0, 115.1, 104.3, 71.4, 65.7, 63.1, 31.2, 154, 14.6; HR-MS

(TOFEI): calcd for Ci9H19NO4S (357.1035); found (357.1031).

Ethyl 4-hydroxy-2 i inoline-3 30):
Prepared according to the method applied for 3b, using lequivalent Mel; yellow powder;
mp 158-160 °C; 'H-NMR: (500 MHz, CDCL): § = 13.09 (s, 1H, OH), 9.22-9.16 (m,
1H), 8.10 (d, J= 8.9 Hz, 1H), 7.87 (dd, J = 2.8, 6.0 Hz, 1H), 7.71 (d. J = 8.8 Hz, 1H),
7.69-7.65 (m, 2H), 4.57 (q, J = 7.2 Hz, 2H), 2.81 (s, 3H), 1.57 (t, J = 7.25 Hz, 3H); "C
NMR (175 MHz, CDCL): 8 = 170.9, 167.7, 160.1, 147.0, 135.4, 130.4, 128.9, 127.8,
1267, 125.4, 125.3, 1196, 114.2, 103.7, 62.6, 15.1, 14.2; HR-MS (TOFEI) caled for
Cy7H1sNO3S (313.0773); found (313.0779).

Ethyl d-hydroxy-2-|(4 i ] quinoline-3-carboxylate (3d):

Prepared according to the method applied for 3b, using 1 equivalent P-MeOBnCl;
colourless crystals; mp 135-136 °C; '"H-NMR: (500 MHz, CDCly): § = 13.14 (s, 1H,
OH), 9.16 (dd, J=8.2,5.9 Hz, 1H), 8.10 (d, J=9.0 Hz, 1H), 7.88 (dd, J=6.7, 2.4 Hz,
1H), 7.75-7.69 (m, 1H), 7.66 (dt, J=7.0, 3.9 Hz, 2H), 7.43 (t, J = 5.8 Hz, 2H), 7.25 (s,
1H), 6.85 (dd, J = 9.2, 2.5 Hz, 2H), 4.70 (s, 2H), 4.53 (q. / = 7.1 Hz, 2H), 3.83 (s, 3H),
1.50 (t, J = 7.2 Hz, 3H); *C NMR (175 MHz, CDCl;) : 8 = 170.8, 167.8, 159.7, 158.7,

147.0, 135.5, 130.4, 130.3, 129.7, 129.0, 127.8, 126.8, 125.5, 125.3, 123.1, 121.2, 119.7,
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114.5, 114.0, 103.5, 62.7, 55.2, 35.4, 14.3; HR-MS (TOFEI) caled for Ca4HzNO4S
(419.1191); found (419.1191).

Ethyl 4-hydroxy-2-{[(2Z)-3-phenylprop-2-en-1-yl] thio} benzo[/] quinoline-3-
carboxylate (3¢):

Prepared according to the method applied for 3b, using 1 equivalent CICH,C¢HsCH=CH:
white powder; mp 157-159 °C; 'H-NMR: (500 MHz, CDCLy): § = 13.13 (s, 1H, OH),
9.21 (m, 1H), 8.12 (d, J = 8.8 Hz, 1H), 7.91 (m, 1H), 7.74 (d, J = 9.1 Hz, 1H), 7.71
(2H, m), 7.35 (d, J = 7.2 Hz, 2H), 7.26 (m, 3H), 7.20 (d, J= 7.2 Hz, 1H) 6.76 (d, /= 7.5
Hz, 1H), ,4.58 (q,J=7.1,7.0 Hz, 2H), 4.28 (d, /= 5.6 Hz 2H), 1.56 (t,J = 5.8 Hz, 3H);
C NMR (175 MHz, CDCl3): § = 165.6, 162.6, 153.8, 141.8, 131.8, 130.2, 127.6, 125.2,
123.8, 123.2, 122.6, 122.2, 121.6, 121.1, 120.5, 120.3, 120.0, 119.1, 114.4, 109.2, 98.4,
57.5, 28.7, 15.0, 9.0;: HR-MS (TOFEI) caled for CsHyNO;S (415.1242); found

(415.1246).

Ethyl 2-( io)-4 inoline-3-carboxylate (3f):

Prepared according to the method applied for 3b, using 1 equivalent BnCl; white
crystalline product; mp 130-132 °C; "H-NMR: (500 MHz, CDCLy): § = 13.07 (s.1H, OH),
9.10 (dd, J=8.3, 6.6 Hz, 1H), 8.09-8.04 (m, 1H), 7.88-7.82 (m, 1H), 7.68 (d, /= 8.9 Hz,
2H), 7.66-7.59 (m, 1H), 7.52 (d, J = 7.1 Hz, 2H), 7.36-7.29 (m, 2H) 7.28-7.22 (m. 1H),
473 (s, 2H), 4.52 (q, J = 7.1 Hz, 2H), 1.49 (¢, J = 7.0 Hz, 3H); °C NMR (175 MHz,
CDCly): 8 = 170.8, 167.8, 159.4, 147.0, 138.0, 135.5, 1303, 129.2, 129.0, 128.5, 127.8,
127.0, 1268, 125.6, 125.3, 123.2, 121.1, 119.7, 114.5, 103.5, 62.7, 35.9, 14.3; HR-MS

(TOFEI) caled for Co3HioNOsS (389.1086); found (389.1093).
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Ethyl 4-(-bromopropoxy)-2-((2-ethoxy-2 i inoline-3

carboxylate (3g):

To a mixture of the quinoline derivative 3a (0.385 g, 1.00 mmol) and K,CO; (0.386 g,
2.800 mmol) in dry DMF (25 mL) under nitrogen atmosphere, 1,3-dibromopropane
(0.565 g, 2.80 mmol) and KI (catalytic amount) were added. The reaction mixture was
heated at 70°C for 24 h, then poured into ice-H,0, the resulting product was collected by
filtration and recrystalized from hexane:CHCl; (1:3) resulting in a white powder; mp
162-164 °C; "H-NMR: (500 MHz, CDCly): § = 9.21-9.14 (m, 1H), 7.95 (d, J = 8.9 Hz,
1H), 7.91-7.85 (m, 1H), 7.76 (d, J = 8.9 Hz, 1H), 7.70 (m, 2H), 4.53 (q,J = 7.1 Hz, 2H),
435 (t, J=5.8 Hz, 2H), 4.22 (q,J = 7.1 Hz, 2H), 4.15 (s, 2H), 3.70 (t, J = 6.4 Hz, 2H),
2.42(q,J = 6.1 Hz, 2H), 149 (t, J = 7.1 Hz, 3H), 1.27 (t,J = 7.1 Hz, 3H); *C NMR (175
MHz, CDCL): § = 162.1, 160.6, 160.2, 153.7, 148.0, 134.2, 130.2, 129.0, 127.6, 127.0,
125.9, 125.4, 119.9, 115.8, 113.8, 70.9, 70.0, 61.2, 33.8, 29.8, 25.0, 14.4, 14.3; APCI-

MS: 506.40 (M"+1, 100).

Ethyl d-cthoxy-2-| i inoline-3-carboxylate (3h):

Utilizing the same alkylation procedure as applied for preparation of 3g using
diethylsulfate starting from 3b; white crystals; mp 80-82 °C; 'H-NMR: (500 MHz,
CDCl3): 8 =9.17 (m, 1H), 8.07 (m, 1H), 7.98 (dd, J = 9.0, 22.2 Hz, 2H), 7.81 (m, 2H),
5.76 (s, 2H), 4.46 (q, J = 7.0 Hz, 2H), 4.29 (q, J=6.9 Hz, 2H), 3.61 (q.J = 7.0, 2H), 1.45
(t,J=6.9 Hz, 3H), 1.39 (t, /= 7.1 Hz, 3H), 1.11 (t, J = 7.0 Hz, 3H); *C NMR (175MHz,

CDCly): 8 = 166.2, 163.2, 160.7, 154.9, 147.3, 134.9, 132.9, 131.9, 129.1, 128.9, 127.0,
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125.2,120.1, 119.5, 118.8, 72.1, 65.3, 62.9, 16.3, 15.6, 14.8; HR-MS (TOFEI) caled for
C1H23NSO, (385.1426); found (385.1441).

Ethyl 4 )-2-[(2-ethoxy-2 i inoline-3-carboxylate
3i):

A 250 mL round bottom flask was charged with triphenylphosphine (2.70 g, 10.30
mmol) to which was added 70 mL THF. The resulting clear solution was cooled to -78°C
and DEAD (1.63 mL, 10.30 mmol) was added over 5 min. The yellow reaction mixture
was stirred for extra 5 min after which benzyl alcohol (1.169 mL, 11.30 mmol) was
added and stirred for 5 min. Neopentyl alcohol (0.50 g, 5.70 mmol) and 3a (3.96 g, 10.30
mmol) were added sequentially to the reaction mixture as solids. The resulting
suspension was allowed to remain at -78°C for 5 min during which most of the starting
material dissolved. The cooling bath was then removed and the reaction was stirred
overnight at room temperature, TLC indicated complete consumption of the reactant. The
clear solution was concentrated to approximately % of the original volume under vaccum
then applied to a silica gel column and eluted with 5:1 hexane/EtOAc resulting in a white
crystalline product; mp 105-107 °C; 'H-NMR: (500 MHz, CDCl3): 8 = 9.08 (m, 1H),
8.05 (m, 1H), 7.94 (m, 2H.), 7.81 (m, 2H), 7.79 (m, 2H), 7.41 (m, 3H), 5.26 (s, 2H), 4.44
(q,J= 5.3 Hz, 2H), 4.25 (s, 2H), 4.12 (g, J = 5.1 Hz, 2H), 1.35 (t, J = 6.8 Hz, 3H), 1.21
(t,J = 7.5 Hz, 3H); °C NMR (175 MHz, CDCL): § = 166.2, 160.6, 154.9, 147.4, 134.3,
130.6, 128.7, 127.8, 127.1, 126.6, 124.9, 119.4, 118.5(8 carbons), 71.9, 71.2, 65.1, 62.1,

15.7,14.9, 14.1; HR-MS (TOFE]I) calcd for C27HasNOsS (475.1453); found (475.1458).
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Ethyl 2-[(3-chloro-2-oxopropyl)thio]-4 y [hquinoline-3-carboxylate
(3j):

Utilizing the same alkylation procedure as applied for preparation of 3b using 1.3 -
dichloroacetone; yellowish brown powder; mp 98-100 °C; 'H-NMR: (500 MHz, CDCI):
5= 13.09 (s, OH), 8.93 (d,J = 8.5 Hz, 1H), 8.10 (d, J = 8.9 Hz, 1H), 7.89 (d, J=7.3 Hz,
1H), 7.79-7.69 (m, 3H), 4.61 (q,J=7.16, 7.17 Hz, 2H), 4.40 (s, 2H.), 4.32 (s, 2H), 1.58
(,J=7.1 Hz, 3H); "*C NMR (175 MHz, CDCL): 3 = 169.3, 168.0, 164.3, 157.4, 146.21,
134.6, 1293, 1292, 127.8, 1269, 1258, 124.6, 119.1, 1143, 105.4, 35.6, 33.3, 14.0,

13.9; HR-MS (TOFEI) caled for C1oHsCINO4S (389.0489); found: (389.0495).

Ethyl 2-[ io]-4-hy inoline-3-carboxylate (3k):
To a stirring solution of 4 (0.80 g, 2.67 mmol) in THF (10 mL) and H,0 (40 mL) was
added NaHCO; (1.0 g, 7.23 mmol), and stirred for 15 min., then bromoacetonitrile (0.50
2,4.16 mmol) was added to the resulting solution and stirred for 4 h at room temperature.
After completion of the reaction, the solution was acidified by acetic acid, extracted with
chloroform, dried over Na;SOy, filtered to give 3k as a white powder; mp 208-210 °C;
'H-NMR: (500 MHz, DMSO-dq): 3 = 12.42 (s, 1H, OH), 9.26-9.21 (m, 1H), 8.12 (d, J=
8.8 Hz, 1H), 8.10-8.07 (m, 1H), 7.97 (d,J/= 9.1 Hz, 1H), 7.82 (m, 2H), 4.53 (q, J=7.0
Hz, 2H), 4.43 (s, 2H), 1.45 (t, J = 7.1 Hz, 3H); C NMR (175 MHz, DMSO-dy): =
169.9. 168.0, 155.0, 147.2, 135.5, 130.1, 129.4, 127.9, 127.4, 126.6, 1253, 1193, 117.4,
115.0, 103.4, 63.1, 17.2, 142; HR-MS (TOFEI) caled. for CgHisN;058 (338.0725);

found (338.0722).

Ethyl 2. i i0)-4 inoline-3-carboxylate (5):
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To a stirring solution of 4 (0.8 g, 2.67 mmol) in THF (10 mL) and H,O (40 mL) was
added NaHCO; (1.0 g, 7.23 mmol), and stirred for 15 min., then hydroxylamine-O-
sulfonic acid (0.50 g, 4.42 mmol) was added to the resulting solution and stirred for 4 h
at room temperature. After completion of the reaction, the solution was acidified by
acetic acid, extracted with CHCl;, dried over Na;SOq, filtered to give 5 as a white fluffy
powder; mp 175-177 °C; '"H-NMR: (500 MHz, DMSO-d¢): 8 = 8.54 (s, 1H, OH), 8.12 (t,
J =177 Hz, 2H), 7.86 (d, J = 8.7 Hz, 1H), 7.84-7.82 (m, 2H), 4.31 (q, J = 7.0 Hz, 2H),
1.33 (t,J = 7.0 Hz, 3H); *C NMR (175 MHz, DMSO-dy): 8 = 166.9, 162.5, 134.5, 128.9,
1287, 127.9, 127.8, 127.5, 124.5, 121.5, 121.3, 105.4, 64.2, 61.6, 60.3, 14.3; HR-MS

(TOFEI) caled for C16H14N205S: (314.0725); found (314.0736).

Ethyl 7-hydroxy-8-oxo-8,9-dil ieno[2,3-b]quinoline-9-carboxylate
(6a):

Sodium ethoxide (0.29 g, 4.3 mmol) was added to the solution of 3a (1.49g, 3.89 mmol)
in EtOH (50 mL) and refluxed for 4 h. After completion of the reaction, EtOH was
removed, added H,0 (50 mL), and acidified by AcOH, separated solid was collected and
dried as a yellowish powder; mp >250 °C; 'H-NMR: (500 MHz, DMSO-dp): & = 13.37
(s, 1H, OH), 8.74 — 8.69 (m, 1H), 8.16 (d, J = 8.8 Hz, 1H), 8.11 (dd. /= 6.8, 2.3 Hz, 1H),
7.87—7.83 (m, 2H), 7.84 — 7.79 (m, 1H), 4.29 (q, /= 7.0 Hz, 2H), 3.34 (s, 1H), 1.07 (1, /
= 7.0 Hz, 3H).°C NMR (175 MHz, DMSO-dp): 8 = 175.3, 161.8, 157.0, 156.9, 150.5,
138.4,134.9,129.3, 128.8, 127.2,123.8, 122.8, 120.5, 118.4, 114.3,95.3, 60.2, 14.4; HR-
MS (TOFEI) caled. for C1sH;sNO3S ( 339.0565); found (339.0560).

