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ABSTRACT

Natural products have been an important source of drugs and novel lead compounds in drug
discovery. Theiunique scaffolds have led to the synthesis of derivatives that continue to give rise
to medicinally relevant agents. Thus, natural prodhuspired drugs represent a significant
proportion of drugs in the market and with sevenarein development. Cancés among the

leading public health problesand a prominent cause of death globally. Chemotherapy has been
important in the management of this disease even though side effects that arise due to lack of
selectivity is still an issue. This has led to the development of anticancer drugs that tasget ca
specific structures such as proteins or enzymes that promote cancer progression. The microtubule
inhibitors (antimitotis) arrest mitotic cells at the @4 phase leading to apoptosis of cancer cells.
Currently, natural product derived antimitoticsisas the vinca alkaloids are available for clinical

use. The 9&Da heat shock protein 90 (Hsp9fBgulateshe folding and stabilizatiorof many
oncogenic proteins that promotell proliferation and signaling pathwayblsp90 became a
promising target inanticancer drug development following the discovery of the ability of
geldanamycin and novobiocin to disrupt the folding machinery of Hap@®®ever no Hsp90
inhibitor has made ib the clinic

Themain purpose of this studyasto design and synthesizewcompoundss antiproliferative

agents that target mitosis and the function dfeat shock proteins (e.gdsp9Q. The
cyclopengb]indole scaffold has been found in some microorganisms and plamdst has been

shown toaffect the function oheat shock proteindHence, we embarked on the synthesis of a
series of cyclopegfbjindolesin threestepsvia JappKlingemann reaction anéischerindole
reactions Themost activecompoundrom this groupexhibited antiproliferative activity witlan
ICsovalueof 6. M against HCC70 cancer cell s.

In an attempt to further increase the actiwfythis series of compoundee synthesisd their
arylidenecyclopentap]indol-3-onederivatives Arylidine indanmeanaloguesuch asndanocine;

an antimitotic compoundlisplay potent activity against a range of cancer c&he most active
arylidenecyclopentaplindol-3-onederivativedisplayed selective antiproliferative activagainst

HCC70 cancer cells with d@so of 10.2e M. Mol ecul ar pralided éomaeayideace udi e s
of the affinity and binding interactions of these compounds edgtthicine binding site of tubulin.
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Sargaqunioic acida marine natural product first isolated framme brown algaSargassum
serratifolium demonstratechoderate activity againtsp90. Hencave designed and synthesized

a series of diketopiperazinkarbituric acid and purinderivatives as analogs of sarggunioic

acid. The mostpotentcompound showeentiproliferative activitywith anlCso value of 1.4 M
against HelLa cells and western blot analysis showed inhibition of Hsp90 through the degradation
of CDK4 client protein without overexpression of Hsp70he compounds designed and
syntheszed here provide useful lead structures for the further development of antimitotic and
Hsp90 inhibitors.
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Chapter 1

Introduction
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1.1  The burden of cancer

The term Acancero describes a number of di sea

and can ultimately infiltrate other parts of the bddg Mesquita et al., 2009lthough there is

no clear cause of somarxcers, certain factersuch asnherited genetic mutations, immune
conditions, tobacco use and excessive alcohol intake have been ietpircéte development of
cancer(Bray et al., 2018)The continuous burden of cancer as a prominent world problem is of
greatconcern. According to GLOBOAestimates for 2018,8.1 million new cancer case$/[0

million excludingnonmelanoma skin canc€MMSC)] and 9.6 million cancer deaths (9.5 million
excluding NMSC) was estimated worldwide based on the statistics provided loyernational

Agency for Research on Cancer (IARC). An aging and growing world population together with a
decline in mortalities of stroke and coronary heart disease places cancerdsttuméeading

causes of deatfBray et al., 2018)

In the Unitel States, early diagnosis and improved treatmerd ingproved survival rates for all
cancers compared to the 1960s. However, the type of cancer, stage and time of diagnosis are
determinng factors in cancer survivah(nerican Cancer Soely, 2019. In spite of higher incident

rates for all cancers in economically developed countries the percentage mortality relative, to
incidence, is higher in less developed countries. Late detection and poor management of the disease
are the major factors responsibde the disparityfJemal et al., 2011).

There are different approaches for the treatment of various types of cancerstnviooly are
chemotherapy, radiotherapy or surgery. Depending on the stage or severity at the time of diagnosis;
these treatment molilles may be combinedAfnerican Cancer Soefy, 2019. The major
advantage of chemotherapy over radiotherapy and surgery is the ability to reach tasget site
However, the shortcoming of systemic delivery of anticancer drugs is toxicity (Bhosle & Hall,
2009).

1.2  Discovery of anticancer drugs from naturalsources

For centuries, humans have used natural products in the form of crude extracts in traditional
medicine for the treatment of several kinds of diseases (Petrd®@k2). Natural productsare
secondary metabolites produced by terrestrial, mamd microorgnisms. fieneed to adapt to

living under extreme conditions, for protection against predation and competitafor nutrients
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drove the evolution of biochemical pathways to pneduction of secondary metabolites. These
secondary metabolites are camabt producing pharmacological actions duéhwfact they have
evolvedto bind and interact withiological tagets ¢@rug targets(Newman & Cragg, 201Zragg

& Newman, 2013)

The general process for industrial, natural prodwasted drug discovery folvs a few well
defined steps. Firstly, libraries of natural product extracts or fractions are screened for activity
against a specific target. Upon identification of a hit, the compound is isolated and its structure
elucidated through various spectrggicatechniques, and filrer biological studies are conducted

to recognize specific targefKoehn & Carte2005.

Natural products became prominent in anticancer drug discovenydi20th centuryfollowing

the discovery of actinomycin @n antitumor antibiotic drugsed in treatment glediatriccumours
(DeVita & Chu, 2008). The vinca alkaloidéncristine and vinblastine, and cytarabine were also
discovered around that time and gave the muctetkattention to natural products as a source of
drugs and novel lead molecules (DeVita & Chu, 2008)general, more than 60% of current
anticancer drugs are natural products or derived from natural s¢Meeman & Cragg, 2016
Among the recently FDAapproved anticancedrugs from natural origin arerabectedin
(Yondelis®) used for the treatment of soft tiessarcoma and ovarian canceih@in mesylate
(Halaveri®) indicated fo metastatic breast cancer anlitigepsin (Aplidin®) usedfor the
treatment of multiple yeloma, leukaemia and/mphoma (Haber & Spaventi, 2017).

Although many anticancer drugs have saved many lives, toxicity due to lack of selectivity is a
major problem. This often leads to unwanted side effaath asdver,constipation, nausea and
vomiting (Moudi et al., 2013).

Another problem associated with the use of anticancer agents is the development of resistance
which is the ability of cancer cells to develop tolerarcehemotherapy (Housman et,&014).

This pfenomenon can be categorized into two mechaniBmsary resistance results frotme
inability of atumourto respond to the drug from the beginning, this may be due to poor penetration
of the drug or genetic changes in thmour(Bhosle & Hall, 2009). On the other hand, secondary

or acquired resistance occurs after the cells cotoeantact with the drug. This is due to several
acquired mehanisms such as adjustmentrepair mechanism or upsurge in drug inactivation
(Bhosle &Hall, 2009).
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In summary, the discussion above highlights the importance of cancer as a growing health threat
and the prominent role that natural products have historically played in the discovery of anticancer
drugs. However, the lack of selectivity oft@ancer drugs and the development of resistance to
these drugs highlights the critical need for new anticancer agents.

1.3 Rationale, Aim and Objectives

Despite the relevance of chemotherapy as an important component in cancer manatgement,
success habeen flawed due to lack of selectivity which k&olundesirable side effects which
arise from toxicity. For this reason, the continuous search for improved and selective anticancer

agents is crucial.

Hence, the aim of this research project was toigdesnd synthesize newcaffolds as
antiproliferative agentsvhich could target mitosis and the functionh&fat shock proteins (e.g.
Hsp90.