2 1,2]thi 4-b]quinolin-8(9H)-one (7):

y Y 14




e

Chapter 3: Thieno |2, design, synth

Sodium ethoxide (0.20 g, 3.0 mmol) was added to the solution of 5 (0.84 g, 2.7 mmol) in
EtOH (50 mL) and refluxed for 4 h. After completion of the reaction, EtOH was
removed, added H>O (50 mL), and acidified by AcOH, separated solid was collected and
dried as a light brown powder; mp>250 °C; 'H-NMR: (500 MHz, DMSO-dp): 8 = 13.13

(s, 1H, OH), 8.61 (d, J = 7.8 Hz, 1H), 8.21 (d, J = 8.73 Hz, 1H), 8.14-8.11 (m, 1H), 7.85-

7.79 (m, 3H); *C NMR (175 MHz, DMSO-dy): § = 172.9, 165.0, 162.2, 137.7, 134.9,
129.0, 128.6, 127.1, 125.2, 123.5, 123.0, 121.4, 120.2, 107.4; HR-MS (TOFEI) calcd. for
Ci4HgN20,8 (1268.0306); found (268.0310).

7-hydroxy-8-0x0-8,9-dihydr hthieno|2,3: inoline-9-carboxylic acid (6b):

A mixture of ester (6a) (0.339 g, 1.0 mmol) and NaOH (0.088 g, 2.2 mmol) in H,O (20
mL) was stirred at 100 °C for 4 h. After being cooled, the reaction mixture was
neutralized with 1 M HCI, extracted with CH,Cl, and dried. Evaporation followed by
crystallization from EtOH afforded the acid as an orange red powder; mp>250 °C; 'H-
NMR: (500 MHz, DMSO-dg): 8 = 13.10 (s,1H, OH), 12.95 (s, 1H, OH), 12.09 (s, 1H,
OH), 8.91 (d, J = 8.4Hz, 1H), 8.05 (d.J=7.9 Hz, 1H), 7.96 (d, /= 8.8 Hz, 1H), 7.80 (t,J
= 7.4 Hz, 1H), 7.76-7.68 (m, 2H); °C NMR (175 MHz, DMSO-d;): 8 = 166.2, 159.8,
158.2, 156.3, 149.4, 140.4, 133.9, 128.2, 127.3, 127.2, 123.5, 122.3, 120.4, 119.2, 115.3,

98.2; TOF-MS EI: calcd. for CisHoNO4S (311.16); found (311.16).

Ethyl 7-methoxy-8-oxo-8,9-di ieno[2,3-blquinoline-9-carboxylate

(6¢):
To a mixture of 6a (0.339 g1 mmol) and K>CO; (0.386 g, 2.8 mmol) in dry DMF (25

mL) under nitrogen atmosphere was added dimethyl sulfate (0.126 g, 1 mmol) along with
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KI (catalytic amount). The reaction mixture was heated at 70 °C for 24 h, and then poured
into ice-H,0. The resulting alkylated derivative was collected by filtration and
recrystalized from hexane: CHCI; (1:3) to afford a yellowish powder; mp charring > 280
°C; '"H-NMR: (500 MHz, DMSO-dy): § = 9.15-9.07 (m, 1H), 8.11 (d, J = 9.0 Hz, 1H),
7.98 (dd, J=2.7, 6.2 Hz, 1H), 7.75 (d, J = 9.1 Hz, 1H), 7.74-7.69 (m, 2H), 435 (s, 3H),
4.10(q. J=7.0 Hz, 2H), 1.25 (t. J=7.0 Hz, 3H); "°C NMR (175 MHz, DMSO-dj): § =
176.3, 160.8, 158.0, 155.9, 150.5, 139.4, 1319, 128.3, 128.8, 125.2, 123.8, 122.8, 120.5,
118.4,117.3,95.3, 60.2, 47.2, 14.3; HR-MS (TOFEI) calcd for C1oH1sNO,S (353.0722);
found (353.0731).

Ethyl 7-ethoxy-8-ox0-8,9-di ieno[2,3-b]quinoline-9-carboxylate (6d):

Utilizing the same alkylation procedure as applied for preparation of 6¢ using diethyl
sulfate (0.154 g, Immol); yellow powder; mp 170-172 °C; 'H-NMR: (500 MHz, CDCL):
5=10.94 (s, 1H, OH), 9.35-9.28 (m, 1H), 8.16 (d, J=9.1 Hz, 1H), 7.88 (dt,/ = 3.2 Hz,
1H), 7.77-7.69 (m, 3H), 4.50 (q,J = 7.0 Hz, 2H), 4.46 (q, J= 7.1 Hz, 2H), 1.58 (t,J =
7.0 Hz, 3H), 1.45 (t, J = 7.1 Hz, 3H); °C NMR (175 MHz, CDC3): & = 168.1, 161.1,
160.5, 157.9, 150.4, 134.8, 130.9, 129.6, 128.1, 127.5, 1269, 125.8, 1202, 119.1, 116.4,
100.4, 742, 62.1, 16.1, 14.7; HR-MS (TOFEI): caled for CooHisNOS (367.0871); found

(367.0872).

Ethyl 7,8-di h]thieno[2,3-bquinoline-9-carboxylate (6¢):
Utilizing the same alkylation procedure as applied for preparation of 6d using diethyl
sulfate (0431 g, 2.8 mmol) orange powder; m p 120-122 °C; ' H-NMR: (500 MHz,

CDCly): & = 9.41-9.29 (m, 1H), 8.13 (d, J = 9.1 Hz, 1H), 7.94-7.87 (m, 1H), 7.80-7.69
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(m, 3H), 4.44 (q,J = 7.0 Hz, 4H), 4.39 (q, /= 7.0 Hz, 2H), 1.56 (1, J = 6.6 Hz, 6H), 1.45
(t,J=7.1 Hz, 3H); °C NMR (175 MHz, CDCLy): & = 162.2, 160.2, 159.9, 153.3, 149.8,
1345, 130.5, 129.0, 128.1, 128.0, 127.5, 125.2, 119.4, 119.2, 1188, 116.6, 73.6, 72.2,

613, 15.5, 15.3, 14.2; HR-MS (TOFEI) caled for CpHyNO4S (395.1191); found

(395.1195).

Ethyl 8,9-dihydro-7,10-di 12-thia-13 1 11-
carboxylate (6f):

This compound was prepared using the same procedure as that used for the synthesis of
6e using 1,2-dibromoethane to afford a yellow crystalline product; mp 250-252 °C; 'H-
NMR: (500 MHz, CDCly): = 9.35-9.28 (m, 1H), 8.14 (d. J = 9.1 Hz, 1H), 7.93-7.87 (m.
1H), 7.74 (dt, J = 5.9, 9.7 Hz, 3H), 4.96-4.92 (m, 2H), 4.84-4.79 (m, 2H), 442 (q, /= 7.1
Hz, 2H), 1.43 (t, J="7.1 Hz, 3H); “C NMR (175 MHz, CDCL): = 162.1, 159.5, 158.2,
152.8,148.3, 134.3, 130.1, 129.1, 127.6, 127.0, 125.8, 125.4, 119.4, 113.8, 111.4, 104.8,
73.6, 72.2, 61.1, 14.4; HR-MS (TOFEI) caled for CyH;sNO4S (365.0722); found

(365.0727).

9-Cyano-7-hydroxy-8-oxo-8,9-di [h]thieno[2,3-b]quinoline (8):

Sodium ethoxide (0.20 g, 3 mmol) was added to the solution of 3k (0.91 g, 2.7 mmol) in
EtOH (50 mL) and refluxed for 4 h. After completion of the reaction, EtOH was
removed, added H,O (50 mL), and acidified by AcOH; the separated solid was collected
and dried as a brown powder; mp>250 °C; 'H-NMR: (500 MHz, DMSO-dy): § = 13.39
(s, OH), 8.66 (s, 1H), 8.16 (d, J = 8.7 Hz, 1H), 8.10 (d. J=9.1Hz, 1H). 7.83 (dd. /= 6.8,

14.0 Hz, 4H); °C NMR (175 MHz, DMSO-dy): 8 = 173.4, 165.2, 167.0, 162.5, 140.0,

102




Chapter 3: Thieno [2, inoline derivaives: de snihesis, preliminary in i

138.7, 135.2, 130.0, 129.4, 127.4, 125.1, 1245, 122.0, 121.3, 120.1, 105.3; HR-MS
(TOFEI) calcd. for C16HgN>0,S (292.3019); found (292.3017).
9-Acetyl-9H-benzo|i]pyrazolo[3,4':4,5]thieno[2,3-b] quinoline-7,10-diyl diacetate
9):

Compound 6a (0.50 g, 1.5 mmol) was allowed to react with hydrazine hydrate (10.1 g,
201 mmol) by refluxing in EtOH for 3 h, then cooling. After evaporation of the solvent,
the remaining mixture was refluxed with Ac;0 (5 mL) for 4 h. The reaction mixture was
then cooled and was diluted with water (30 mL) and stirred for 30 min. The precipitate
was collected, dried and recrystalized from THF to yield compound 9 as yellow crystals;
mp >250 °C; "H-NMR: (500 MHz, CDCls): § = 9.32 (dd, J= 9.7, 16.2 Hz, 1H), 7.94 (dd,
J =42, 8.8 Hz, 2H), 7.86 (d, J = 9.0 Hz, 1H), 7.81-7.70 (m, 2H), 2.77 (s, 3H), 2.64 (s,
3H), 2.64 (s, 3H): *C NMR: (175 MHz, CDCly): § = 169.6, 167.4, 166.9, 166.8, 150.5,
149.4, 149.1, 139.7, 134.1, 130.4, 129.3, 127.9, 127.9, 127.6, 125.3, 118.2, 117.9, 113.1,
108.8, 23.4, 20.8, 20.6; HR-MS (TOFEI): caled for CaoH;3N3;04S (391.0627); found
(391.0638) (-COCH3).

Diethyl [4-(2-ethoxy-2- hyl)-3 1-yl)-1,3-thiazol-2(3H)-

ylidene]propanedioate (10):
To a stirred solution of compound 1a (0.367 g, 1 mmol) in THF (50 mL) was added
chloroethylacetoacetate (0.164 g, 1 mmol) dropwise at 0 °C and stirring was continued
for an extra 12 h at room temperature. The solvent was evaporated, and the resulting oil
was extracted with CHCl; and dried over Na;SO4, The organic layer was evaporated by

rotary evaporator to give yellow oil. The obtained oil was heated at 170-180 °C in an oil
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bath under vacuo for 10 min. The resulting oil was solidified then washed with ether
affording compound 10 as yellow crystals; mp 140-142 °C; 'H-NMR: (500 MHz,
CDCly): §=7.95 (dt, J = 1.14, 114, 8.02 Hz, 1H), 7.92-7.89 (m, 1H), 7.55 (m, 2H), 7.51
(d,J="7.85 Hz, 1H), 7.49 (d, J = 1.54 Hz, 1H), 7.43 (m, 1H), 6.59 (d, J = 0.97 Hz, H),
3.81 (m, 2H), 3.71-3.60 (m, 2H), 3.38 (m, 2H), 3.12 (dd, J = 0.91, 17.24 Hz, 1H), 2.9 (d,
J=1.05, 17.28 Hz, 1H), 1.02 (t, J = 7.16 Hz, 3H), 0.89 (t, J = 7.15 Hz, 6H); "°C NMR:
(175 MHz, CDCl): 8 = 168.1, 166.2, 163.1, 134.3, 134.1, 132.5, 130.6, 129.1, 128.4,
128.1, 127.0, 125.1, 122.4, 106.7, 90.0, 613, 60.6, 60.0, 38.1, 34.0, 30.9, 14.5, 13.8,
13.8; HR-MS (TOFEI) caled for C2qHosNOGS (455.1403); found (455.1398).

1H-3-thia-11 1,8,7, of ene-1,6(5H)-dione(11):

The appropriate ester (10) (0.455 g, 1 mmol) was added to PPA (2.27 g, 5 parts by
weight) preheated to 150 °C, and the mixture was stirred for 3 h before being cooled to
room temperature, HO was added, the solution was made basic with conc. NH4OH, and
extracted several times with CH,Cl,. The combined extracts were dried (MgSO0,). filtered
and evaporated in vacuo to yield essentially pure brownish black crystals; mp 200-202
°C; "H-NMR: (500 MHz, CDCI3): § = 8.80 (d, /= 8.7 Hz, 1H), 8.28 (dd, /= 6.9, 5.4 Hz,
2H), 8.09 (d, J = 8.7 Hz, 1H), 7.79-7.72 (m, 1H), 6.93 (s, 1H), 6.79 (s, 1H), 4.09 (d, J =
14.8 Hz, 2H). C NMR: (175 MHz, CDCly): & = 172.6, 157.0, 1363, 135.9, 135.7,
133.0, 132.1, 130.4, 128.3, 127.4, 126.6, 124.8, 122.5, 115.6, 106.1, 105.6, 44.8; HR-MS

(TOFEI) caled for C17HgNO,S (291.0354); found (291.0349).
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Preface

The developed manuscript for this chapter provides a detailed synthesis of the novel
benzo[A]thiazeto quinoline system via the oxidative cyclization mechanism. A version of
this manuscript has been published in the Heterocycles.
Abstract

The first synthesis of a series of 4-oxo-14-dihydro benzo[h][1,3]thiazeto[3,2-

a]quinoline carboxylic acids and their esters via oxidative cyclization of ethyl 2-((2-

ethoxy-2 thyl)thio)-4-hydroxybenz inoline-3-carboxylate in the presence of a
vicinal dihalolakane, KI, and K;CO; is described. ~Structures of the synthesized

were ized by ic and X-ray cr ic analyses.

Keywords: Thi X-ray cr

(IBr).

4.1 Introduction

4-Oxo-1,4-dihydroquinoline-3-carboxylic acid ~derivatives (quinolones) have
dominated the antibacterial market for decades. Quinolones have a unique mechanism of
action: they inhibit DNA synthesis by promoting cleavage of bacterial DNA in the DNA-
enzyme complexes of DNA gyrase (the main target in Gram-negative bacteria) and type
IV topoisomerase (the main target in Gram-positive bacteria), resulting in rapid bacterial

death [1-3].
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Inhibitory activity of quinolones against human topoisomerase-2 has been reported

by Kyorin-Kyowa-Hakko rescarchers via introduction of a series of tricyclic

that exhibited impressive anti activity [4].
In continuation of our ongoing rescarch towards the discovery of novel polyeyelic

quinoline-based antineoplastic agents using conventional synthetic procedures, we were

[lthi innline d

able to isolate and identify, . a 4-0x0-b
(4a). The structure of this novel molecule was elucidated by 'H-NMR, “C-NMR, HR-
MS, and X-ray crystallography. Despite the availability of several published works on the

syntheses and bioactivity of angular 4 thiazolo[3,2- ine-3-carboxylic acid

derivatives,[4-9] there are limited reports on the synthesis of 4-oxo-thiazeto[3,2-

alquinolines and there is no reported synthesis of 4-oxo-benzo[A]thi 3.2

derivatives.

Prulifloxacin [10] Figure 4-1 (A) is a ive of 4
antibiotics. It is a prodrug which is metabolized in the body to the active compound
ulifloxacin [11]. It was developed over two decades ago by Nippon Shinyaku Co. and

was patented in Japan in 1987 and in the United States in 1989 [12-14].

Figure 4-1: Structure of Prulifloxacin (A).
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In the same context, Tto ef al. [15] succeeded in the synthesis of 4-oxo-1,4-dihydro-
[1.3]thiazeto[3,2-a]quinoline-3-carboxylic acid derivative (B) as an antibacterial,
antitumor, and anti-AIDS agent.

In 1999, Matsuoka ef al., reported the synthesis of 6-fluoro-1-methyl-4-oxo-7-(1-
piperazinyl)-4H-[1,3]thiazeto[3,2-a]quinoline-3-carboxylic acid (C, NM394) which

showed excellent in vitro antibacterial activity [16a].

Figure 4-2: Structure of Compounds (B) and (C).
The rationale behind the prulifloxacin synthesis was to connect the quinoline N-1
and C-2 positions via a bridge in order to minimize the steric hindrance of the C-2
substituent toward the C-3 carboxyl group, and which can lead to active antibacterial

agents [16b].
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Figure 4-3: Prulifloxacin synthesis schematic

(adopted from J. Med. Chem. 1992, 35, 4727).

In order to achieve this goal, the authors used appropriately-substituted

phenylisothiocyanate which, upon reaction with di and thyl
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ether, followed by thermal cyclization and deprotection of the sulfide, afforded the

ding ethyl 2 pto-4 (1H)-oxo-quinoline-3-carboxylic acid (IV). Reaction

dib; derivative in

of this compound with an alkyl- or ar
the presence of K,COs and KI gave rise to the alkyl/aryl substituted 4-oxo-thiazeto[3,2-
a]quinoline-3-carboxylic acid as depicted in Figure 4-1. The disadvantage of using this
methodology is the limitation in the nature of substituents on the carbon connecting —S—
and —N- atoms in the thiazeto ring, which originates from the corresponding gem-
dibromomethane precursors.

In the synthesis described in this chapter (Scheme 4-1), the 4-oxo-thiazetoquinoline
nucleus is formed via reaction of the carbanion at the alkylsulfide group of the C-2
position of the quinoline ring with a pseudohalogen (IBr), formed via reaction of iodide
anion with the vic-dihaloalkane, or a halogen (1), followed by nucleophilic attack of the
N-1 on halogenated carbon and the departure of halogen. The role of the vicinal
dihaloalkane in this process is the provision of a pseudohalogen (such as IBr) without

direct interaction with the quinoline system. This synthetic procedure produced diverse 4-

oxo-thiazetoquinoline-3-carboxylic acid derivative: 1

groups at the C-1 position.

4.2 Chemistry

The synthesis of 4 b [/1]thi inoli ic acid derivatives is

outlined in Scheme 4-1.
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Scheme 4-1: Synthesis of 4-0xo-b [/]thi inoli ylic acid

Naphthylisothiocyanate was allowed to react with diethylmalonate in the presence
of sodium hydride to yield the salt 1a which was further reacted with ethyl bromoacetate
to afford 2a. Thermal cyclization of 2a, under vacuum, yielded Compound 3a. This
compound was later reacted with 1.2-dibromopropane in the presence of KI and K,CO;
to obtain 4a, which was further saponified to afford 4b.

Synthesis of Compound 4¢ was then carried out in an analogous manner to 4a using ‘
KI and K,CO; in the presence of 1,2-dibromopropane, starting from 3e, as depicted in ‘

Scheme 4-2.
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Scheme 4-2: Synthesis of Compound 4c.

The most interesting step in the schemes was the cyclization using a vicinal
dihaloalkane instead of germinal ones, which were used in all previously reported
syntheses. Also, the vicinal dihaloalkane did not appear in the final structure, which

confirms the role of the vicinal di asa d source of the hal

reagent which allows for cyclization to occur after it the carbon « to the thiol.

In order to investigate the details of the cyclization process, the following reactions

were attempted:

3a +KI + 1,2-dibromopropane;

3a + K,CO; + 1,2-dibromopropane;

3a -+ KI +KyCOs:

3a + KI + K,CO;3 + 1, 2-dibromopropane.
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No cyclised product was separated in the first 3 experiments and only the 4"
procedure yielded the title Compound 4a.

Based on the above information, the following pathway is suggested as a plausible
mechanism for the formation of 4a from 3a. Nucleophilic reaction of iodide anion with

2-dibromoprapane would result in the formation of propene, bromide ion, and

attack of the carbanion form of 3a on
iodobromide would afford the iodo intermediate 3a-a, which upon nucleophilic

cyclization yields 4a, as depicted in Scheme 4-3.

CO,Et
COEt
I CO,Et

CO Et

/‘3'
Br
I
3a
Scheme 4-3: A plausible mechanism for the formation of 4a from 3a.

In order to prove the critical role of 1.2-dihaloalkanes in the formation of the above

4 hi

we d the same reaction using 1.2-dibromobutane and

1,2-dil instead of 1,2-di P In all trials, Compound 4a was

obtained in a very good yield. On the other hand, when Compound 3a was allowed to
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react with 1,3-dib and 1,2-di the ing O-alkylated

products (5 and 6) were obtained as shown in Scheme 4-4.

Er
KI/K,COy/1,3-dibromopropane CO,Et
7 DMF/70°C Scoggt
5 30%
o et
s P
co Et g o |
N
% cogt
KIIK,CO/1,2-dibromopropane 5
DMF/70°C O
6 61%

Scheme 4-4: O-alkylated products (5 and 6).

In order to confirm the i of the dohalide (i ide), formed by

the reaction of 1,2-dibromopropane and KI, in the oxidative cyclization of Compound 3a
to 4a, we attempted the reaction of 3a with either iodobromide (IBr) or iodine (L) in the
presence of KoCO;. In both attempts, we were able to obtain Compound 4a in good
yields.

The X-ray crystallographic structures of Compound 4a and its carboxylic acid

derivative (4b) [17] are shown in Figure 4-2.
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A ”o,,,
by
ey
B
Figure 4-4: ORTEP ions of the X-ray of thi

derivatives 4a and 4b, with 50% probability ellipsoids.
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We also d the decarboxylation of 4b using
procedures with no success. Unexpectedly, when 4b was allowed to react with
ethylchloroformate followed by hydroxylamine hydrochloride, Compound 4d was
afforded. Formation of 4d can be explained via the reaction of ethyl chloroformate with
the carboxylate anions (formed in the presence of EGN) to afford a mixed-anhydride
intermediate 4b-b, which upon reaction with hydroxylamine hydrochloride leads to

of the j ide, while the j anhydride

transforms into a carboxylic acid, as depicted in Scheme 4-5.

?H
CH,
o0 J
oM o
CICO,Et ‘
S — O
I N-methylmorpholine I
o
OH H
® 050" CH, 4d a2%
HN
“oH
4bb
Scheme 4-5: d mechanism for mono lation of Compound 4b.

4.3 Invitro testing

Compounds 4a-4d and 6 were tested for cytotoxicity against HeLa cells in
comparison with doxorubicin, as a reference compound. The test results revealed the lack

of eytotoxicity of the tested compounds against HeLa cells.
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Table 4-1: Cytotoxicity results of tested derivatives.

Inhi%at | Inhi%at | Inhi%at | Inhi%at | ICs
100ug/ml | 10ug/ml | lug/ml | O.lugml | ug/ml
4a 2.90 6226 | -65.23 100
4b 25.18 S1L01 | -1545 90
4c 36.00 3526 | -43.54 >100
ad (1746 | -4583 | -55.34 >100
6 15.13 3864 | -46.04 | >100
Ref. 2328 18.04 597 76.65

4.4  Molecular modeling
4.4.1 Methods

Docking calculations were carried out ing to the Docki er y

[18]. The MMFF94 force field [19] was used for energy minimization of the ligand

molecule using Docki er. PM6 iempirical charges by MOPAC2009
(J. P. Stewart, Computer code MOPAC2009, Stewart Computational Chemistry, 2009)
were added to the ligand atoms. Non-polar hydrogen atoms and rotatable bonds were
defined.

Docking calculations were carried out on the topoisomerase II structure with the

pdb code 1QZR. Essential hydrogen atoms, Kollman united atom type charges, and
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solvation parameters were added with the aid of AutoDock tools [20]. Affinity (grid)
maps of 25%25x25 A grid points and 0.375 A spacing were generated using the Autogrid
program. AutoDock parameter set- and distance-dependent dielectric functions were
used in the calculation of the van der Waals and the electrostatic terms, respectively.
Docking simulations were performed using the Lamarckian genetic algorithm
(LGA) and the Solis & Wets local search method [21]. Initial position, orientation, and
torsions of the ligand molecules were set randomly. Each docking experiment was
derived from 100 different runs that were set to terminate after a maximum of 2,500,000
energy evaluations. The population size was set to 150. During the search, a translational

step of 0.2 A, and quaternion and torsion steps of 5 were applied.
4.4.2 Human topoisomerase II docking

Topoi 11 is an ATPase belonging to the GHKL (Gyrase, Hsp90, histidine

Kinase, mutL) family. The mechanism of function of human toposiomerase II is to
simultaneously cut both strands of the DNA helix using the energy derived from ATP

is. The inhibition of human i 11 is the target of oncology research.

There are more ways to inhibit the enzyme’s action [22]:

1-While exerting its function, the enzyme creates a transient covalent DNA-enzyme
complex. Topoisomerase II poisons exert their effect by stabilizing this transient
complex, thus, causing DNA damage. Since these compounds are very toxic to normal
cells, alternative ways of topoisomerase 1 inhibition are subjects of interest in drug

research.
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2-An alternative way of inhibition is to block the enzyme before the DNA cleavage
step or in the last step of its catalytic cycle. The competition for the ATP binding site as
well as stabilization of a transient dimer interface between two ATPase monomers have
been described [23]. Nevertheless, these ways of inhibition take place at the ATPase
region of the protein. Among the available structures of the human topoisomerase 11
protein, 1PVG and 1QZR carry the ATPase region. Additionally, 1PVG contains
modified methionine residues (MSE), while 1QZR contains phosphoaminophosphonic
acid-adenylate ester (ANP) at the ATP binding site and an inhibitor ICRF-187 at the

interface of the homodimer. All docking calculations were done using 1QZR.
4.4.3 Docking experiment

First, the blind docking procedure was applied. The docking result showed no
cluster possessing significantly higher frequency or lower energy as compared to the
other clusters. Thus, blind docking in this case was not able to clearly define the possible
binding site. Therefore, biochemical knowledge was used for binding site identification.
The cluster possessing the highest interaction surface between the docked ligand and the
protein indicating strong binding was located at the ATP binding site. None of the results
were found at the inhibitor’s (ICRF-187) binding site. Thus, focused docking calculations

were carried out at the ATP binding site of the protein.
4.5 Focused docking results

All compounds were calculated to bind at the ATP binding site with reasonable

affinity, with 4b possessing the lowest docking energy. It is noted that in the X-ray
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structure Mg>* is coordinated by 3 oxygen atoms coming from ANP. None of the tested

derivatives were able to donate non-bonding electrons to Mg®".

Figure 4-5: Docked structure of Compound 4b at the ATP binding site of 1QZR.

Table 4-2: Calculated interactions of Compound 4b at the ATP binding site.
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4.6 Invitro testing
HeLa human cervix adenocarcinoma were grown in DMEM (GIBCO) with 15%
FBS and antibiotics (penicillin 100 U/ml, streptomycin 100 ug/ml). Cells were

at37Cina idified 5% CO,

4.6.1 Cytotoxicity assay

Cells were trypsinized and seeded into 96-well cell culture plates at 180 ul/well
(about 5000 cells/well). After 16 h incubation, the cells were treated for 48h by the
compound at final concentrations of 100, 10, 1, 0.1 ug/ml. The compounds were prepared

in DMSO (stock solution of 10 ug/ml), and further diluted with culture medium to obtain

the desired concentration. All tests included controls with equivalent concentrations of

media DMSO corresponding to the relevant dilutions of the test compound. The 3-(4,5-

Di iazol-2-yl)-2,5-diphenyl lium bromide (MTT) was added in the final

concentration of 1 mg/ml, and 30 ul/well. After 4h incubation the MTT-formazan
product was solubilized using DMSO (150 ul/well) with shaking 10 min. The absorbance
measurements were carried out using a microplate reader at 490 nm.
4.7 Computational methods

All mechanistic modeling calculations were performed using Gaussian09 [24] at the
HF/6-311G(d) and B3LYP/6-311G(d) levels of theory. As the 6-311G(d) basis set for
iodine [25] is not included explicitly in the software package, all basis set information

[25-28] was read in, as a general basis set input as obtained from the EMSL Basis Set
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Exchange [29,30]. Calculations were performed both in the gas phase and solution phase.
Solution phase calculations were performed with N,N-dimethylformamide as the modeled
solvent, using the Polarizable Continuum Model (PCM) [31].

Once transition states were found and confirmed by frequency analysis, intrinsic
reaction coordinate (IRC) [32,33] calculations were performed following both directions
of the reaction coordinate. The end geometries of these IRC calculations were then used
as starting points for geometry optimizations to find the reactant and product complexes
associated with the transition state. All energy minimized geometries were also

confirmed by frequency analysis.
47.1 Computational results

To test the plausibility of the mechanism described in Scheme 4-3, three individual
steps of the scheme were computationally modeled to see if the energetics of each step
were reasonable in terms of both activation energy barriers and overall energy change
from reactants to products.

As the reaction to give 4a from 3a in the presence of IBr and K>COj; has been
observed, the initial modeled step was the formation of the carbanion form of 3a via
proton abstraction by carbonate. Two possible proton abstractions were attempted, one
for each proton on the ~CH,- group next to the sulfur atom. These protons can be
described as the “ringward” proton on the same side of the molecule as the fused-ring
portion of the molecule, and the “chainward” proton (Figure 4-6a) on the other side of

the molecule. Using the reactant complex of carbonate and 3a (Figure 4-6a) as the
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reference point for zero energy, the chainward side transition state (Figure 4-6b)
| structure lies 10 kJ/mol above the reactant complex in the gas phase using B3LYP/6-
| 311G(d), and the product 3a carbanion/bicarbonate complex (Figure 4-6¢) lies 192
kJ/mol below the reactant complex. The proton abstraction is highly exothermic, as the
formation of the carbanion/bicarbonate complex creates two negatively charged ions that
electrostatically repel each other. It should be noted that attempts to model the abstraction
of the chainward proton were unsuccessful at this level of theory.