Taking inspiration from previously reported anticancer natural products based on the
cyclopentalp]indole scaffold and the prenylated quinone, sargaquinoic acid, we defined the
following objectives:
1 To synthesize a series cyclopebiajdole derivatives
1 To expand the cyclopentdindole scaffold by incorporating the arylidene moiety
derivatives as indanociraalogues
1 To synthesize diketopiperazine, barbituric acid and purine derivatives as analogues of
sargaquinoic acid
To evaluate the antiproliferatiaetivities of synthesized compiods
The in silico prediction of the ADME and pharmacokinetic propertigb®fynthesized
compounds.
1 To investigate the binding affinity and interactions of the synthesized compounds with

tubulin polymerase and Hsp90 alpha by molecular docking
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1.4 Thesis overview

Chapter one presents the context of cancer asportant disease while chapter two provides a
concise review of natural produdérived microtubule targeting agents and Hsp90 inhibitors as
attractive molecular targets in cancer drug development. Chapter three provides a report on
synhesis and antipriérative studies of cyclopentaplindole derivatives The synthesis,
antiproliferativeevaluation and assessment of the potentiatygfdene cyclopent&]indol-3-one
derivativesas potential tubulin polymerization inhibitors by molecular docking is destrin
chapter four. In chapter five, an account of design, synthesis and biological studies of
diketopiperazine, barbituric acahd purine derivatives as potential Hsp90 inhibitweseported.

Finally, chapter six presents the total findings andmecendations for future studies.
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2.1 Development ofanticancer drugsfrom natural products

In contrast to the earBnticancer drugthatinduce DNA damage and therefore lack discrimination
between cancer cells and normal cells, recent drugs are intended to be more selective to cancer
cells and hence should show reduced toxicity (Kumar et2@ll7) This is based on the knowledge

of signal transduction pathways apdthogenesis of canc#rat provides molecular targets for
chemotherapeutic drug development (Padzfap)

The unique chemical space and complex structures offered by natural products aresent
opportunity for drug development by optimizing their structures to enhance biologfiwéties
(Khandelwal et al.2016).Hence, the focus of this review will be on the development of natural

and synthetic analogues ofarotubuletargetinganticancer drugs otherwise known as artoitig

agents and the promisingdt shock protein 90 inhibitors derived from natural products.

2.2  Natural product derived microtubule-targeting anticancer agents and their synthetic

analogues

Tubulins are spher i ean dupblirodimeriswhish fanotimesbuildingi ng o f
blocks forthe microtubular cytoskeletorMicrotubules are crucial for various cell functions such

as cell division and maintenan@®ordan & Wilson2004) The het eaaoadtubbliar s of
assemble to form the micronucleus and then polymerize ilotogestanding microtubulé-igure
2.1)(Bhattacharya & Cabral 2004ordan & Wilson2004) Thereforepbstructing the aggregation

of tubulins or impedig their segregation could promeell cycle arrest inthe G2-M phaseand
development oflefectivemitotic spindlesThis process prevent®ll division making tubulinga

target for anticancer drug developmdstikhai, 2017; Kaur et. al2014).
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Figure 2.1  Polymerization of microtubules (Jordan & Wilson 2004).

Drugs targeting microtubules can be classified intodlasse®ased on their mechanism of action.
Tubulin polymerization inhibitors obstruct stabilization of tubulin by binding to either the vinca
binding or colchicine binding site. Tubulahepolymerizabn agents prevendestabilization of
tubulin and they bind tthetaxane binding site (Kaur et. al., 2014; Field et. al., 2013)

2.2.1 Colchicine binding domainagents

Colchicine @.1) is a natural product isolated fro@olchicum autumnaleThe plant extract was
traditionally used for th treatment of gout. Colchicirtbe main substance from the plant extract
is currentlyindicated forgout Although colchicine binds to tubulin its toxicity prevented its
clinical application in cancer therapydstie 1991) Structural activity relationship studies
revealed that the three methoxy groups on ringf Aolchicineis important for tubulin binding
affinity and obstruction of tubulin polymerization (Shi et 8898).In spite ofits failed anticancer
application colchicine has serveds a lead irthe design of other potential anticancer agents
(Kumar et al.2017) The novelN-acetytolchinol (2.2) is a synthetic analogue of colchicine and
vascular targeting agent leadingttomournecrosis and vascular stoppage against sofrtbuis
(Beerepoott al.,2006)

Combretastatinare natural stilbenes isolated fraddombretum caffrugra South African willow
tree Pettitet al.,1987). These compounds exhibited good cytotoxicity agaeustaemiaP388
cellsand inhibits tubulin polymerization at the colchicine binding stembretastatii\-4 (2.3)
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was the most potent with aboufdd higheractivity thanCombretastatii\-1 (2.4) (Pettitet al.,
1987a; Pettit et al.1987).

N-Acetylcolchinc Combretastatin A-
Colchicine 29 213
2.1

OH
HO O
A

Be
)

Combretastatin A-
2.4

Combretastatin A-4 phospha
2.5

Ombrabulir
2.7

Combretastatin A-1 diphosphe
2.6

Figure 2.2  Structures of olchicine domain binding agents
Similar to colchicine, it was demonstrated that 3ffmethoxy substituents (A ring) aceucial
for binding affinity at the colchicine binding sité toibulin (Woods et al., 1995Due to the poor

solubility of combretastatimA-4, a synthetic prodrug2(5) was synthesized thatas completed
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phase Il clinical triad (Pettit et al., 1995; Young & Chapl#904).Combretastatin AL diphosphate
(2.6) showed manageable side effects in patients with satussin phase | clinical tria For
this reason, it was recommended dqvhase Il clinical tried (Patterson et ak012).In phase Il
clinical trials of ombrabulin(2.7) a synthetic derivative afombretastatin A4 usedn combination
with cisplatin exhibiteda uniform safety profile and occurrence afnle marrow suppression

against softissue sarcomas (Blay et al., 2015).

2.2.2 Vinca binding domain agents

The natural vinca alkaloidd=igure 2.3)vincristine (VCR)2.8 and vinblastine (VBL)2.9 were
originally isolated in the 1950s from ti@atharanthus roseygommonly known adMadagascar
periwinkle. These alkaloids interfere with mitosis through binding and interaction with
microtubules (Himesl991). Historically, extracts of this plant were used in the treatment of
wounds, gastric ulceration, hemorrhage aypgienglycemiaLater on, studies showeldat certain
fractions of the plant extract causeyelosuppressioand peripheral granulocytopenia rats
(Gidding et al., 1999). Including their synthetic derivatiyeégure 2.3)vindesine (VDS)2.10
vinorelbine (VNL)2.11 and the most recent vinflumine (VFR)12, the vinca alkaloids are used

in the treatment of lymphomas, carcinomas and stlidous. In addition to their useful
application, these compounds also possess adverse side effectsgergbh@sal neuropathgnd

hepatotoxicity among othe(soudi et al.,2013).
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2.8 Vincristine; R CHC Vindesine
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Figure 2.3  Structures of selected vincal&aloids.

Dolastatin 10 2.13 is a peptidefirst isolated from the sea harBplabella auricularia Its
cytotoxicity is also a result of its ability tonder tubulin polymerizatiornthe synthetic derivative
TZT-1027 @.14) share the same mode of action with the parent compound but with improved
antitumouractivity (Natsume et al., 2000polastatin 10 was discontinued in phase Il clinical trials
as a Bgle agent due to lowherapeuticactivity in patients withthormone refractory metastatic
adenocarcinomalatinumsensitive ovarian carcinommacurrenceandneurotoxicity(Banerjeeet

al., 2008). Minor side effects such asidue alopecia, nausea and constipation were observed in
phase Il clinical trial ofTZT-1027in patients withadvanced or metastatic séiisue sarcomas
who were previously treated withntiaracyclines(Patel et al., 2006).Brentuximab vedotin
(Adcetri®) (2.195 is a CD306specific antibody drug, edeveloped bySeattle Geneticand
Millennium PharmaceuticailNewman & Cragg2017). It was accomplished by connecting anti
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CD30 antibody (cAC10) through a linker withe dolastatin analogue; monomethyl aurigtd
(MMAE) (Newman & Cragg,2017). This drug was approved for the treatmeftrelapsed
Hodgkin lymphoma and systec anaplastic large cell lymphoma (ALCby the FDA in 2011.
(Senter & Sievers2012).