Attempts to model the proton abstraction on the ringward side using B3LYP/6-
311G(d) were successful, but gave a transition state barrier of 22 kJ/mol, while the
product complex lies below the reactant complex by 195 kJ/mol. However, regardless of

the side from which the proton is removed, the resulting carbanion structure is the same.

The transition state barrier for the ringward proton abstraction is 39 kJ/mol in the
gas phase using HF/6-311G(d), with the product complex lying 237 kJ/mol below the
reactant complex. Attempts at finding the chainward transition state were unsuccessful at
this level of theory.
In the solution phase it is interesting to note that at the HF/6-311G(d) level of
theory, the proton abstraction occurs on the chainward side with a higher transition state
| barrier of 50 kJ/mol than is seen in the gas phase. Also, the step is only exothermic by 21
kJ/mol as compared to 195 kJ/mol in the gas phase. For the B3LYP calculations in |
solution, the barrier on the chainward side is 7 kJ/mol and the overall step is exothermic
by 43 kJ/mol. In the solution phase calculations, the two negatively charged ions do not

move as spatially distant from each other in the gas phase, as the ions can be stabilized by
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the somewhat polar solvent molecules. This will tend to reduce the energy difference
between the reactant and product complexes.

Overall, the proton abstraction step has been shown to have a reasonably sized
activation energy barrier at the modeled levels of theory, and the step is exothermic

overall.

-

Figure 4-6: Reactant complex (a), transition state (b) and product complex (¢) for the

carbanion formation step calculated at the B3LYP/6-311G(d) level of theory.
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The next modeled step involves the nucleophilic attack of the 3a carbanion IBr to
form Compound 3a-a. Initial attempts to find the transition state for this step were
unsuccessful, but the product complex of 3a-a and bromide was found as shown in

Figure 4-7 for the structure calculated at the HF/6-311G(d) level of theory.

Figure 4-7: The structure of the 3a-a/bromide product complex at the HF/6-311G(d)
level of theory.
In the B3LYP/6-311G(d) product complex the iodine is 2.36 A from the carbon,
while the bromide lies 2.98 A from the iodine atom, which significantly differs from the
equilibrium bond length of IBr, which is calculated at B3SLYP/6-311G(d) to be 2.53 A.

These three atoms effectively lie in a straight line, with an angle of 178.5 degrees.
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In the next attempt to find the transition state, a fixed coordinate scan was
undertaken at HF/6-311G(d) where the C-I bond length was increased by increments of
0.1 A and the rest of the complex was optimized with the fixed C-I bond length. As the
C-I bond length is increased, the energy of the resulting complex increases, indicating
that this step appears to have no activation energy barrier, and instead shows an energetic
profile very similar to a barrierless bond dissociation. Unfortunately this also means it is
very difficult to identify a carbanion/IBr reactant complex for this reaction. However,
when the C-I distance is fixed at 5.0 A the IBr bond length is 2.51 A, which is not
significantly different from the HF/6-311G (d) bond length in IBr of 2.49 A, and so for
energetic comparisons, we choose our “reactant complex™ to have a fixed C-I distance of
5.0 A. We then compare the energy of this complex to that of the product complex to
estimate the energy change of the 3a-a/iodide formation step.

At the HF/6-311G(d) level of theory, the product complex lies 199 kJ/mol below
the “reactant complex™ in the gas phase, and 254 kJ/mol below in the solution phase. For
B3LYP, the product complex lies energetically below the reactants by 150 kJ/ mol and
206 kV/mol in the gas and solution phases respectively. Overall, this step has no
activation barrier and is highly exothermic at all levels of theory examined.

Modeling the abstraction of the phenolic-type proton of intermediate 3a-a by either

carbonate or the solvent NN was not as this step
represents acid-base type chemistry. The electron withdrawing ester group next to the
phenolic group and the extended aromatic system allow for many resonance structures to

be drawn for the phenolate form of 3a-a, including one which puts the negative charge on
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the nitrogen atom of the ring system. Because of this, the phenolate form should be
reasonably stable and the abstraction of the proton step of the mechanism should occur
with some facility. In fact, comparison of the calculated HF/6-311G(d) Mulliken charges
of 3a-a and the phenolate form do show an increase in the negative charge on the

nitrogen atom of the phenolate from -0.61e to -0.68e, increasing its nucleophilicity. This

has the potential to affect the ics of the nucleophili lization step of the
mechanism.
The importance of the phenolic proton ion prior to the leophili

cyclization step was explored by modeling the ring closing of both the phenolic and
phenolate forms of 3a-a. For HF calculations, the ring closing of 3a-a to give protonated
4a and iodide has an activation energy barrier of 149 ki/mol (gas phase) or 110 ki/mol
(solution phase), while the product complex lies energetically above the reactant complex
by 87 kJ/mol in the gas phase or 40 kJ/mol below the reactant complex in the solution
phase. For the phenolate form of 3a-a, the ring closing to give 4a and iodide at HF/6-
311G(d) has an energy barrier of only 77 kJ/mol (gas phase TS - Figure 4-8b) or 81
kJ/mol (solution phase) while the product complex lies below the reactant complex by 59
kJ/mol in the gas phase and 120 kJ/mol below the reactant complex in the solution phase.

Calculations carried out with BSLYP show similar trends. The ring closing of 3a-a
to protonated 4a and iodide has an activation energy barrier of 108 ki/mol (gas phase) or
79 kl/mol (solution phase), while the product complex lies energetically above the
reactant complex by 86 k/mol in the gas phase or 1 kJ/mol above the reactant complex in

the solution phase. However, for the phenolate form of 3a-a (Figure 4-8a), the ring
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closing to give 4a and iodide (Figure 4-8¢) at B3LYP/6-311G(d) has an energy barrier of
only 44 kJ/mol (gas phase TS - Figure 4-8b) or 49 kJ/mol (solution phase) while the
product complex lies below the reactant complex by 25 kJ/mol in the gas phase and 70
kJ/mol below the reactant complex in the solution phase.

The large difference in the energetics of the modeled ring closing steps can be
attributed to the creation of the positively charged protonated 4a and the negatively
charged iodide. The ring closing of the phenolic form would create separation of
opposing charges, which should be energetically prohibitive. However, when the
negatively charged 3a-a phenolate form undergoes ring closing, the single negative

charge is carried away by the iodide leaving group. With the removal of the phenolic

proton, all model istries show a energy barrier and an

exothermic step overall.
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a), ring closing transition state (b) and 4a/iodide

Figure 4-8: Phenolate form of 3a-

product complex (¢) for the ring closing step at the B3SLYP/6-311G(d) level of theory.

Overall, modeling of these three steps of the proposed mechanism show that the
first two steps have small to nonexistent activation energy barriers, and are highly
exothermic in concert. Even if the abstraction of the phenolic proton were to have a
relatively large activation energy barrier in the order of 250 kJ/mol (which is unlikely for
such acid-base chemistry) the transition state would still lie energetically below the
3a/carbonate reactant complex of the first step. Combined with the reasonable transition
state barrier of the phenolate form ring closing step, which is itself exothermic, the

theoretical calculations support the notion that the proposed mechanism is energetically
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favourable. In fact, since the activation energy barriers to reverse any of the mechanistic
steps would be prohibitively high, reverse reactions are unlikely to occur, and the

proposed mechanism would have to lead to fairly high yields of product 4a at a

As the i results show yields in the order of 75% for

the reaction run for 24 hours at 70 ‘C, the modeled ics of the proposed

support the observed yield as well,
48  Conclusion

‘We have presented herein a novel and effective method for a facile synthesis of the
4-oxo-thiazetoquinoline nucleus via a homo- or heterohalide catalyzed oxidative

cyclization ~ of  2-((2-ethoxy-2-oxoethylthio-  or  2-((cyano-methyl)thio)-4-

b b inoline-3 The designed structures did not show
cytotoxicity as shown in the MTT cytotoxicity bioassay on the HeLa cell line. The
synthesized derivatives exihibited a good binding affinity to the ATP binding site of the
human topoisomerase but did not show any chelation to the Mg>*.
4.9  Experimental

'H and "*C NMR spectra, HSQC, and COSY spectra were recorded on a Bruker 500
MHz NMR spectrometer using TMS as an internal standard. LC-MS and HR-MS were
conducted using a GCT Premier Micromass spectrometer. X-Ray structures were
measured on a Rigaku Saturn 70 instrument, equipped with a CCD area detector and a
SHINE optic, using Mo Ka radiation. Silicycle Ultrapure silica gel (0-20 pm) G and F-

254 was used for the preparative-layer TLC, and Silicycle Silia-P Ultrapure Flash silica
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gel (40-63 pm) was used for flash column ck hy. TLC was on

Polygram SIL G/UV254 precoated plastic sheets. Solvents were purified using standard
conditions before use. The reaction yields are included in the corresponding schemes.

i 3-etl 2 ino)-3.
Sodium  3-ethoxy-2-( 1 1oy propslieneil

thiolate (1a):

To a suspension of sodium hydride (0.60 g, 25 mmol) in MeCN (50 mL) at 5-10 °C was

added dropwise diethyl malonate (4.0 mL, 26.34 mmol) over a period of 15 min. The

mixture was stirred at 5-10 °C for additional 30 min., then 1-naphthylisothi (5.0
g. 26.99 mmol) was added portionwise at the same temperature and stirring was
continued for another 30 min. Evaporation of MeCN yielded a yellowish solid which was
washed with EO; mp 118-120 °C; 'H-NMR: (500 MHz, DMSO-dy): § = 1233 (s. NH),
8.57 (d,J = 7.1 Hz, 1H), 8.16 (t, J = 7.7 Hz, 1H), 7.91-7.86 (m, 1H), 7.52 (ddd, /= 4.7,
11.1, 8.8 Hz, 3H), 7.46-7.38 (m, 1H), 4.02 (q, J = 7.0 Hz, 4H), 1.16 (t, J = 7.0 Hz,
6H);°C NMR (175 MHz, DMSO-dg): 3 = 181.6, 166.4, 136.1, 132.5, 127.0, 126.6,
1243, 124.2, 1239, 121.2, 1206, 119.4, 116.8, 95.2, 56.8 (2CH,), 13.3 (2CH;); APCI-
MS: 368.4 (M*+1. 100).

Ethyl 2-((2-cthoxy-2 i0)-4-hy inoline-3-carboxylate (3a):

To the above yellow solid (la, 2.0 g, 5.44 mmol) in THF (50 mL) was added
BrCH,COOCH,CH; (0.60 mL, 5.44 mmol) dropwise at 0 °C and the mixture was stirred
for 1 h at room temperature. The solvent was then evaporated, extracted with CHCl; and
dried over Na;SO4 The organic layer was evaporated by rotary evaporator to give a

yellow oil (2a). The obtained oil was heated at 170-180 °C in an oil bath under vacuum
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for 10 min. The resulting oil was solidified, then washed with ether to afford (3a) as
white needles; mp 136-138 °C; '"H-NMR: (500 MHz, CDCl3): § = 13.11 (s, 1H, OH),
9.22-9.15 (m, 1H), 8.10 (d, J=8.9 Hz, 1H), 7.89 (dd, J = 3.1, 6.0 Hz, 1H), 7.76-7.68
(m, 3H), 4.61 (q, /= 7.0, 6.9 Hz, 2H), 4.22 (q, /= 7.0, 6.9 Hz, 2H), 4.13 (s, 2H), 1.60 (t,
J=7.0 Hz, 3H), 1.29 (t, J = 7.0 Hz, 3H); *C NMR (175 MHz, CDCL): § = 170.9, 170.4,
168.2, 158.1, 147.6, 135.8, 130.6, 129.4, 128.1, 127.1, 126.2, 125.9, 119.9, 115.1, 104.0,
63.2, 61.9, 34.6, 14.6, 14.6; HR-MS (TOFEI) calcd for CaoHi9NOsS: (385.0984); found
(385.0991).

Ethyl 2-((eth i0)-4 y inoline-3-carboxylate (3b):

This compound was prepared according to the same procedure as that applied for 3a
using chloromethyl ethyl ether; yellow crystals; mp 120-122 °C; 'H-NMR: (500 MHz,
CDCly): & = 13.11 (s, 1H, OH), 9.26-9.19 (m, 1H), 8.13 (d, J=9.0 Hz, 1H), 7.91 (d, J
=3.3 Hz, 1H), 7.75 (4, J = 9.0 Hz, 1H), 7.72 (dd, J = 3.2, 6.1 Hz, 2H). 5.76 (s. 2H), 4.60
(¢, J="7.1 Hz, 2H),3.76 (q,J = 7.0 Hz, 2H), 1.59 (t, /= 7.0 Hz, 3H), 1.25 (t, /= 7.0
Hz, 3H);°C NMR (175 MHz, CDCly): § = 1711, 168.3, 158.2, 147.4, 135.8, 129.4,
1282, 127.3, 126.2, 125.7, 1200, 115.1, 104.3, 71.4, 65.7, 63.1, 31.2, 15.4, 14.6; HR-

MS (TOFEI): caled for C1oHigNO4S (357.1035); found (357.1031).

Ethyl 2 io)-4 y inoline-3-carboxylate (3¢):
Following a reported procedure [34], to a stirring solution of 4 (0.8 g, 2.67 mmol) in THF
(10 mL) and H>0 (40 mL) was added NaHCO; (1 g, 7.23 mmol), and stirred for 15 min.,
then bromoacetonitrile (0.5 g, 4.16 mmol) was added to the resulting solution and stirred

for 4 h at room temperature. After completion of the reaction, the solution was acidified
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by acetic acid, extracted with chloroform, dried over Na;SOy, filtered to give 3¢ as a
white powder; mp 208-210 °C; 'H-NMR: (500 MHz, DMSO-dy): § = 12.42 (s, 1H, OH),
9.26-9.21 (m, 1H), 8.12 (d, J = 8.8 Hz, 1H), 8.10-8.07 (m, 1H), 7.97 (d,J=9.1 Hz,
1H), 7.82 (m, 2H), 4.53 (q, J=7.09, 7.08 Hz, 2H), 4.43 (s, 2H), 1.45 (t, /= 7.1 Hz, 3H);
C NMR (175 MHz, DMSO-dq): § = 169.9, 168.0, 155.0, 147.2, 135.5, 130.1, 129.4,
127.9,127.4,126.6, 125.3, 119.3, 117.4, 115.0, 103.4, 63.1, 17.2, 14.2; HR-MS (TOFEI)

caled. for CigHi4N2O;3S (338.0725); found (338.0722).

Diethyl 4-oxo-1,4-dihy 1 i 3,2 inoline-1,3-dicarboxylate

(4a):

i) Oxidative Cyclization using KI and 1,2-dibromopropane

To a mixture of 3a (0.385 g, 1 mmol) and K,COs (0.386 g. 2.8 mmol) in dry DMF

(25 mL) under nitrogen was added 1,2-dit (0.56g, 2.8 mmol)
along with KI (0.464 g, 2.8 mmol). The reaction mixture was heated at 70 °C for 24 h,
and then poured into ice-H,0. The resulting thiazetoquinoline derivative was collected by
filtration and recrystallized from hexane: CHCl; (1:3) to afford yellowish crystals; yield =

75%

ii) Oxidative Cyclization using i ide and/or iodine

To a mixture of 3a (0.385 g, 1 mmol) and K,CO;3 (0.386 g, 2.8 mmol) in dry DMF

(25 mL) under nitrogen atmosphere was added iodobromide and/or iodine (2.8 mmol).
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The reaction mixture in case of iodobromide was stirred at room temperature for 24 h (in
case of iodine the reaction mixture was heated at 70 °C for 24 h). After cooling, both
reaction mixtures were poured into ice-HO. The resulting thiazetoquinoline derivative
was collected by filtration and recrystallized from hexane: CHCI; (1:3) to afford
yellowish crystals; yield (IBr) = 40%, yield (I2) = 49%. mp 223-225 °C; '"H-NMR: (500
MHz, CDCl;): = 8.42 (d. J = 8.6 Hz, 1H), 7.91 (d, /= 8.3 Hz, 1H), 7.82 (d, /= 8.5 Hz,
1H), 7.68 (d, J = 8.7 Hz, 1H), 7.61 (1, J = 7.4 Hz, 1H), 7.56 — 7.52 (m, 1H), 6.67 (s, 1H),
4.38 (q,J=6.7, 6.2 Hz, 2H), 4.23 (q, /= 7.2 Hz, 2H), 1.41 (t, /= 7.3 Hz, 3H), 1.08 (t, J
=7.3 Hz, 3H);""C NMR (175 MHz, CDCly): § = 173.2, 165.7, 165.4, 136.1, 135.8, 129.9,
129.0, 127.5, 123.9, 122.4, 122.4, 121.7, 121.6, 106.9, 67.7, 64.1, 61.7, 31.3, 14.7, 14.1;
HR-MS (TOFEI) caled for C30H;7NOsS (383.0827); found (383.0826).

4-Oxo0-1,4-di 1 i 3,2 inoline-1,3-dicarboxylic acid (4b):

Following a reported procedure [35], a mixture of ester (4a) (0.385 g, 1 mmol) and
sodium hydroxide (0.08g, 2.2 mmol) in water (20 mL) was stirred and heated at 100 °C
for 3-4 h. After cooling, the reaction mixture was neutralized with hydrochloric acid (1
mol/L), extracted with CH,Cl,, dried over MgSO,, then evaporated. The solid obtained
was purified by recrystallization from EtOH to afford Compound 4b as yellowish white
powder; mp 233-235 °C; 'H-NMR: (500 MHz, DMSO-dy): = 8.27 (d. /= 8.8 Hz, 1H),
8.25(d, /= 8.4 Hz, 1H), 8.17 (d, /= 7.5 Hz, 1H), 8.02 (d, J = 8.8 Hz, 1H), 7.83 (dd, J =
11.0, 4.0 Hz, 1H), 7.81-7.76 (m,1H), 7.73 (s, 1H); "*C NMR (175 MHz, DMSO-dy): 5 =

175.7,165.6, 165.2, 164.2, 136.0, 135.2, 129.5, 128.9, 127.5, 126.0, 122.6, 122.3, 121.5,
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121.1, 103.6, 70.4; HR-MS (TOFEI) caled for C;sHoNO3S (283.0303); found (283.0313)

[36] .

Ethyl 1-cyano- 4-oxo0-1,4-dihydr 1 i 3,2
carboxylate (4c).

This compound was prepared using the same procedure as that used for the synthesis of
4a using KI, K,CO; and 1,2-dibromopropane starting from 3¢; white powder; mp 220-
222 °C; 'H-NMR: (500 MHz, CDCLy): 8 = 9.35 (dd, J = 5.3, 3.1 Hz, 1H), 8.17-8.02
(m,1H), 7.90 (dd, J=5.5, 3.4 Hz, 1H), 7.86-7.81 (m, 1H), 7.79-7.72 (m, 2H), 4.59 (4. J =
7.11,7.08 Hz, 2H), 4.17 (1H, 5), 1.56 (1, J = 7.13 Hz, 3H); *C NMR (175 MHz, CDCl3):
&= 168.3, 167.9, 149.3, 147.9, 135.5, 130.2, 130.0, 128.0, 127.8, 127.7, 126.1, 118.9,
1158, 109.3, 103.2, 63.8, 30.9, 14.2; HR-MS (TOFEI) caled for CjsH;pN>058

(336.0568); found (336.0561).

Ethyl 4-(3- propoxy)-2-((2-ethoxy-2 i inoline-3
carboxylate (5):

To a mixture of 3a (0.385 g, I mmol) and K>CO; (0.386 g, 2.8 mmol) in dry DMF (25

mL) under nitrogen was added 1,3-dil (0.56 g, 2.8 mmol) along

with KI (0.464 g, 2.8 mmol). The reaction mixture was heated at 70 °C for 24 h., and then
poured into ice-H,0. The resulting product was collected by filtration and recrystallized
from hexane: CHCI; (1:3) to yield a white powder; mp 162-164 °C; 'H-NMR: (500 MHz,
CDCly): 8 =9.21-9.14 (m, 1H), 7.95(d, J= 8.9 Hz, 1H), 7.91-7.85 (m, 1H), 7.76 (d, J =

8.9 Hz, 1H), 7.70 (m, 2H), 4.53 (q, /= 7.1Hz, 2H), 435 (t, J = 5.8 Hz, 2H), 422 (q, J =
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7.1Hz, 2H), 4.15 (s, 2H), 3.70 (t, CH;Br, J = 6.4 Hz, 2H), 2.42 (q, CH;CH,CH, J = 6.1
Hz, 2H), 149 (t, J="7.1 Hz, 3H), 127(t, J = 7.1 Hz, 3H); *C NMR (175 MHz, CDC3):
8 =162.1, 160.6, 160.2, 153.7, 148.0, 134.2, 1302, 129.0, 127.6, 127.0, 125.9, 125.4,
1199, 115.8, 113.8, 70.9, 70.0, 61.2, 33.8, 29.8, 25.0, 14.4, 14.3; APCI-MS: 506.40

(M*+1, 100).

Ethyl 8,9-dihydro-7,10-di 12-thia-13: [8,1 ene-11-
carboxylate (6):

This compound was prepared using the same procedure as that used for the synthesis of
4a using 1,2-dibromoethane to afford a yellow crystalline product; mp 250-252°C; 'H-
NMR: (500 MHz, CDCl3): 8 = 9.35-9.28 (m, 1H), 8.14 (d, J = 9.1 Hz, 1H), 7.93-7.87 (m,
1H), 7.74 (dt, J = 5.9, 9.7 Hz, 3H), 4.96-4.92 (m, 2H), 4.84-4.79 (m, 2H), 4.42 (q, /= 7.1
Hz, 2H), 1.43 (t, J=7.1 Hz, 3H); *C NMR (175 MHz, CDCl;): § = 162.1, 159.5, 158.2,
152.8, 148.3, 134.3, 130.1, 129.1, 127.6, 127.0, 125.8, 125.4, 119.4, 113.8, 111.4, 104.8,
73.6, 722, 61.1, 14.4; HR-MS (TOFEI) caled for CyH;sNO4S (365.0722); found
(365.0727).

4-Ox0-1,4-dihydro 1 i 3,2 inoline-1-carboxylic acid (4d):

Following a reported procedure [37], to a solution of 4b (2.43 g, 8.6 mmol) and N-
methylmorpholine (0.960 g, 9.5 mmol) in THF (15 mL) at 0 °C was added ethyl
chloroformate (1.03 g, 9.5 mmol) dropwise and the mixture was stirred for 30 min. The
solid was filtered off and the filtrate was added to the solution of hydroxylamine
hydrochloride (0.896 g, 12.9 mmol) and Et:N (1.3 g, 12.9 mmol) in DMF (20 mL) for 10

min. The reaction mixture was stirred for 30 min at 25 °C. DMF was evaporated in vacuo.
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The residue was extracted with EtOAC (80 mL) and washed with water. The solvent was
dried over MgSO;4 and evaporated to dryness. The crude product was purified by silica
gel column chromatography using EtOAC: hexane (1:1); yellow powder; mp 250-252
°C; "H-NMR: (500 MHz, DMSO-dy): 8 = 8.28 (t, J = 9.1 Hz, 2H), 7.98 (d, J = 7.9 Hz,
1H), 7.68 (m, 2H), 7.55 (t, J = 7.6 Hz, 1H), 6.43 (s, 1H), 5.68 (s, 1H). *C NMR (175
MHz, DMSO-dy): & = 1789, 173.5, 171.1, 170.5, 141.5, 139.8, 133.5, 133.3, 131.2,
129.5, 1282, 1282, 128.1, 116.7, 76.1; HR-MS (TOFEI) caled for C;sHsNO;S

(283.0303); found (283.0301).
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Appendix 4A: Structure Report, 4-Oxo-1,4-
Dihydrobenzo[/][1,3]thiazeto[3,2-a]quinoline-

1,3-Dicarboxylic Acid

Louise N. Dawe," Abeer Ahmed® and Mohsen Daneshtalab®*
Acta Cryst., 2011, E67, 0529 (available online).

*Department of Chemistry, Memorial University of Newfoundland, St. John's, NL, A1B 3X7, Canada, and

“School of Pharmacy, Memorial University of Newfoundland, St. John's, NL, A1B 3V6, Canada.
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Abstract
The title compound, CisHoNOsS, (4a) was obtained from the reaction of ethyl 2-

{[2- ethoxy-2 io)-4 » h]quinoline-3 with  12-

dibromopropane in the presence of KI (2.8 mmol), followed by Saponification using

sodium ide. A ination of i lar i i led to 7- stacked

molecules that were further organized into O—H---O hydrogen-bonded chains.

4A.1 Related literature

For on the bi ical i of thi inoli ibiotics see
reference [13b]. For similar work using different procedures see references [15] and [38].
4A.2 Experimental
4A.2.1 Crystal data

CisHoNOsS V= 1341.5 (7) A3

Mr=3273172=4

Monoclinic, P21/c Mo Ka radiation, A =0.71075 A
a=7.237(2) Ap=027 mm-1

b=16.171 (5)AT=153K
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¢=11.929 (4) A 0.18 x 0.04 x 0.04 mm

B=106.081 (8)°
4A.2.2 Data collection

Rigaku Saturn

Dif 2769 ind d

Absorption correction: Numerical
[46] 2614 reflections with 7> 20(/)
Tmin = 0.974, Tmax = 0.996 Rint = 0.074

17300 measured reflections
4A.2.3 Refinement

R[F2 > 26(F2)] = 0.088 2 restraints

wR(F2) = 0.164 H atoms treated by a mixture of independent and constrained
refinement

§=1.30 Apmax =031 ¢ A-3

2769 reflections Apmin = —0.31 ¢ A-3

214 parameters

Data collection: CrystalClear [38]; cell refinement: CrystalClear; data reduction:
CrystalClear; program(s) used to solve structure: SHELXL97 [39]; program(s) used to
refine structure: SHELXL97; molecular graphics: Mercury [40]; software used to prepare

material for publication: pubICIF [41].
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Table 4-3: Hydrogen-bond geometry (A, °).

D-H..A D-H H.A
05-H54.. Ol 0.96 (4) 1.57(4)
03-H3...04' 097(3) 1.62(3)

Symmetry code: (i) x-1, y+1/2, z-1/2.

Table 4-4:T1..... I interactions (A, °)

DA DH. A
2504 (4) 161 (4)
2,569 (4) 166 (3)

Angle of elevation defined as the angle of the Cg(/)—+Cg(J) vector and the normal to plane J. Cgl, Cg2 and
Cg3 are the centroids of the C7-C12, N1/C1-C4/C13 and C4-C7/C12/C13 rings, respectively.

8 1 § Distance
Cgl.. Cg2' 3560 (2)
Cg3.. Cg2' 3644 (2)
Cg3.. Cg3' 3.688(2)

Symmetry code: (i) -x + 1, -, =

4A.3 Comment

Angle of Elevation
19.56
275

2439

Compound 1 crystallized in P21/c, with one entire molecule contained in the

asymmetric unit. Multiple short x contacts between aromatic ring centroids (Figure 4-7)

result from the close association of molecules in n-stacks (Figure 4-8). Centroid-centroid

distances range from 3.57 to 3.69 A with angles of elevation between 65.6 and 69.1°

(Table 4-4), while the inter-planar distance, as defined by adjacent 14-atom (N1, C1—

C13) ring systems is 3.34 A. Further, (1) exhibits intra- (O5—HS5a~-Ol) and
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intermolecular (O3—H3+-04i) hydrogen bonding, leading to a chain-like arrangement of
‘molecules which run perpendicular o the r stacks.
4A.4 Refinement

H; and Hsa were located from different Fourier maps, and were refined positionally
with restrained distances (shelx] DFIX 0.96) and fixed Uiso values (1.2Ueq of the
attached atom). All other H atoms were introduced in idealized positions with constrained
distances and with Uiso(H) values set to either 1.2Ueq or 1.5Ueq of the attached atom.
They were refined on a riding model. All non-hydrogen atoms were refined

anisotropically.

Figure 4-9: A view of the molecular structure of the title molecule, with displacement

ellipsoids drawn at the 50% probability level.
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Figure 4-10: A partial view of the crystal packing of the title compound.
Both the hydrogen bonding [symmetry codes: (i) x-1, y, 2 (ii) x, -y+1/2, z+1/2; (ii)
x+1, y, z+1] and 7 interactions [symmetry codes: (if) X, -y+1/2, z+1/2: (iv) -x+1,

y+1/2, -z+1/2] are shown as dashed lines; ring centroids are marked by small spheres.
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Preface

This chapter describes the synthesis and biologi ion of fi inolines as

isosteres of the thi inoli that were previ discussed in Chapter 3. The

previously described thi did not show in viro cytotoxicity on cancer cell

lines, although the docking study showed binding affinity for the ATP binding site in

topoisomerase II (1QZR). The synthesized furo derivatives showed no cytoxicity, as well,
cither in the Brine Shrimp Lethality assay or the MTT assay. The structural similarity and
the angular configuration of this class of compounds to the previously reported

furocoumarins encouraged us to test and explore their antiviral properties.
Abstract

Recently, thienoquinoline derivatives have attracted the attention of medicinal

chemists due to the demonstration of diverse biological activities, including memory

anti-allergic, antii Y, i analgetic and antip;

antibacterial and pl ic activities. Previ , the t | activities of the
thienoquinoline derivatives were designed, synthesized and evaluated. In this chapter
preparation of a series of angular benzo[h]furo[2,3-b]quinolines as bioisosteres of the
previously synthesized angular benzo[A]thieno[2,3-b]quinolines is described. Much
literature has shown that the furoquinolines have a wide range of pharmacological

activities, but few papers have addressed the activities of the benzo[h]furo[2,3-

blquinolines.