Dolastatin 1(
2.13
(0]
H H
N N
\'Tji!(N\/mTI;w(% \/\©
(0] /:\ O\ (6] O\ (0]
TZT-102
2.14
cAC10
anti-CD30 Attachment Protease-
antibody group cleavable linker Monomethyl auristatin E
| A )
| If I
N AR R

HN
H;N"JQ‘D

Brentuximab vedotin
2.15

Figure 24  Structuresof dolastatin 10 TZT -1027and brentuximab vedotin.
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HalichondrinB (2.16 is a potent antimourpolyether macrolide first isolated froralichondrin
okadaj a Japanese marine sponge (Hirata & Uerh@B86) Later on, it was discovered that other
sponges such a8xinellasp, Phakellia carterjandLissondendryspproduce this natural product
(Towle et al., 2001) HalichondrinB binds to the vinca domain as a roympetitive inhibitor to
vinblastine and obstructs mitosis by inhibition of tubulin polymerization (Bai et al., 1991). Despite
its potent cytotoxicity, it was only obtained in small quantity from the sponges whicadstiown

its clinical evaluationFortunately, the Kishi group achieved the total syntheditatithondrinB
(Aicheret al., 1992) which provided ehplatform forits syntheticanaloguegYeung, 2011)The
less complex analogue; Eribulinesylate(Havalen®) 2.17) was identified andetained the
potency of the parent compound. It vegeprovedor thetreatment of metastatic breast canog
the FDA in 2010, and EMA in 2011 (Huyck et &011).

Halichondrin |
2.1€

Eribulin mesylat
2.17

Figure 25  Structuresof halichondrin B and eribulin mesylate
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2.2.3 Taxane binding domain agents

Paclitaxel (Taxol®) 2.18)is a metabolite from the bark of the pacific y&vaxus brevifoliaThe

FDA approved its clinical applicatiorgainst breasand ovarian cancein the early 1990s. Its

mode of action also involves stabilizing polymerization of microtubules. Besides its success,

aqueous solubility and dodieniting toxicity were the major shortcomings. Solubilizing agents
were required to improve bioavailabilibut also resulted in adverse side effects (Safavy et al.,
1999).When compared to paclitaxelocetaxel (Taxotere®)2(19) a semisynthetic analogue
exhibited a broadernge of activity that includenonsmall cell lung canceAlthough these two
important drugs have been approved for over two decadddnmg resistance remains a major
challenge (Gueritte2001). The affinity of first generation taxanes todgbycoprotein has been
associated with the development of resistance, however;syathieticcabazitaxe(Jevtana®)
(2.20 exhibits poor affinityfor the multidrug resistance protein and is thus effective against

docetaxelresistantumouss (Ojimaet al., 2016).

Paclitaxe 2.19 Docetaxel; R H
2.18 2.20 Cabazitaxel, RCH

Figure 26  Structures of paclitaxel, docetaxel and cabazitaxel

The epothilones are not taxanes but their mechanism of action is expressed in binding to the taxane

binding site of tubulin, thuthey are also microtubule stabilizers. Epithothilone2&1) and B
(2.22 arenatural products first isolated from the/xobacteriunSorangium cellulosurfGerth et
al., 1996). Neither compound was effectiveinrvivo anttumour studies however, the semi
synthetic lactam analogue of epothilone B, azoepothilon&x®&mpra®)was synthesizednd

displayed potent activity against a variety tamour cells (Hunt, 2009). Although its water
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solubility is an advantage over paclitaxel, neurologioalcity is one of its disadvantag¢de
Jonge& Verweij, 2005). Azoepothilone B2(23 was approved i2007 by the FDA for clinical
use as a single agent in treatment of metastatic or loedWanced breast cancdrat is

unreponsive to other drugs suchtaganes or anthracycline (Hunt, 2009).

2.21 Epothilone A; RH Azoepothilone |
2.22 Epothilone B; RCH 223

Figure 2.7  Structures of epothilones A, epothilone B and azoepothilone @empra®).

2.3  Natural product derived heat shock protein 90 inhibitors and their synthetic

derivatives as anticancer agents

The90kDaheat shock proteg{Hsp90)are nolecularchaperong responsible for growth, folding
and stabilization obncogaic signal transduction proteinBhese proteins are otherwise known as
Hsp90 client proteins and they include; kinade&K-R and Het2), Akt/PKB, cMET, ErbB2,
HSF1 and so or{Blagg & Kerr, 2006Zhang & Burrows, 2004). The malignant progression of
cancer has been shown to be dependeriisp90 client proteins and they function to ensure the
attainment of the hallmarks of cand@able 2.1)(Hanahan& Weinberg,2000).For cancer to
mairtain its malignancy, it requires the ovexpressn of heat shock proteins thewmpensates
by refoldng denatured proteinthat resulted from cellular stress (Blagg & Kerr, 2006he
expression oHsp90 isreported to be up t&0-fold in cancer cellcompared to normal cells
Consequently, inhibition of Hsp90 leads to degradation of the client proteins. Asitshah,
become a tget in chemotherapeutic drug development due todiégendence of multiple

oncogenes oRlsp90 for survival and maturatigghao & Blagg2013 Zhanget al., 2017).
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Table 2.1  The hallmarks of cancer(Garg et al., 208).

Hallmarks of Cancer Hsp90 Client Protein(s)

Sustaining proliferative signaling Raf1, AKT, Her2, MEK, BcrAbl

Evading growth suppressors Plk, Weel, Mycl, CDK4, CDK6, Mytl
Resisting cell death NF-a, AKT ;MED B@akl, Sarvivin
Enabling replicative immortality Telomerase (fTert)

Inducing angiogenesis HIFF1U, VEGFR, Pl 3K/ AK
Activating invasion and metastasis | c-MET, SSDF1, MMP-2

Deregulatectellular energetics ARNT, ARRB1, HIF1 U, HMG1, S
Avoiding immune destruction IRAK3

Tumourpromoting inflammation IL-6, IL-8, IRAK1, IRAK2, IRAKS

Genome instability and mutation FANCA, MAFG, NEK8

Human Hsp90exises f our i soforms; the Hsp90U (inducib
cytoplasmic isoforms while glucose related protein 94 (GRP94)tameur necrosis factor
receptor associated protein 1 (TRAPare the endoplasmic reticulum and mitocdrial ioforms

respectively(Blagg & Kerr, 2006).

C-terminal
domain

middle
domain

N-terminal
domain

Figure 28 The functional domains of Hsp90 (photograph accessed from

https://www.caymanchem.com/news/molecidhaperonemn-controtof-the-heatshock

responsg

Each Hsp90 monomer consists of three operational domsitesminal domain, middle domain

and Gterminal domair{(Figure 2.8) The Nterminal domain is the ATP binding pocket, while the
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charged middle domain is associated with the binding etheperones and linkage of both
termini, and Gterminal domain is the nucleotide binding site responsdsldimerization(Harris

et al.,2004 Pearl& Prodromou, 2006) The Nterminal inhibitors ach as geldanamycin and
radicicol exert their activity by hindrance of Affatalysed hydrolysis, this is achieved by
competitive bindingo the Nterminal ATRbinding site(Jadhav et al., 2009).

2.3.1 N-terminal Inhibitors
2.3.1.1Ansamycin derivatives

HerbimycinA (2.24) and geldanamycin (GDMR(25 arebenzoquinone ansamyametabolites
isolated fromStreptomycebacteriaand they both exhibit potent amtnouractivity (Sasaki et al.,
1979;Ueharaet al., 1988). The amtimouractivity of GDM was initally thought to have resulted
from tyrosinekinaseinhibition. However, further biological studies revealed its bindingédN-
terminal ATRbinding siteof Hsp90 and disrupting its folding machin€kyhitesell et al.1994)
This makedHsp90 a potential anticancer drug target and GDM theHsgO0 inhibitor (Patel et
al., 2004). Although GDMshowed apromisingtherapeutic potentiahepatotoxicity led to its
discontinuation in clinical trial(Supkoet al., 1995)A semi-synthetic @rivative of geldanamycin
17-AAG (2.26) wasdevelopedo address its liver toxicity. lthein vivostudies, growth inhibition

of prostateumouss and Hsp90 client protein inhibitionasreported at notoxic doses, and was
subsequently recommended for clinical trials (Solit et 2002. Limitations such as dose
dependent toxicity, solubility and bioavailability were some of the challenges encountered in the
clinical trial of 1#AAG (Sausville et al. 2003).An effort to address the problem was the addition
of N,N-dimethyl1,2-ethanediaminéo 17-AAG to produce thevatersoluble derivative of GDM
17-DMAG (2.27), howeverits clinical trial was terminated in 2008 (Biamonte et al., 2009).
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Herbimycin 2.25 Geldanamycin; ROCH
2.24 2.26 17-AAG; R NHCLCHCH
2.27 17-DMAG; R = NH(QIN(CH),

Figure 29  Structures of ansamycin analogues

2.3.1.2Resorcylic acid lactone derivatives

Radicicol (RDC) 2.28 is a natural resorcylic lactone originally isolated frahe fungus
Monosporium bonordersimilar to GDM, radicicocompets with ATP forthe N-terminal ATR
bindingsiteand interferes with the functions of Hsp90 and thus became the firsemangquinone
ansamycincompound to target Hsp9&chulte et al.,1998) Radicicol exhibited potenh vitro
antiproliferative activityhowever, i was inactive in animal mode(Soga et al.2003).1t was
suggested that the lack of vivo activity could be due to itepoxide functionality(Lei &
Danishefsky,2008). Danishefskyand colleagues synthesizeycloproparadicicol(2.29 by
replacing the epoxide with a cyclopropane ring to produce a paitgrghelfstable drug with
improved pharmacokineticsy@mamotoet al, 2003,Yang et al., 2004). It exhibitegpotent
antiproliferative activity withanlCso value of 49 nM against MGF and 68%umoursuppression

in preliminaryin vivostudies (Lei & Danishefsky2008)
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Figure 2.10 Structures of radicicol and its derivatives

The oximederivatives of radicicolcompound 2.30and2.31, displayed potenh vivoantitumour

activity with no severe renal or hepatotoxicity. Nevertheless, no clinical studies have been reported
on these compounds (Soga et2003)

The clinical progress of the-términal inhibitors encountered a setback due to resistance and
metastasis, thissiattributed to the induction of heat shock response leading to increase in
expression oHsp27, Hsp70, Hsp40, and Hsp®us providing chemoprotective effects needed

for progression and maturation of oncogenic proteins (Whitesell 20&R, Montoir et al., 2015

2.3.2 C-terminal Inhibitors

The Gt er mi nal domai n wiamsd cdlleagusstO98) reowevertheecacrydtay S R
structure of a lignd bound to this domain is available Amolins & Blagg, 2009) In 2000,
Necker and colleagues demonstrated the binding of novobiocin to th&Ti#binding site and

caused disruption of the Hsp90 complex in a way related to-tieenNnal inhibitors. In addition,
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the interaction is competitive due to the implicatmnother cechaperone and affinity for N
terminal inhibitors (Marcu et al200Q; Marcu et al., 2000h This discovery put the Hsp90-C
terminal domain in the spotlight for anticancer drug development. Furthermore;témmiGal
domain binders are the lgncancer agents whose exhibition of cytotoxicity from folding

machinery disruption affects all cancer hallmakmflins & Blagg,2009).

2.3.2.1Coumarin analogues

Novobiocin .32, chlorobiocin 2.33 and coumermycirAl (2.34) (Figure 2.11)are natural
coumarin antibiotics isolated from numerdiseptomycespeciesDonnelly& Blagg, 2008 and

are well known for their antimicrobial properti¢sdoperet al., 1982)In vitro studies showed the
direct interaction of these coumarntibiotics with Hsp90 leading to client protein degradation
(Marcu et al.200). Despite the poor oncogenic protein kinase degradation effect of novobiocin,
there was no induction of heat shock response which is detrimentaetonkhalinhibitors Zhao

et al.,2019. This provided a great opportunity for design and synthesis of novob@r@alogues
which targetghe C-terminal domain ilontoir et al., 2016)With the proof of concept of the-C
terminal domain established, several stuaese cowlucted to understand the structacivity
relationship(SAR) of novobiocin and thus synthesize simpler analogues with improved activity
(Le Bras et al., 2007; Kusuma et al., 20ZBaoet al.,2015 Montoir et al., 2016).
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Figure 211 Structures of natural coumarin antibiotics.

Blagg and colleagues were able to design and synthesize improved novobiocin derivatives DNH2
and KU174. The rationale for the synthesis of these compoumdscanceived from their
understanding of the SAR of novobiocin (Yu et al., 2005; Donnelly et al., 2008). With DNH2, the
amide side chain (moiety) was retained, a removal of hydroxyl group from the coumarin core and
the replacement of the carbamoyl group véthydroxyl on the sugar moiety. DNH2 manifests
potent Hsp90 inhibition by inducing degradation of ErbB2 and p53 clie@kBn3 breast cancer

cel | s a tBurlisdh etmal., 2006 KU675 is another novobiocin modified analogue which
manifess potent gtotoxicity against prostate cancer cells. Besides Hsp90 inhibition and
selectivity for H's p-éhapBrone Blse70 and meduced the dxpressios oft o

Hsc70 clientsAlso, there was no induction tie heat shock response (Liu et 2015).
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Figure 2.12 Structur es synthetic coumarin analogues

2.3.3 Other compounds

Derrubone 2.37) is a flavonoid isolated fror@ebrris robustaan indian tregEast et al.1969).

Its biological potential was discovered by higfinoughput screening of a natural product library
and it showed good antiproliferative activity against MClnd SkBr3 cell lines. Derrubone
actively disrups refolding and induced Her2 degradation (Haddeal., 200Y. The polyphenoal,
(-)-Epigallocatechin gallate (EGCGR.38) found in green tea is known to exhibit biological
activities such aantioxidant, antimicrobial, and cancer chemopreventive actiyaaeri,2006).
Previous studies showed inhibition of aryl hydrocarbon receptor in a partial association with Hsp90
(Palermo et al., 2005). Later on, direct binding of EGCG tieaiC-terminal domain anc
decrease in expression of Hsp90 client proteins in ad@gsendat manner was reported (Yin et
al.,2008).
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2.4  Concluding remarks

The natural antimitotics and their synthetic analogues have been in use for decades and the
microtubule remains a viable molecular target in anticancer drug development. On the other hand,
no Hsp90 inhibitor has been approved for clinical BEspitethis, it is a promising target with
several fascinating Hsp90 targeting compounds being identified and many are still under clinical
evaluation.