Keywords: Furo[2,3-b]quinolines, dowtherm, Vilsmeier —Haack , Chloroacety! chloride.
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5.1 Introduction

Two forms of furano-coumarin condensation occur in nature. The first form
comprise linear molecules, that are constructed by linking the 3',2" furan bond to the 6,7
coumarin bond. The 3',2' bond may also link to the 7.8 coumarin bond to produce angular

(Angelicin). Linear ins (Psoralen de rivatives), as structural

of inoli are a well-k family of natural and synthetic

photosensitizing  compounds  which exihibit interesting photobiological and

phototherapeutical activities [1,2].

o_A_o0_o0 o SN
Y O

Angelicin Psoralen
Some of these compounds are used in PUVA photochemotherapy (psoralen plus
UV-A) to treat a variety of skin diseases. They are also employed in extracorpored

1o treat T-cell Psoralen plus

UV-A is also used as a selective immunosuppressive agent for the cure of various
autoimmune diseases and to prevent rejection in organ transplants [1,2].

Moreover, psoralen derivatives are also used as tools in biophysical studies on
nucleic acids and are now recognized as effective antiviral agents, especially against
enveloped viruses such as the Herpes simplex virus or HIV-1 [3.4].

The preferred derivative is 8-methoxypsoralen (8-MOP) but also 5-

methoxypsoralen (5-MOP) and 4, 5°, 8-trimethylpsoralen (TMP) are used. They exhibit a
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good antiproliferative effect due to their capability of photodamaging DNA, leading to

monofunctional and two different kinds of bi: i adducts, i s-link:
(ISC) [5] and DNA-protein cross-links (DPC), connecting a DNA base and a protein A.A

together [6-8].

0/
070 o oo o oo 0
O\
8-MOP 5-MOP ™P

The bifunctional damage, especially the induction of ISC, was shown as the main
cause responsible for the furocoumarin toxicity i.e. skin erythemas, genotoxicity with
induction of point mutations in bacteria [1,9-12].

Recently, the formation of chromosomal aberrations was mainly attributed to DPC
[13]; therefore, to obtain less toxic compounds, various authors planned to study new
compounds that are characterized by a prevalent ability of forming monofunctional
damage. The main research line dealt with Angelicin preventing the formation of ISC,
which was due to its geometrical properties [14,15].

Furoquinoline alkaloids are characterised as secondary metabolites of the Rutacea
family, in which they occur with the chemically-related furocoumarins [16,17]. Some of

these plants are used in phytotherapy, e.g. Ruta graveolens and Dictamnus albus. Others

are known as sources for the isolation of agents like ine from

Acronychia baueri and Fagara zanthoxyloides [18,19].
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Furo[2,3-b]quinoline constitutes an important group of bioactive natural products

- " : . S S inine. and

such as

haplopine [20-23].

of OH o’
P
N7 O o N0 HO N0
Dictamine Acrophylline Confusameline
o~ o~ of
N N e
b b A N
o N7 O L8 N0 ~o N7 O
/O o
Skimmianine Haplopine Kokusaginine

Figure 5-1: Structurally-related furoquinolines natural products.

The furoquinoline alkaloids were found to have a wide range of biological activities
[24] including anti-allergic [20], cytotoxic [21], antiplatlet aggregation [13, 23] and
voltage-gated potassium channel blocking [24].

The development of efficient syntheses of furoquinolines has been the focus of
much research for many decades and continues to be an active and rich research area
[25,26].

Most procedures used for the synthesis of furoquinolines suffer from the limited

availability of substrates or require multistep procedures to construct the furan ring
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individually. In the last decade, many new procedures for the synthesis of furoquinolines
have been published [27-38].

DNA-intercalators containing a linear or angular planar chromophore with a
polyaromatic ring can influence the structures and physiological functions of DNA [39].

Some intercalators such as i acridines,

naphthalimides, and phenanthridines are used in cancer treatment [40-43]. Angelicin, an
angular furocoumarin, has been used to treat pain in the loins and knees [44], and skin

discases in phototherapy [45]. Guiotto ef al. have ized a series of

[46-51], in which the oxygen atom of furocoumarin has been substituted by NH, and
some of them showed strong antiproliferative activity against tumor cell lines upon UVA
(Ultraviolet-A) irradiation. However, these furoquinolinones also demonstrated skin
phototoxicity and marked clastogenic activity due to the formation of covalent
monoadducts (MA) with DNA base and covalent DNA-protein cross-links (DPC) upon
UVA activation. In the dark, these furoquinolinones exhibited weak antiproliferative
activity with a mechanism of action related to topoisomerase II inhibition. In contrast to
normal cells, many tumor cells show high expression levels of topoisomerase II, making
this enzyme an ideal drug target [52-54].

For ing the biological i of inoli much of the

literature has addressed the synthesis and biological activities of several substituted
furo[2,3-b]quinoline derivatives [55-57).
Yeh-Long Chen e al. [56] had reported the synthesis of certain linear 4-

anilinofuro[2,3-b]quinoline and angular 4-anilinofuro[3,2-c]quinoline derivatives and
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their in vitro anticancer activity against the full panel of NCI's 60 cancer cell lines.

Among the linear 4-anili 2,3 inoli ivatives, 1-[4-(furo[2,3-b]quinolin-4

ylamino)phenylJethanone I is the most cytotoxic with a mean Glsy value of 0.025 uM.
Among the angular 4-anilinofuro[3.2-c|quinoline derivatives, (£)-1-[3-(furo[3,2-
c]quinolin-4-ylamino)phenylJethanone oxime II exhibited potent inhibitory activities on

UO-31, UACC-257, and UACC-62 cells, with Glsp values of 0.03, < 0.01, and < 0.01 uM

respectively.
o
0 o
)—NH
HN N
N7 O =N
OH
1 u
Based on the latest data obtained on inolines [58] ining the imp

of furoquinolines as inhibitors of multiple targets in the PI3K/Akt-mTOR Pathway, we
became interested in the design and synthesis of the angular benzo[hfuro[2,3-5]
quinolines as potential cytotoxic agents. The synthesis part has been done in an attempt to
prepare a bifunctional compound in which furo[2,3-b]quinoline moiety acts as an
intercalator while the lactone ring plays the role of an alkylating unit.

Synthesis of the title Compounds 3a and 3b was accomplished by adding the
activated diethylmalonate solution to chloroacetylchloride in THF followed by

and 1 ine. This resulted in the formation of the

166



Chapter 5: Developn o w

uncyclized intermediate after overnight stirring at room temperature. Thermal cyclization
of this mixture in dowtherm under vacuum affords the cyclized furo[2,3-b]quinolines as

depicted in Scheme 5-1.

O NH, NaH, Dishyimalonate NEL,
—_—
CICHRCOC, Dry
THE

1-Naphthylamine

3aR=H, 65%

3 R=CH,; 45%
Scheme 5-1: Synthesis of cyclized Furo[2.3-b]quinolines.

Further reactions of 3a to afford several substituted analogues are depicted in
Scheme 5 -2. Namely, the reaction of 3a with phen yltrimethylammonium tribromide
(PTAB) in THF afforded 3¢ in a reasonable yield.

Also, croton condensation took place upon reacting 3a with p-fluorobenzaldehyde

in acetic acid in the presence of HCI to afford Compound 3e.
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Scheme 5-2: Synthesis of Furo[2,3-b]quinolines derivatives.

In our attempt to improve the

balance in these
Compounds 3a and 3b were allowed to react with hydrazine hydrate and acetone to

afford Compounds 3f and 3g in reasonable yields, as depicted in Scheme 5-3.
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D TS LA oncocH,
P _— R —_—
N~ O P

ELOH O N7 O

3aReH

36, R=CH,

3 ReH: 4%

3g RCH, 54%

Scheme 5-3: Synthesis of the hydrazone derivatives 3f and 3g.

In a tial to develop a bioi to the previously ized derivative (6a)
(Chapter 3), Compound 3i was synthesized as shown in Scheme 5-4. Compound 3a was
allowed to react with carbon disulfide and 30% sodium hydroxide in dimethylsulfoxide to
obtain Compound 3h, further reaction of which with sodium hydroxide in methanol

afforded Compound 3i.
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CH,0HNSOH

‘l N cs omSonCH)S0,
N7 O

0% NaOH

CS/OMSOICH)Br
30% Nk

3j 68% 3i 38%

Scheme 5-4: Synthesis of the furo bioisostere.

Since our cytotoxic screening failed to generate potential leads to initiate a drug
discovery effort, we embarked on a molecular docking approach to explore other possible

biological activity profiles of this class of compounds.
5.2 Molecular modeling
5.2.1 Methods

Docking calculations were carried out ing to the Docki er methodols

[60]. The MMFF94 force field [61] was used for energy minimization of ligand molecule

(RHODAMINE B) using Dockil r. PM6 iempirical charges calculated by
MOPAC2009 (J. P. Stewart, Computer code MOPAC2009, Stewart Computational
Chemistry, 2009) were added to the ligand atoms. Non-polar hydrogen atoms were
merged, and rotatable bonds were defined.

Docking calculations were carried out on HCV helicase structure with the pdb code

3KQN. Essential hydrogen atoms, Kollman united atom type charges, and solvation
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parameters were added with the aid of AutoDock tools [62]. Affinity (grid) maps of

25%25x25 A grid points and 0.375 A spacing were generated using the Autogrid
program.  AutoDock parameter set- and distance-dependent dielectric functions were
used in the calculation of the van der Waals and the electrostatic terms, respectively.
Docking simulations were performed using the Lamarckian genetic algorithm
(LGA) and the Solis & Wets local search method [63]. Initial position, orientation, and
torsions of the ligand molecules were set randomly. Each docking experiment was
derived from 100 different runs that were set to terminate after a maximum of 2,500,000
energy evaluations. The population size was set to 150. During the search, a translational

step of 0.2 A, and quaternion and torsion steps of S were applied.
5.2.2 Results

Novel Benzo[A]furoquinoline derivatives have been synthesized and now are being
experimentally tested for their antiviral properties. In the present study in-silico
investigation of HCV inhibitor properties of the novel compounds is carried out. As there
are many X-Ray structures for the Hepatitis C virus helicase available in the Protein Data
Bank, inhibition of HCV helicase has been widely studied. According to the recent
publications there are different classes of inhibitors: ATP binding inhibitors, HCV
replication activity inhibitors, and allosteric inhibitors which influence conformational
change of the protein. Thus, the protein for docking calculation should contain ATP as
well as bound DNA that enables us to explore all possible binding sites and modes of the

ligands. X-Ray structures 3KQL, 3KQN and 3KQU meet these criteria, with 3KQN
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possessing the most accurate X-Ray determination (lowest resolution). Therefore, 3KQN
was chosen for docking calculations.
5.2.3 Blind docking results

First, docking calculations of Compounds 3a were carried out on the whole protein
(blind docking method) in order to explore the possible binding sites of the ligands. Blind
docking methodology calculates the energy of ligand binding at different sites of the
protein. The site where the ligand is bound with the lowest energy is then further
subjected to focused docking calculation. All docking calculations revealed that the
compounds under study are most likely to bind to the ATP binding site of the protein.

Figure 5-1 shows the first rank result of blind docking calculation of Compound 3c.

Figure 5-1: Compound 3¢ docked to HCV helicase ATP binding site.
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5.2.4 Focused docking results

Based on the results of blind docking ion, all of the i

were docked into the ATP binding site of 3KQN.

Table 5-1: Docking energies of the investigated compounds at the ATP binding site.

Compound Docking energy (keal/mol)
3¢ -8.77
3 -8.66
3e -8.56
3f -8.38
3§ -827
3 -821
3d -8.04
3h 793
3b 179
3a 741

Table 5.1 shows the calculated interaction energies at the ATP binding site. Among

the i igated C ds 3¢ was to bind to the protein with the highest

affinity. Next the interactions of the compounds with the best affinities were analyzed.

173




Chapter 5:

Table 5-2: Interactions of Compound 3¢ with HCV helicase at the ATP binding site.

Hydrogen bonds Polar Hydrophobic piopi Metal-ligand Halogen-bond
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Compound 3¢ is mainly stabilized by hydrogen bonds and pi-pi interactions. It
forms five hydrogen bonds with both side chain (SER211, THR212, THR419) and main
chain (GLY207, GLY417) of 3KQN. The planar aromatic moiety of the ligand fits in the
hydrophobic cavity formed by PHE238, TYR241 and PHE418. An additional halogen
bond is observed with the side chain of SER211. Mn?" is in interacting distance of the

ring oxygen and bromo group.
5.3  Conclusion

This Chapter describes the design and synthesis of the novel furoquinoline

derivatives. These compounds were found to de weak or no icity to

cancer cell lines. Moreover, docking of the compounds in the ATP active site of HCV
helicase may suggest that the synthesized compounds possibly act as HCV inhibitors and

this may contribute in part to their antiviral properties.
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54  Experimental

'H and "*C NMR spectra, HSQC, and COSY spectra were recorded on a Bruker 500
MHz NMR spectrometer using TMS as an internal standard. LC-MS and HRMS were
conducted using a GCT Premier Micromass spectrometer. X-ray structures were
measured with the Rigaku Saturn 70 instrument, equipped with a CCD area detector and
a SHINE optic, using Mo Ka radiation. Silicycle Ultrapure silica gel (0-20 pm) G and F-

254 were used for the preparative TLC, and Silicycle Silia-P Ultrapure Flash silica gel

(40-63 pm) was used for flash column ck hy. TLC was ducted on
Polygram SIL G/UV254 precoated plastic sheets. Solvents were purified using standard

conditions before use. The reaction yields are included in the corresponding schemes.

Ethyl 2E)-2 1-ylimino)-4 3-carboxylate (2a):

Sodium hydride (3.35 g, 139.67 mmol) washed with dry n-hexane was suspended in
dry tetrahydrofuran (250 mL) and a solution of diethyl malonate (21.20 mL, 139.67
mmol) in tetrahydrofuran was added dropwise. The clear salt was transferred to dropping
funnel, and added dropwise to a solution of chloroacetylchloride (5.93 mL, 74.48 mmol)
in tetrahydrofuran (6 mL) over a period of 1 h. The reaction mixture was stirred for 2 h.
Triethyl amine (25.95 mL, 186.21 mmol) was added to the reaction mixture and it was
stirred for 2 h. 1-naphthylamine (10 g, 69.83 mmol) in tetrahydrofuran (100 mL) was
then added dropwise over a period of 1 h. The reaction mixture was stirred overnight;
THF was evaporated in vacuo, followed by the addition of water and extraction with
chloroform. The organic layer was washed with water, and dried over sodium sulfate.