In the following chaptersve explore the design and synthesis of potential anticancer compounds

targeting mitosiandHsp90 inhibition.
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Chapter 3

Synthesis and antiprolferative activity of
cyclopentap]indole derivatives
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3.1 Introduction

The cyclopentdf]indole scaffoldis present in severddiologically activenatural productsand
synthetic compoundsn this chaptenve briefly review natural and synthetic cyclopg|]indole
derivatives Thisis followed by a discussionf the synthesis andntiproliferative activityof a

series ohewsubstituted cyclopentajindole compounds

3.1.1 Naturally occurring and synthetic cyclopentajp]indoles

The indolemotif is a common scaffold in many medicinal compounds and natural products
(Chadha & Silakari, 2017however,simple,naturally occurring yclopentablindole derivatives
are less commonAlthough the nore complex, fungal derived indole diterpermepresented by
the alkaloids paspaline, penitremganthitrems have been extensively studi@darrison et al.,
1995) we have focused our attention on the simpleiopentalp]indole alkaloids(Figure 3.1)
Some biologicdy activerepresentatives of this clas€ludenostodione A3.1), a natural product
isolated fronthecyanobaatriumNostoc commun@obayashet al., 1994) and a precursor to the
natural product scytonemin. The relatadole 3.2 hasbeen showro inhibit specific melanoma
kinases which maks it a good candidate for targeting skin can(ekebergh et al., 2015)n
addition, its characteristicell permeability and fluorescence permit cellular visualization
(Ekebergh et al., 2015The bruceollinege.g.3.3) are antiplasmodiahatural products isolated
from the plantBrucea mollis whichis usedas aherbal remedyvith antiparasiticactivity (Dethe

& Kumar 2015)
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Figure 3.1  Selected biologically activeyclopentaflindoles.

The syntheticyclopental]indoles such as thalkylidene derivative8.4 display antiproliferative

activity through binding to tubulifiTunbridge et al., 2013)Tumourgrowthinhibition has been
reported for compound.5 (Santos et al., 2016)vhile indole 3.6 up-regulated chaperone
expression to reduce polyQ aggregation in neuronal differentiated TBP/Q79 cellsaand w
proposed to have therapeutic potential in spinocerebellar ataxia type 17 (S@afvignt (Kung

et al., 2014). Compound3.7 was reported to beelective agonist of sphingosinephosphate

(S1P1) receptor which may be useful as a potential treatment of autoimmune diseases such as
multiple sclerosis (Buzard et al., 2014)The encouraging biological activities, especially
antimitotic activity anceffect on chaperones, of this small group of compounds, make them useful

lead compounds for further investigation.
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3.1.2 Biosynthesis of simple cyclopent#&findoles

It is tempting to proposethat simple cyclopentanone indoles may be biosynthesize
deamination and cyclization of tryptophan, however, this is not the chlgstodione A3.1) has
been proposed as a precursor in the biosynthe#ig @f\V-absorbing natural produdgytonemin
(Soule etal., 2009).Scytoneminwas demonstrated to have resulted ftbetranscription of gene
clusters of aromatic amino acids after exposure to UV radjaivadaptive defense mechanism
against UV radiation (Gerwick et aRp09) Two enzymes were proposedie involved inthe
conversion ofL-tryptophan to indole-pyruvic acid (3.8) which, in turn, coupleswith p-
hydroxyphenylpyruvicacid (3.9) (Balskus & Walsh, 2008)A third enzymecatalyzesthe
cyclization and decarboxylation form the scytonemin monome3.11(Scheme 3.)1(Balskus &
Walsh, 2009)It was assumed th8t11could undergo oxidative dimerization to form scytonemin
although further investigation into ScyC is requirddr its characterization anthechanism
(Balskus & Walsh, 2009)

COOH 3.9
© HO% OH
L-tryptophar _ScyB_ N 5 COOH O O O
NH > 4 I A
Scy/ y—J HO COOH
3.8 H
3.1C
Scy!

3.11

Scheme3.1 Proposed biosynthesid Scytonemin monomeB.11).

In 2011, Chen and colleagues proposdioaynthetic pathway fdoruceolline natural products

(Chen et al., 20)1Theauthorsproposedhat the actiomf pyruvate decarboxylasm tryptophan
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gave rise tdheintermediate3.13followed bythe additionof the prenyl chairby dimethylallyl
diphosphate DMAPP). Epoxidation of 3prenyl indole followed a series of steps leading
dehydoxylation and cglization to affordfor cyclopentaplindole (3.22 (Scheme 3.2)

COOH >:\C‘0PP COOH

NH, Pyruvate N-Pyr
B decarboxylas \
N e ——  —
H N
H
3.12 3.12
OH
0 0 J
el =of oy
\ N N N
H H H H
3.18 3.17 3.1€ 3.1t
lHZO
HO OH HO :OH HO HO
N < OH OH
A\ QH i = N\
| N @) T f?\l\j — ~hy T | N
! ! “i !
3.1¢ 3.2C 3.21 3.22

Scheme3.2 Chenandcewor ker s 0 pr o p pathwag ofchciopestghlmdole.e t i ¢

In view of the presented pathway (Scheme 3v2)proposed another plausible biosynthesis of the
cyclopentalplindoles via the shikimic pathway(Scheme 3.3 A transformation of indold-
glycerol phosphate to indole, prenylation of indole can be achievéideladdition of DMAPP
catalyzed byprenyltransferse to generate-frenyl indole(3.15. A subsequent epoxidation
followed by dehydrogenation and dihydroxydet, and the intermediat® 27 cyclizes leading to
the formation of cyclopentb]indole. Both pathways share some similaritieswever, our
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proposal was motivated by tmeport onthe biosynthesis of indol&.25from indole3-glycerol

phosphat¢3.23 (Kriechbaumeet al., 2008 and he direct prenylation of indole.

3.24 3.2€
0 o9 9
HO"™>"0-P-0" N-"N0-P-0-P-0"
o OH O o~ 0O
0-P-0" 3 . .
HO o 3-gylcerol phosphat Dimethylally diphospahte (DMAF )
(o / AN
N N N
H H b
Indole-3-gylcerol phospha Indole 3-prenyl indole
3.23 325 3.1%
HO Ho o . 0
OH H -
Q e \/’ w - N\ OH -— AN
N N N N,‘_|
H H H
3.22 3.27 3.17 .

Scheme3.3 A plausiblebiosynthetic pathway afyclopental)indole.

3.1.3 Synthesis ofthe cyclopentapjindole skeletoni a short review

As a result oftheincreasing biological relevance of this heterocyclic compound, many approaches

are beingemployed in the synthesis tfe cyclopentaplindole scaffold.

Some of the earliest reported syntheses of cyclog@dimdples used the Fischer indole synthesis

Berger and Corraz (1977) used this reacti®cheme 3.4)to synthesizea range of

cyclopentalp]indoles with antinflammatory activity. They reacted an appropriately substituted

phenylhydrazine3.28 with a substituted cyclopentanor®9 underacidic conditions to give

the intermediate hydrazone which was subsequently cyclized at elevated temperature to give the

substituted cyclopentd]indole derivatives3.30 (Berger & Corraz1977).
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1. MeOH/H, heat COOH

2. solvent, 80-200 ¢ N
Ry NHa ¥ O¢©\COOH > Ry N

| \

Ro 3.29 2
3.28 3.3C
Scheme 3.4 Synthesis of cyclopentadfindoles via Fischer indolization (Berger & Corraz,
1977)

Cui and ceworkers utilizederbium(lll) trifluoromethanesulfonai@b(OTf)s) catalyzed-riedel
Crafts reactiorfor the synthesisyclopené]b]indole from3-arylprogonic acids(e.g.3.31). This
dehydrative cyclization was achievedthe presence oflaewis acidat 250 °C in chlorobenzene
to produce cyclopedb]indole (3.32 as shown irBscheme 3.5Cui et al.,2004).

O
\ HO Tb(Ong _ A\ X0
_ o N
H H,O, 250 °( N
3.31 3.32

Scheme 3.5 Synthesis of cyclopentalindole via Friedelcrafts acylation reactionQui et al.,
2004)

In 2007, Palmieri & Petrinemployed theReformatsky reactidDieckmann condensatioto
synthesizeéhe cyclopentgb]indole scaffold (Scheme 3.6 They discovered that the reactivity of
sulfonyl indole 3.33 was inadequate for a successful reaction when zinc metal and iodine catalyst
were used aReformatsly reagerd. Therefore, activated ziraopper coupled in dichloromethane
were later usedto cordses | f ony | i-hald esteB34 wmdet réfluxto obtain the diester

3.35. This was then converted # -kbto esteB.36 via intramoleculaiDieckmanncondensation

using NaH in THF (Palmieri & Petrini, 2007).

Page|4l



3.34

Ts Br OEt
@Eg:ooa \ cooer NaH. TH_ \
N Zn-Cu, CiCl, reflux 5r N
H reflux, 1.5h H
3.32 3.3 3.3€

Scheme3.6 ReformatskyreactioriDieckmann condensatidialmieri & Petrini, 2007)

Ekeberghandcolleaguesynthesizd a series 08-arylidine-cyclopentaplindol-2-ones3.40 via a
palladiumcatalysed tandem ldki Suzuki reactionScheme 3.Y. Compound3.2 was identified
from this groupof compounds due to its abilitg inhibit BRAF, V600E,IRAK4, Aurora A and
Aurora B, as well as its cytotoxicity peripheral blood mononucleated cé PFBMC). Compound
3.2 also possesses a fluorescent property that endlfledcellular visualization. In four steps,
indole 3-acetic acid 3.37) was transformed into the indole intermedidt88. Tandem Heki
Suzuki reaction afforded thiehydrocyclopentdj]indole (3.39) which wasconverted to the target
cyclopentalp]indol-2-one(3.40) under acidic conditionEkebergtet al.,2015).

O]

o™y 0
g &
@\/\g_(OH 4 steps N |\\ [Pb] B TMS
N ’\{H ms  ABOH NH Ar
H

tandem Heck-Suzt
3.37 3.3¢ 3.3¢

Jl. HCl,q)

2. TBAF

)

=
e
N

\ R
H

3.4C

Scheme3.7 Palladiumcatalysed tandem ldaki Suzuki synthesis of cyclopentdihdole
(Ekeberghet al.,2015)
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In 2017, Wu and colleaguekeveloped a rhodiurnatalysed asymmetric approa@cheme 3.8)
to obtain3-(1H-indol-2-yl)-3-arylpropanoate(3.43 in high enantioselectivity and good yiddg
arylation of 2-indolyl acrylate 3.41 and aryl boronic acidsIn a series of steps, the-
arylpropanoate 3.43 were converted into cyclopenbdindole (3.44). The fused systems were

functionalized by oxidation usingDQ to obtaincyclopentalp]indol-1-one(3.35.

H Ph
7 3.42
ph H
ArB(O Ar
R B S (OR) R B 0
N [Rh(COBEI], N
H 0'Bu K,PO, - H OBu
3.41 Dioxane, 60 ° 3.43
1. BnCl, KO 4. NIS
2. LAH 5 BUL
3. CBy, PPh| >
o)
DDC R [ >"pn
R [ >"pn ‘ N
N\ Bn
Bn 3.44
3.45

Scheme 3.8 RhodiumCatalyzedsynthesis otyclopeng[blindole (Wu et al.,2017)

Scarpiand ceworkers developed amdem Au(Pcatalysedrearrangement/Nazarov method to
synthesizeyclopentablindol-1-onesin good yieldScheme 3.9)This was achieved through the
cyclization ofenynyl acetate8.46 to obtain the target compourgl4?7. The process involves
gold(l)-catalyzed [3,3kigmatropic rearrangement of the propargylic acetatd Nazarov
cyclizationto obtain the gclopentablindol-1-ones The potential of this synthetic method was
demonstrated in the total synthesis of the natural and bioactive compouceblline H Gcarpi

et al., 2016).
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Scheme 3.9 Tandem Au(ljcatalysedearrangement/Nazarov synthesis of cyclopéifitajole
(Scarpiet al., 2016)

In 2016, Wang and eworkers reported the firétewis acidcatalyzed intramolecular cyclization
of 14-pentadier3-ols (3.48 to generateyclopentaplindoles(3.49. Pentadier3-o0ls (3.48) in the
presence ofron(lll) bromidecatalyst undergoes Nazarov cyclization to produceélyic cation
intermediate3.50and subsequentiyndergoesntramolecular amination to generagjioisomers
3.51, and then isomerize to estadblia range of cyclopentd[ndoles(Scheme 3.10)Wanget al.,
2016).

FeByg
CHC]J, 50 (
3.4€
NazarO\i cyclizatic
Aminatior
_—>

3.5C
Scheme 3.10 Synthesis of cyclopenta]indolesvia Nazarov cyclization of #;pentadier3-ols
(Wanget al., 2016)
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Dhiman and Ramasastry demonstraedtalyticgold(l)/Brgnsted acidnediated ongot tandem
reaction(Scheme 3.11jor the conversion ofi-(2-aminophenyl)prog2-ynols (3.52) to 1,2,3
trisubstituted cyclopentg]indoles(353). The aut hor s6 pr o thegererdtioorme c han
of the indolines3.54 from 3.52 This was bllowed by acidmediatedreaction ofindolylmethyl
cations3.55with 1,3-dicarbony| and subsequent intramolecular altigie reactions to obtain the
cyclopentalp]indoles The authaos reported that the first reaction to generaig4 failed when

Au(l) or Ag(l) salts alone or a combinatievith Au(l) and silverbased Lewis acida&ere used.

However, a combination @&fu(l) with a baseK.COs) was discovered to be efficient (Dhiman &

Ramasstry,2015.

RI R
OH
AuCl 1,3-dicarbony 0
R’ N S TOH _ 2 T Hhg?
NHPg DCE, 60 DCE, 60 ¢ N
Y
3.52 One-pot &

3
lAu(I) TT
OH 4
. — =,
NOR R
Ts

3.54 3.5 3.57
Scheme 3.11 Synthess of polysubstituted cyclopemtdindolesvia relay gold (i)/Brgnsted acid
catalysigDhiman & Ramasastr015.

In 2003, Ferreira & Stoltz reportehinteresting palladium catalysed and aeratyiclization of
indole (Scheme 3.12)Although the oxidative cyclization was achieved wild(OAc) catalyst
and pyridine under oxygethe yield obtained was considerably Engompared to other oxidative
reaction reports. To maximize the conversion of ind8lé&8to cyclopent@b]indole 3.59, they

optimized the reaction conditions [y the use of highboiling point polar solvent such #ert-
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amyl alcoho] (ii) addition ofacetic acidascosolventto reduce oxidative decomposition of the

product from the elongated oxygen contact @imydintroduction of pyridineasligand which led

to a more reactive palladium catalyst. Regarding mechanism an initial pallaction was

proposed, foll owed by -hydrogdnielminationgqFenmetra &oS3toltza nd f

2003).

Pd(OAc)
Pyridine ligan
PhCH, 1 atm q>

80 °C, 1h

Tj -hydrogen eliminatio

Olefin
Insertigr AN
OBn ~ N ¥
L Pd--— OBn

VoL

3.61

3.6C

Scheme 3.12 Synthesis of cyclopentdindoleviaCat al yti ¢ Ci1 H bwithd
palladium () (Ferreira & Stoltz22003)

Zi and colleagues reporteddaaromative Rautenstrauch rearrangenoémyclopentap]indoles
(Scheme 3.13) This method involves the direct conversion mbpargyl acetals3.62 to
cyclopentalp]indoles3.63via cationic §)-DTBM-Segphosgold(ltatalysis(Zi et al.,2015).The
proposed mechanism entails antrattack of the ethoxy etheesultingin the formation of
oxonium specie8.65 The extrusion of acetaldehyde franyclic oxocarbeniun3.66 generates
substituted Jaminopentadienyintermediate3.67. Subsequenmino-Nazarovcyclizationof 3.67
givesrise t03.68 and in the end hydrolyses3d®63(Zi et al.,2015).
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Scheme 3.13Synthesis of cyclopentaplindoles via Gold (l)}-catalyzed dearomae
Rautenstrauch rearrangemeat et al.,2015)

3.1.4 Synthetic approach tocyclopentaplindole derivativesi this study

In this study we were interested in exploring the effect of both eleettomating and electren
withdrawing substituents on the biological activity of the cyclogiélindol-3-one scaffold
(Figure3.2). In order to achieve this, we required a relatively simple synthetic procedure that could
accommodate these substituenfdthough several reactions are available to construct this ring

system(Section 3.1.3, we considered th@appKlingeman modificatbn of theclassicalFischer
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indole synthesiso be the most suitabl&his reaction can essentially be done in two steps and

Afone poto using a range of commercially avail

Figure 3.2  General structure dhe targetetrahydrocyclopemfb]indol-3-onecore

3.2 Results and discussion

The synthesisf the cycloalkgblindolesfrom phenylhydrazones is one of the foremost methods
in fusing cycloalkanes to thio] side of indole devatives. Our approach utilizethe Japp
Klingemann condesation of diazonium salt€8.69 with the 2-oxocycloalkanecarboxylic acid
(3.70 to obtain the correspondirgycloalkanonghenylhydrazoneg3.71). This is followed by
Fischer indole cyclizatignunder acidic conditions, to afford theydoalkafb]indoles (3.32
(Scheme8.14) (Gataullin, 2009; Hillier et al., 2005).