Chloroform was evaporated under vacuum and the residue was triturated with ether,
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filtered and washed with additional ether to yield yellowish brown crystals. Mp 148-
150°C. 'H-NMR: (500 MHz, CDCl3): 8 = 10.72 (1H, s, OH), 8.01 (1H, d, J = 8.3 Hz),
793 (1H, d, J=8.0 Hz), 7.82 ( 1H, d, J=8.2 Hz), 7.69 (1H, d, J = 7.4 Hz), 7.66-
7.61(1H, m,), 7.58 (1H, t, J=7.5 Hz), 7.51(1H, t, J=7.8 Hz), 7.26 (1H, s), 4.66 (2H, s),
4.48-4.42 (2H, q,J = 7.2, 9.0 Hz, OCH,CH3), 1.45 (3H, t, J = 7.1 Hz, OCH,CH;). *C
NMR (175 MHz, CDCl): 6 = 188.5, 178.6, 165.9, 134.1, 129.9, 128.7, 127.4, 127.4,

127.2,126.8, 125.3, 120.9, 87.9, 75.4, 60.7, 30.9, 14.6. APCI-MS 296.30 (M'-1, 100).

is of 7 0[2,3-b]quinolin-8(9H)-one(3a):
Compound 2a (2.0 g, 6.74 mmol), as a fine powder, was added with stirring in one

lot to Dowtherm (50 mL) maintained at 240 °C. The temperature was then raised to 255
°C and maintained for 10 min. The mixture was then cooled to room temperature and
diluted with a large volume of hexane to precipitate a brown solid that was collected and
washed with hot hexane. Mp>300 °C. 'H-NMR: (500 MHz, DMSO-d6): 3 = 8.82 (1H, d,
J =7.5Hz), 8.15 (1H, d, J =7.7 Hz), 8.07-8.11 (1H, m), 7.85 (1H, d, /= 7.5 Hz), 7.75-
7.80 (2H, m), 4.90 (2H, ). *C NMR (175 MHz, DMSO-d6): & = 193.2, 178.2, 173.5,
148.3, 134.8, 130.6, 127.1, 126.9, 125.0, 124.6, 122.7, 122.3, 119.5, 99.5, 71.7. HR-MS

(TOFEI) caled for CsHoNO; (251.0582); found (251.0581).

hesis of (4Z,5E)4 i 2-methyl-5 1
ylimino)dihydrofuran-3(2H)-one (2b):

Sodium hydride (3.35 g, 139.67 mmol) washed with dry n-hexane, was suspended

in dry tetrahydrofuran (250 mL) and a solution of diethyl malonate (21.20 mL, 139.67
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mmol) in tetrahydrofuran was added dropwise. The clear salt was transferred to dropping
funnel, and added dropwise to a solution of 2-chloropropionyl chloride (7.22 mL, 74.48
mmol) in tetrahydrofuran (6 mL) over a period of 1 h. The reaction mixture was stirred
for 2 h. Triethyl amine (25.95 mL, 186.21 mmol) was added to the reaction mixture and it
was stirred for 2 h. 1-Naphthylamine (10 g, 69.83 mmol) in tetrahydrofuran (100 mL)
was then added dropwise over a period of 1 h. The reaction mixture was stirred
overnight; THF was evaporated in vacuo, followed by the addition of water and
extraction with chloroform. The organic layer was washed with water and dried over

sodium sulfate. Chloroform was evaporated under vacuum and the residue was triturated

with ether, filtered and washed with additional ether to yield reddish brown powder. Mp
140-142°C. "H-NMR: (500 MHz, CDCl3): & = 10.75 (1H, s, OH), 8.00 (1H, d, J = 8.2
Hz), 7.91 (1H, d, J=7.6 Hz), 7.80 (1H, d, J = 8.2 Hz), 7.69 (1H, d, J = 7.4 Hz), 7.67-
7.46 (3H, m, J = 4.5, 15.7, 27.3 Hz), 7.28 (1H. d, J = 5.1 Hz), 4.75 (1H. q. J = 6.9 Hz),
443 (2H, q, J = 7.1 Hz), 1.54 (3H, d, J = 7.0 Hz), 1.44 (3H, t, 7.1 Hz). *C NMR (175
MHz, CDCL): = 191.4, 177.1, 166.2, 134.1, 130.1, 128.7, 127.3, 127.3, 127.1, 126.7,

125.3,120.9, 120.7, 86.7. 84.1, 60.6, 16.9, 14.5. APCI-MS: 310.33 (M1, 100).

is of 7-hydroxy-9: [2,3-b]quinolin-8(9H)-one (3b):
Compound 2b (2.0 g, 6.42 mmol), as a fine powder, was added with stirring in one
lot to Dowtherm (50 mL) maintained at 240° C. The temperature was then raised to 255
°C and maintained for 10 min. The mixture was then cooled to room temperature and

diluted with a large volume of hexane to precipitate a pale yellow solid that was collected

and washed with hot hexane. Mp > 300 °C. 'H-NMR: (500 MHz, DMSO-d6): § = 8.82
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(1H,d,J =7.7 Hz), 8.14 (1H, d. /= 8.7 Hz), 8.10-8.02 (1H, m), 7.83 (1H, d, /= 8.5 Hz),
7.79-7.71 (2H, m), 5.11-5.02 (1H, g, J = 7.0, 7.0 Hz), 1.53 (3H, d, J = 7.0 Hz). HR-MS

(TOFEI) caled for Cy6H;iNO; (265.0739); found (265.0735).

is of 9-b) 7- [2,3: inolin-8(9H)-one (3¢):

A mixture of furoquinoline 3a (0.50 g, 2.0 mmol) and 175 mL of anhydrous
tetrahydrofuran was heated to 40 °C. A solution of (0.75 g , 2.0 mmol) phenyltrimethyl
ammonium tribromide (PTAB) in 65 mL of dry THF was added dropwise over 30 min
and the mixture was stirred for an additional 75 min at 40 °C and kept at room
temperature for 20 min. The insoluble material was removed by suction filtration and the
filtrate was evaporated. The residue was recrystallized from toluene and the precipitate
was dissolved in acetone. After addition of 150 mg of charcoal, the mixture was stirred at
room temperature for 30 min. and filtered. The filtrate was evaporated to dryness to
obtain a light brown solid. Mp> 310 °C. '"H-NMR: (500 MHz, DMSO-d6): & = 12.08
(1H,5),9.98 (1H, d, /=8.3), 8.13 (1H, d, J=7.8), 7.91-7.85 (2H, m), 7.82 (2H, t, /= 6.0
Hz), 5.95 (IH, s). "C NMR (175 MHz, DMSO-d6): = 192.9, 180.5, 157.4, 142.0,
136.2, 130.2, 128.9, 128.8, 128.2, 127.3, 123.5, 123.0, 121.3, 118.2, 100.8. HR-MS
(TOFEI) calcd for C;sHsBrNO; (328.9688): found (328.9698).

Synthesis of 7-hydroxy-8-chloro-8,9-dihydrobenzo|r|furo[2,3-b]quinoline-9-
carbaldehyde (3d):

Phosphorus oxychloride (2.3 mL) was added dropwise to DMF (2 mL) at 10°C. A

solution of Compound 3a (2.25 g, 9 mmol) in 25 mL of DMF and 75 mL dioxane was
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then added to the POCl;-DMF mixture. The reaction mixture was then heated for 2 h in a
water bath. The precipitate was filtered off, washed by water and hot acetone (3 times).
The reaction mixture was poured into water (700 mL) and then heated for 5-7 min at 80-
90 °C. The solution was left overnight; the formed red precipitate was then filtered off
and recrystallized from acetone. Mp 230-232 °C. 'H-NMR: (500 MHz, DMSO-d6): § =
10.17 (1H,s), 9.25-9.20 (1H, m), 8.32 (1H, d, J = 9.2), 8.24-8.18 (2H, m), 8.00-7.90 (2H,
m). “C NMR (175 MHz, DMSO-d6): § = 178.7, 157.2, 154.9, 146.5, 146.2, 133.7, 130.2,
129.5, 128.6, 128.3, 128.1, 124.8, 122.3, 119.9, 90.0, 79.7. TOF-MS EL: 316.13 (M"+1,

100).

is of (92)-9-(4 i 7-hydr []furo|2,3-b]qui
8(9H)-one (3e). (croton condensation):

A mixture of Compound 3a (0.575 g , 2.3mmol), glacial acetic acid (12 mL),
conc.HCI (6 mL) and p-flurobenzaldehyde (2 mL, 19 mmol) was heated for 1 h under
reflux. The precipitate was filtered off and recrystallized from DMSO to give rise to a
dark brown powder. Mp >300 °C. 'H-NMR: (500 MHz, DMSO-d6): & = 9.02-8.93 (IH,
m), 821 (1H, d, J= 8.8 Hz), 8.09 (3H. dt, J = 5.5, 10.6 Hz), 7.87 (1H, d, J = 8.8 Hz),
7.79 (2H, dd, J = 3.5, 5.7 Hz), 7.42 (2H, t, J = 8.8 Hz), 6.92 (IH, s). *C NMR (175
MHz, DMSO-d6): § =169.5, 164.2, 135.0, 133.3, 133.2, 129.1, 128.6, 128.2, 126.9 (8
aromatic carbons), 124.5, 121.1, 116.3, 116.0, 108.8, 99.8. HR-MS (TOFEI) caled for

CHiNO;F (356.0723); found (356.0721).

is of (82)-8-(propan-2-yli inylidene)-8,9-dihydr

furo[2,3-blquinolin-7-ol (37) :
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A solution of 3a (0.55 g. 2.2 mmol), 10 mL of 80% aquoes hydrazine hydrate and
30 mL of ethyl alcohol was heated at reflux for 2 h, the alcohol was removed in vacuo
and the resulting oil was allowed to stand for several days at room temperature; crystals
were separated out, collected and washed with a small amount of ethyl alcohol. An

equimolar quantity of acetone was added and the mixture was refluxed in alcohol for 4 h

in the presence of a few drops of glacial acetic acid. The solvent was evaporated and the
product was poured onto cold water, filtered and dried. The crude solid was recrystallised
from ethanol to give the product 3f. Mp>300 °C. '"H-NMR: (500 MHz, DMSO-d6): 5 =
8.97 (1H, d, J = 7.8), 8.19 (1H, s), 8.06 (1H, d, /= 8.9), 7.93 (1H, d, J = 7.4), 7.74-7.60
(3H, m), 5.24 (2H, 5), 2.30 (6H, d, J = 11.6). °C NMR: (175 MHz, DMSO-d6): § =
171.2,170.5, 166.4, 162.8, 149.3, 134.9, 129.7, 128.6, 127.5, 126.1, 124.9, 123.1, 120.6,
114.5, 98.1, 70.7, 24.0, 18.5. HR-MS (TOFEI) calcd for Ci3HisN30; (305.1164); found

(305.1171).

Synthesis of (82)-9-methyl-8-(propan-2-ylidenchydrazinylidenc)-8,9-dihydrobenzo

[h]furo[2,3-b]quinolin-7-ol (3g):

This compound was prepared using the same procedure as that for the Compound
3f. Mp 270-272°C. "H-NMR: (500 MHz, DMSO-d6): & = 15.33 (1H, 5), 7.88 (1H. dd, J
=7.7,9.0 Hz), 6.85 (1H, d, J = 8.5 Hz), 6.59 (1H, dd, J = 7.1, 8.7 Hz), 6.38 (3H, m), 4.05
(IH, q.J = 6.4, 3.5 Hz), 1.00 (6H, d, J =3.3 Hz ), 0.43 (3H, t, J = 3.0).°C NMR: (175

MHz, DMSO-d6): 8 = 169.9, 169.8, 169.5, 163.2, 150.1, 135.2, 130.1, 128.6, 127.4,
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126.0, 125.2, 123.3, 120.7, 114.8, 97.6, 78.6, 24.4, 19.9, 18.6. APCI-MS: 318.10 (M'-

1,100).

hesis of 9-[bi ) idenc]-7-hydr 0[2,3-
b]quinolin-8(9H)-one (3h):

Carbon disulfide (0.176 g, 2.2 mmol) was added dropwise to a stirred solution of 3a
(0.55 g, 2.2 mmol) in dimethyl sulfoxide (5 mL) and 30% aqueous sodium hydroxide (0.7
mL) at 5°C, and stirring was continued at the same temperature for 0.5 h. Dimethyl
sulfate (0.77g, 6.1 mmol) was added dropwise to the mixture at 5 °C, and stirring was
continued at the same temperature for 1.5 h. Ice-water was added, and the mixture was
extracted with ethyl acetate (2 x 100 mL). The combined extract was washed with brine
and dried over magnesium sulfate and then filtered. The solvent was removed and the

crude product was purified by recr; ization from ethy h to afford 3h as

yellow crystals. Mp > 300°C. '"H-NMR: (500 MHz, DMSO-d6): § = 8.95-8.79 (1H, m),
8.10 (1H, d, J = 8.6 Hz), 7.97-7.83 (1H, m), 7.76-7.44 (3H, m), 2.54 (3H, 5), 2.46 (3H, s).
'3C NMR: (175 MHz, DMSO-d6): § = 161.3, 160.8, 159.0, 157.9, 151.5, 135.4, 134.9,
1303, 128.8, 127.2, 122.8, 120.8, 1193, 118.4, 114.3, 100.9, 25.2, 20.2, APCI-MS:

354.43 (M'-1, 100).

Synthesis of methyl 7-hydroxy-8- 8,9-dil 2,3 inoline-9.
carboxylate (3i):
A solution of sodium hydroxide (3.5 g, 60 mmol) in methanol (35 mL) was added

to a stirred solution of 3h (2.13 g, 6 mmol) in THF (45 mL), and the mixture was heated
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at 50 °C for 1.5 h. After addition of 10% hydrochloric acid (20 mL), the mixture was
extracted with ethylacetate (2 x 300 mL). The combined extracts were washed with brine
(3x50 mL) and dried over magnesium sulfate. After removal of the solvent, the crude
product was purified by column chromatography on silica gel using ethylacetat-hexane

(1:4) as an eluent, followed by recr ization from ethyl: hy to afford 3i as

pale yellow crystals. Mp 211-213 °C. '"H-NMR: (500 MHz, DMSO-d6): 8 = 9.02-8.75
(1H, m), 8.15 (1H, d, /= 8.7), 8.13-8.05 (1H, m), 7.89 (1H, d, J = 8.8 Hz), 7.77 (2H, dd,
J=5.2,9.1 Hz), 5.83 (1H, 5), 3.83 (3H, 5). "C NMR: (175 MHz, DMSO-d6): § = 170.3,

160.8, 159.0, 157.9, 151.5, 135.4, 134.9, 130.3, 128.8, 127.2, 122.8, 120.8, 119.3, 118.4,

114.3,95.3, 40.2, HR-MS ( TOFEI) calcd for C;7H;iNOs (309.2729); found (309.2722).