(@] ) Fischer indole
R‘@\ Lt ( Japp-Kllngemann= R@ /Q Synthesis R A\ X0

NSy COOH N-N" g N

I
H H

3.6¢

3.7C -
3.71 3.32

Scheme 3.14 JappKlingemannFischersynthesis of cycloalka]indoles

The general mechanism of this reactisequence is shown inckeme 3.15In the Japp
Klingemann reaction, the enolate of tlieketoacid 3.72 attacks the diazonium saltia
nucleophilic addition to generate an azo compadBu7@ Decarboxylation and reangemat of
3.73 produces the hydrazor#71 suitable for Fischer indolizationOn heating under atic
conditions, the hydrazon®.71 tautomerizes to the enamirg&76 which undergoes a [3,3]
sigmatropicrearrangement producing imirfe71 The latter converts to a cyclic aminal which
undergoes lossf ammonia to form an indol&32
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Scheme3.15 General mechanism of the
cycloalkdblindoles

The synthesis of indole3.32(al) (Scheme 3.16%tarted with the hydrolysis afommercially

N @(\ﬁl
N

H
3.32

JapgKlingemann/Fischer

synthesis

of

available ethy-oxocyclopentanecarboxylafg.80) under mild basic condition$he carboxylate

salt3.81 was then reacted with the diazonium saftsubstitutedanilines 3.69a-1) at 04 C to

give phenythydrazons 3.71(a-) in moderate to higlields (4598 %). Subsequent cyclization of

the crudephenyltydrazones was carried out using 8>SOy to affordthe cyclopentaplindoles

3.32(al) in 1865 % vyield
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Generally, the yields were moderd#®-65 %) except for compoun®.32d (18 %) with a low
yield thatwas attributed to its poor stability under the reaction conditions (TablelrBi%)agrees
with Hillier and cew o r k e r s Hdillier et a.,a2008 that the methoxgubstituted substrate is
less stable due to decomposition during the reaclibese compunds (Figure 3.3) were all

obtained asolids and thie structures wereanfirmed using NMR, HRMS and IR spectroscopy.

Table 3.1 Physicalpropertiesof thesynthesizd compound$8.32a-l).
R‘@f\gl 0

N

H
Compounds R Appearance Melting Point (°C) | Yield (%)
3.32a H Grey powder 249253 65
3.32b 7- CHs Dark brown powder | 241 243 50
3.32c 7-CR Black powder 211-213 51
3.32d 7- OCHs; Black powder 259261 18
3.324 6,7-OCH,O- Black powder >310 55
3.32f 7-F Brown powder 255258 49
3.32¢g 7-Cl Brick red powder 276279 58
3.32h 5-Br Black powder 185188 52
3.32i 7-Br Dark brown powder | 254257 51
3.32 5-Br,7-CHs Brown powder 202203 51
3.32k 7-Br,5-Cl Green powder 226229 59
3.321 7-OCHCeHs Black powder 207-210 42

3.2.1 Spectroscopicanalysisof the compounds 3.32a

The structures o$ynthesized compounds were confirmed by NNRand mass spectrometric
analysis. In this section, the spectroscopic characteristics of comp@#avas discussed herein

as a representative example for the series.
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\
H 3.32a

Compound3.32a was obtained as a gr@pwderthatdisplayed grotonatedmolecular ion peak

atm/z172.0772 acquired from igh resolution electrospray ionization mass spectrometry (HR

ESIMS), and affirmed the molecular formula 6f:HsNO. The 'H NMR spectum (Figure 3.4)

displayed signals ai 11.59(br s, NH)togethemwith four aromatic methine signals @i 7.70(d,

1H,J=8.0H2z), 7.44(d, 1H,J=8.0H2), 7.33 (t,1H,J=8.1Hz),7.11 (t,1H,J = 7.5HZz) and two

methylene signals at@L (or m, 2H) and 2.87k m, 2H).

[rel]

H,0
H-8 R

— — DMSO

Qﬁ
<9000 ———
B

L
-0.0

T T T T T T T T T T T T T T T T T
2 [ppm]

Figure 3.4 1H NMR spectrum of compour@l32a (400 MHz, DMSQds).

The®*C NMR spectrum (ure3.5) confirmed the presence of eleven carbons of which eight were
aromatic and two sSpmethylene signals. A signal & 194.1 inthe 3C NMR spectrum and an
infra-red band at 1655 chconfirmed the presence of an unsaturatedriet The DEPT 135
spectrum (Fure 3.6) also confirmed the four aromatic’smethines (&5, G-6, G7 & C-8) as
positive signals while the two $methylene (€1 & C-2) signals yieldediegative.

Page|b52



T
B
5 2N cRex g o =
g 8y5  EYRE ¢ ovso 8 g
3 T8 SRES E = S o=
vl AN ’H | .
c1o | \ |
_ JL_,M/U Wl e
P .
C-5
ce 11C7 c-2
C-10 Cc-8 =
C-3
C-12,, C11 C-
| — ™
o
I I I I T I
150 100 50 [ppm]
Figure 3.5 3C NMR spectrum of compoun®l32a (100 MHz, DMSQds).
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Figure 3.6 DEPT-135NMR spectrum of compoungi32a.

Detailed analysis of 2D NMR datgigures 3.7, 3.8 an®.9, and Table3.2) confirmed the structure

of 3.32a and allowed the complete assignment of all carbons and protons in its structure.
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Figure 3.7 A section ofthe HSQC spectrum d.32a showing thecorrelations of the aromatic

protons to the corresponding carbatoms.
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Figure 3.8 A section ofHSQC spectrum d8.32a showing the methylene protons correlations

to the corresponding carbon atoms
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HMBC / X\

Figure 3.9 COSY and HMBC correlations of compouBB2a.

The COSYNMR data displayed correlations from protons resonatig @t70 (H5) to 7.11 (H
7) andUn 7.33 (H6) to 7.44 (H8). From the HMBC spectrum, the proton resonancé:&.87
(H2-1) correlated with signals resonatingiaf0.1 (G2), 194.1(C-3) and145.7 (G12). Similarly,
Un 3.03 (H-2) correlated withlic 145.7 (G12) (Figure 3.10) Likewise, NH4 proton resonating at
Uy 11.60correlated withic 144.2(C-10) and139.4(C-11).

— e «=b C3

| . . . . | . ‘ . . | . ‘ . . | . ‘
35 3.0 25 20  F2[ppm]

Figure 3.10 A sectionof theHMBC spectrum showing correlations from the methylene protons
to the unsatated ketone and confirming attachment todyxeopentanone to thadole ring with
correlationdrom C-1 and G2to C-11 and G12.
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Table 3.2  NMR data for compoun8.32a (400 MHz for'H and 100 MHz fof*C, DMSO
de).