‘ is of 9-(1,3-dithiolan-2-ylidene)-7- hfuro[2.3
| 8(9H)-one (3j):

This compound was prepared using the same procedure as that for Compound 3h,

using 1,2-dibromoethane. Mp 256-258 °C. 'H-NMR: (500 MHz, DMSO-d6): 5 = 8.87

‘ (1H, d,J=7.8 Hz), 8.09 (1H, d, J = 8.7 Hz), 7.88 (1H, d, J = 7.5 Hz), 7.64-7.53 (3H, m),

3.60-3.56 (2H, m), 3.55-3.49 (2H, m). *C NMR: (175 MHz, DMSO-d6): & = 178.0,

175.6, 172.9, 169.0, 156.9, 137.3, 134.8, 127.7, 127.5, 125.6, 124.6, 122.0, 121.4, 101.5,

66.2, 64.7, 38.9, 38.6, HR-MS (TOFEI) caled for CisHiNO3S; (353.0180); found

(353.0188).
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6.1  Conclusion and future research
Quinolones are among the widely prescribed antibacterial agents for the treatment

of a wide variety of infections in humans. Apart from the founding members of this drug

class, which had little clinical impact, successive generations include the most active and
broad spectrum oral antibacterials that are currently in use. Quinolones have a very
distinctive mechanism of action as they do not only kill bacteria by inhibiting a critical

cellular process but also they corrupt the activities of two essential enzymes, DNA gyrase

and topoisomerase IV, resulting in ing high levels of double-stranded DNA breaks

and bacterial death. The important characteristic of qui: is their ability
to target these two enzymes in different bacteria. Either DNA gyrase or topoisomerase IV
serves as the primary cytotoxic target of drug action. This unusual feature of quinolones
opened new aspects for the clinical use of this drug class. In addition to the antibacterial
quinolones, specific members of this drug family display high activity against eukaryotic

type II topoisomerases, as well as cultured mammalian cells and in vivo cancer cell lines.

These antineoplastic quinol represent a ally important source of new

anticancer agents and provide an opportunity to examine drug mechanisms across diverse
species.

Antibacterial fluoroquinolones were shown to be effective against the vaccinia
virus and popavavirus. These preliminary results prompted the synthesis of new
quinolone derivatives to optimize the antiviral action and improve their selectivity index.

The introduction of an aryl group at the piperazine moiety of the fl i shifted

the activity from antibacterial to antiviral, with a specific action against HIV. The
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antiviral activity seemed to be related to an inhibitory effect at the transcriptional level,
and further evidence suggested a mechanism of action mediated by inhibition of Tat
functions.

The mechanism of action of antiviral quinolones remains unclear. Most of the tested
drugs were proved to be effective against HIV-1 but, when assayed against a variety of
different viruses, quinolones were shown to possess nonspecific activity. These data
indicate that the drugs’ targets are likely to be structures common to a wide range of
viruses.

In this dissertation, a literature review (Chapter 2) focuses on the different
biological activities of the quinolines scaffold. More than 10,000 derivatives have been

patented or published, which explains the enormous progress that has been made in

the isms of action behind the different pharmacological
actions of this privileged molecule.

Quinolones as a class of antibacterial agents have been known for over 40 years.
Although considerable results in the research of new antibacterial quinolones have been
already achieved, they are still a matter of study because of the continuous demand for
novel compounds active against resistant strains of bacteria. Research efforts are mainly
focused on obtaining new compounds active against very resistant bacterial strains or
acting on the mechanisms of resistance.

Currently, fl i are approved as d-line drugs by the WHO to treat

TB but their use in MDR-TB is increasing due to the fact that they have a broad and

potent spectrum of activity and can be administered orally. Moreover, they have

195




Chapter 6:Ceonclusion and future research.

favourable pharmacokinetic profiles and good absorption, including proficient
penetration into host macrophages.

Quinolones are not new in the antiviral field. Their previously reported data on

binding with bacterial has hened the hypothesis that these drugs
could also bind to the viral nucleic acid and has prompted the investigation of their
antiviral activity.

Many ining the basic quinol carboxylic acid template and

different lipophilic substituents were patented as antiviral agents: most of them were
tested against human immunodeficiency virus-1 (HIV-1) and were claimed to be
effective in the treatment or prophylaxis of Acquired Immune Deficiency Syndrome
(AIDS). Also, quinoline/one derivatives used as anti HCV agents have been discussed
focusing on the structural requirements to act as anti HCV agents.

In Chapter 3 we tried to complete our search for novel small molecule heterocycles
with potential antineoplastic activity, which the Daneshtalab group started years ago. The
idea started when a joint patent published by Japanese pharmaceutical companies,

Kyorin/Kyowa-Hakko, in which thiazoloquinolone carboxylic acids, including

Compound A, were claimed as novel with an impressive anti profile.

The clinical did: had exhibited drug-like ies in
different animal models in preclinical studies.

Compound A, like other quinolone carboxylic acid derivatives, was presumed to
interact with topoisomerase IT via its B-keto acid functional group and chelation with the

Mg*" ion to inhibit the enzyme. Considering this mode of action, we hypothesized that a
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lone with a B-diketo ionality may be able to mimic the action of B-keto acid

functionality, thus potentially providing the same level of complexity with the Mg>* ion
at the active site of the topoisomerase II. Also, due to the absence of a free carboxylic
acid, the target quinolone may cause less gastric damage when used via oral
administration.

The target compounds were designed using the Hyperchem-}rM molecular
modeling program. By applying Molecular Mechanics Optimization (MMO) and
Molecular Dynamic Option methods we were able to identify linear tricyclic quinolones

with B-diketo components that matched the angular feature of Compound A. In this

respect, Compound B, 9-benzyl-7-fl 3 ieno [4,5-b]quinoline-4(9H)-one, at

its optimi teri geti ion, was found to have the best match, with a
perfect 3-point overlay with Compound A.

Compound B and its derivatives were synthesized in our group using the Gould-
Jacob method. This series of compounds displayed promising cytotoxic activity against
several cancer cell lines. Furthermore, we succeded in annelating a thieno ring to the
benzo[h]quinoline nucleus in an angular pattern. In this context, we attempted the
syntheses of benzo[A]thieno[2,3-b]quinoline derivatives. The weak cytotoxicity on HeLa

and KB cell lines by most cytotoxic derivatives in the Brine Shrimp Lethality Bioassay

prompted us to explore, ically, the ibility of these derivatives to act as

topoisomerase inhibitors.
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The In silico study revealed the possibility of the synthesized derivatives to bind to
the ATP binding site in human topoisomerase II while not being able to make appropriate
chelation with Mg?*, a characteristic that is required for inhibition of topoisomerase I1.

On the other hand, another successful strategy has been applied in order to

hesize a quinoline-fused isothi moiety. This was designed in accordance with
what was in the literature: the isothiazole moiety was able to replace the Cs-carboxylic
acid group with retained (or enhanced) antibacterial activity either in fused or isolated

forms. In this context we i isothi: inoline through the

interaction of the thiol intermediate 4 with hydroxylamine-O-sulphonic acid to yield the
corresponding thioamino derivative. The synthesized derivative did not show cytotoxicity
either.

In an attempt to lower the log p of the synthesized derivatives, Compound 6a was
allowed to react with hydrazine hydrate to yield the pentacyclic pyrazoloquinoline 9.
Pyrazoloquinolines are considered as a very attractive scaffold for medicinal chemists.
The structure of Compound 9 was confirmed by spectral analysis and X-ray
crystallography.

Most of the synthesized derivatives are within the limits of the Lipinski rule of 5.

Much work is needed to decrease the log p to be in the most optimum range to effect

100% ion of the i ivatives and this can be done by phosphorylation
of the free hydroxyl group in Compound 6b followed by reduction using Fa,Pd/C and
then sodium salt formation as outlined in Scheme 6-1. This will improve the solubility

and dephosphorylation will be effected by phosphatases inside the body.
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Scheme 6-1: Phosphorylation of quinoline derivatives.

Furthermore, the synthesized derivatives had been docked into the HCV-Helicase
(data not shown) showing good binding affinities to the ATP binding region. Screening
of these derivatives on MOLT-4 cells will be the aim in the near future.

In Chapter 4, in continuation of the Daneshtalab’s ongoing research towards the

discovery of novel polycyclic quinoline-based anti ic agents using

synthetic procedures, it was possible to isolate and identify, unexpectedly, a 4-oxo-
benzo[h]thiazetoquinoline derivative (4a). The structure of this novel molecule was
clucidated by 'H-NMR, "“C-NMR, HR-MS, and X-ray crystallography. Despite the
availability of several papers on the syntheses and bioactivity of angular 4-oxo-
thiazolo[3.2-alquinoline-3-carboxylic acid derivatives, there are limited reports on the
synthesis of 4-oxo-thiazeto[3,2-a]quinolines and there is no reported synthesis of 4-oxo-

benzo[h]thiazeto[3,2-a]quinoline derivatives. In the synthesis described herein, the 4-
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‘ oxo-thiazetoquinoline nucleus is formed via reaction of the carbanion at the alkylsulfide
group of the C-2 position of the quinoline ring with a pseudohalogen (IBr), formed via
reaction of the iodide anion with the vic-dihaloalkane, or a halogen (I), followed by
nucleophilic attack of the N-1 on halogenated carbon and the departure of halogen. The
role of the vicinal dihaloalkane in this process is the provision of a pseudohalogen (such
as IBr) without direct interaction with the quinoline system. This synthetic procedure
provides us with diverse 4-oxo-thiazetoquinoline-3-carboxylic acid derivatives
possessing electron-withdrawing groups at the C-1 position.

To test the plausibility of the mechanism described in Scheme 4-3, three individual
steps of the scheme were computationally modeled to see if the energetics of each step
were reasonable in terms of both activation energy barriers and overall energy change
from reactants to products.

Overall, modeling of these three steps of the proposed mechanism shows that the
first two steps have small- to -nonexistent activation energy barriers, and are highly
exothermic in concert. Even if the abstraction of the phenolic proton was to have a
relatively large activation energy barrier on the order of 250 kJ/mol (which is unlikely for
such an acid-base chemistry) the transition state would still lie energetically below the
3a/carbonate reactant complex of the first step. Combined with the reasonable transition
state barrier of the phenolate form ring closing step, which is itself exothermic, the
theoretical calculations support the notion that the proposed mechanism is energetically
favourable. In fact, since the activation energy barriers to reverse any of the mechanistic

steps would be prohibitively high, reverse reactions are unlikely to occur, and the
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proposed mechanism would have to lead to fairly high yields of product 4a at a

As the i results show yields on the order of 75% for

the reaction run for 24 h at 70°'C, the modeled ics of the proposed

support the observed yield as well.

Generally, synthesis of novel system (benzo[/]thiazetoquinolone) derivatives has

been achieved using in sifu ions and alkylati ies. The mech

by which the ization occurs is using

Compound 28 has also been prepared during this study. This derivative showed a
better log p in comparison with the tested derivatives. Also, this compound did not show
any cytotoxic properties against cancer cell lines in MTT assay.

Compound 28 is structurally different from the other compounds synthesized in this

series, in which the main i of the 4-qui is missing.
O
NH
N~
HoN-NH
s 0
<}
28

Starting from this derivative, much work must be done in order to get a new series
capable of demostrating the potential to act as antimycobacterial agents.

In Chapter 5, isosteric of sulfur in thienoquinolines by oxygen

revealed a new series of furoquinolines. The synthesized derivatives did not show a

cytotoxic pattern on cancer cell lines. Since our screening failed to generate potential
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leads to initiate a drug discovery effort, we embarked on a structure-based design
approach. The diketo acid class of compounds has been most aggressively developed
because of its marked antiretroviral activities. Also, it was proven that 4-quinolone-3-
carboxylic acid is a good alternative to the diketo acid structure for potent strand transfer
inhibition. All the investigated compounds were docked into the ATP binding site of
3KQN. The protein for docking calculation should contain ATP as well as bound DNA
that enables us to explore all possible binding sites and modes of the ligands. X-Ray
structures 3KQL, 3KQN and 3KQU meet these criteria, with 3KQN possessing the most
accurate X-ray determination (lowest resolution). Therefore, 3KQN was chosen for
docking calculations.

All the synthesized furo derivatives showed good binding affinities to the ATP

portion of the protein. In ion the ized inolines did not exhibit

cytotoxicity against cancer cell lines; meanwhile they showed good binding affinities to

the HCV-helicase.

62 Originality of the thesis

With the continuous progress in protein crystal y and NMR, structure-based
drug design is acquiring increasing importance in the search for new drugs. Modeling
usually starts from the 3-D structure of the target protein in order to construct molecules
which are complementary to a binding site, in their chemistry and geometry as well as in

their | ies. The main ibution of this thesis is firstly the design

and synthesis of different fused quinoline derivatives (ligands) using structure-based drug

design starting with the synthesis of the novel angular benzo[/]thienoquinolines. The
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synthesis of a novel series of thienoquinolines focusing on some criteria of the new
system is described in chapter 3; for example, the constant production of the O-alkylated
derivatives upon alkylation with different alkylating agents. Also, the synthesis of a novel
pentacyclic derivative applies a new method which was based on reacting the starting
material with ethylacetoacetate. The reaction with hydrazine hydrate also was designed to
add a hydrophilic moiety to the designed molecule which unexpectedly produced a new
pyrazoloquinoline derivative.

As there are not many reports on thiazeto-quinolone derivatives, the synthesis of the

novel thiazetobenzo[A]quinolones via a novel oxidative cyclization process was

successfully achieved. Also, to come up with a reasonable structure activity relationship,

hlquinolines which are d as structural isosteres of the

the novel

newly synthesized thienoquinolines were designed and synthesized.

‘ None of the synthesized derivatives exhibited cytotoxic properties at the nanomolar
levels against normal or cancer cell lines. The only risk which faced us with lead
structure optimization by structure-based design was the neglect of other important
biological properties, such as bioavailability and metabolic stability, which will be the
focus of future research.

Secondly, in order to come up with a possible explanation for the lack of
cytotoxicity of these derivatives, the in-silico study was initiated which highlighted the

possibility of these synthesized derivatives to bind to the ATP binding site of the human

topoisomerase with no chelation to Mg?".
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The inability to chelate Mg* explains in part the weak cytotoxicity of the prepared
derivatives. Another possible explanation may also be due to the difficulty for the drug
to enter the cell and this can be explained on the basis of the pharmacokinetic parameters
of the drug or the efflux pump mechanisms.

Synthesis of quinoline derivatives with different fusion rings; for example, thieno,

have i

thiazolo, thiazeto and d a new library of quinoline
derivatives with weak or no cytotoxic properties on cancer cell lines. All the synthesized
derivatives showed a binding affinity towards the ATP binding site in the topoisomerase-

11 with no chelation to Mg™".
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