8 4 2
;o "1: 11 0
=
Position Uc Uy (mult,, J, Hz) Cosy HMBC
1 41.0 2.87 (m,2H) H-2 C-2,C-3,C11, G112
2 20.1 3.01(m, 2H) H-1 C-1, G3,C11, G112
3 194.1
NH-4 - 11.60 (br s1H) H-5 C-9, G10, G11,G12
5 121.8 7.70 (d,J=8.0 1H) N-H, H-7 | C-6, G7, G9, G10
6 127.0 7.33 (t,J=8.1, 1H) H-8 C-5,G7,C10
7 120.4 7.11 (t,J=7.51H) H-5 C-6, G8, G9
8 114.1 7.44 (d,J=8.0 1H) H-6 C-7,G9
9 123.4
10 144.2
11 139.4
12 145.7

Generally the characteristic NMR featurdgscussed and presented in Table 3.2 weramon to
all synthesizeccompounds The *H NMR chemical shifts for thélH protons were observed
betweerdy 12.12 to 11.47 as broad singl€fhe methylene protons tifesp® hybridized G1 and
C-2 were observed within the rande3.11 and 2.7as multipletsAlthoughit was expected that
they would be seen as tripletsowevey thatwas not the case due to complex splitting between
thesediastereotopic proton3hearomaticprotons resonated betweén8.18and 6.87however,
the multiplicity varied depending dhe position of substitutionCompounds3.32b, 3.32, 3.3
and3.32 with position7 substitution displayed similar multiplicity excehBZ which had a pair
of singlets lot upon integration summed up to thrdgdromatic protons as expect€xh the other
hand, compoun®.3Z displayeda pair of doublets and triplet of doublets, thisdige tothe
coupling of fluorine at positiofd with theotheraromatic protons. Compous8.32, 3.33, and
3.3% with two aromatic substitutions also showedhigr multiplicity while compound3.32
displayedoverlappingsignds within the aromatic region.
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The 3C NMR spectra of theyclopentap]indoles followed the same trend, the keto(®@-3)
signals ranged between df 194.37 1923. sp’ hybridized carbonsit G1 and G2 resonated
within dc 41.07 40.9 and2157 19.98 respectivelyAmong the cyclopenth]indolessynthesizd
only compound3.32a is known. The!H and**C NMR data reportedCui et al., 2004)were
identical to thosebtained in this studgndno additional spectroscopic information was available
from the literature. Therefore, this study presents theZDWMR data for compound.32a.

3.2.2 In vitro antiprolife rative study

The antiproliferative activityof the synthesizd compoundswvas evaluated againghe triple
negativebreast cancer cell linglCC70(Table 3.3) Although no particular trendwvith respect to
electrondonating/withdrawing groups was observed, the following observations can be made
The most active compounds we&x82 and3.3 with ICso of 6.9 and 12.2 Mrespectively.A

7-bromo or chloro substituersthowed moderate activity while tHkioro group at the same
position shows poor activity. For the series efubstituted cyclopeaalblindoles the following
sequence was observe@i>CFR>Br/MeO>>H/F/CH. A 5-bromo substituent was the least active

but a Zbromo, 5chloro substitution showed good activity. Although th@&thoxy group showed

only moderate activity thé,7-methylenedioxy substignts also showed good activi#.further

series of compounds with multiple halogen or methoxy substituents or a combination of these may

be useful in clarifying structuractivity relationships for this class of cyclopebiajd-3ones.
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Table 3.3 Antiproliferative activityof compounds$.32(al)® against HCC7@ells.

R‘@L/\glo
\

H
Entry R ICso0e M SEM
3.32a H 147.7 232.2F
3.32b 7- CHs 163.9 13.09
3.32c 7- CRs 44.6 2.73
3.32d 7- OCHs 64.6 1.15
3.32e 6,7-OCH,O- 12.3 1.16
3.32f 7-F 162.3 10.81
3.32¢g 7-Cl 28.6 1.39
3.32h 5-Br 208.2 5.37
3.32i 7-Br 64.5 1.27
3.32j 5-Br,7-CHs 175.5 1.36
3.32k 7-Br,5-Cl 6.9 1.30
3.321 7-OCHCgHs NT

aNT: not tested. SEMstandard error of medrhe poor solubility of3.32ais probably responsible for the

poor reproducibility of its biological activity

3.2.3 In silico predictions of the physicochemical and druglikeness of thesynthesized

compounds

Many drugs fail clinical triag due to por pharmacokinetic properties side effects (Cheng et al.,
2012). Thus, its necessary to adoptrapid approach to evaluate the absorption, distribution,
metabolism, excretion, and toxicity (ADMET) properties of potential therapeutic compound
(Cheng et al., 2012)The in silico ADME tools are not a replacement for the experimental
assessment but thegffer good probability of identifying compounds with acceptable
pharmacokinetic qperties Lombardoet al, 2017).Hence, itprovides perspectie into the
pharmacokinetis and druglikeness properties of drug candidatdsalso saves time and cest
associated with experimental studfgan De Waterbeemd & Giffor®003).Lipinski developed
rules important for th@bsorption, distbution, metabolism, and excretion (ADME&nd drug

likeness of chemical compoundsginski et al., 1997)TheLipinskié s sitatd theat a drug would
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likely be suitable for oral administration if it fills these requirementsphmore tlan 5 hydrogen
bond donors; ot more than 10 hydgen bond acceptofs-ON); molecular weighof not more
than500 gmol?; the partition coefficient betweenattanol and wateis not greater than 5 and
number of violations greater than 1 could be problematic for the bioavailahiliiyngki et al.,
1997).The topological surface area (TPSAgasursthe ability of a compound to form hydrogen
bonding and it is a good predictof intestiral absorption, bioavailabilityCace2 permeability
and bloodbrain barrier penetratiofertl et al., 2000). The number of rotatable bonds evatihée
molecular flexibility and it is also a predictor for oral bioavailability and absorptebdret al.,
2002)

A web-based prediction tool; Molinspiratipwhich has been reported in literatfioe theoretical
predictions (Ammar et al., 2018; Laskdrat, 2018; Wang et al., 2018)as used to predict the
ADME properties of the synthesized compou(itsble 3.4) Thepredictionswvereobtainedonline

from the Molinspiration Cheminformatics server ht{p://www.molinspiratbn.com/cgi

bin/propertieyversion2018.10 The analyses weltgased orthe followingdescriptorsl.ogarithm

of partition coefficient between-octanol and water (miLogP), topological polar surface area
(TPSA), number of hydrogen bond acceptorsOfd), number of hydrogen bond donors (n
OHNH), number of rotatableonds (RROTB), and nolecular volume (MV)

The results presented irallle 3.4showedthat the compounds were within the required limit for
the descriptors witho violation of the Lipinski rules, thusdicates that these compounds have a
high theoretical bi oavail ad-f | Bpnskieecat,dl®9f i ng t o
TPSAvalues were all below the designated limit of 16@ufjgestingthat they wil be readily
absorbedErtl et al., D00,Verma, 2012)Among the compounds testadainst HCC70 celjghe
most active compoun8.32k (R = 7-Br,5-Cl) recorded the highest miLogP valoé 3.55. It
suggests that this compound is lipophilic and could readily penetrate the cells.
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Table 3.4 In silico physicochemical properties and d+ikeness of theynthesizd compounds8.32(al)?.

R [ Y0

N

H
Compounds | R miLogP® | TPSA | MW n-HBA® | n-HBDf n-violationd | n-ROTB" | MV!
3.32a H 2.16 32.86 171.2 2 1 0 0 154.77
3.32b 7- CHs 2.58 32.86 185.23 2 1 0 0 171.33
3.32c 7-CR 3.03 32.86 239.2 2 1 0 1 186.06
3.32d 7- OCHs 2.19 42.1 201.22 3 1 0 1 180.31
3.32e 6,7-OCHO- 2.03 51.33 215.21 4 1 0 0 178.7
3.32f 7-F 1.33 32.86 189.19 2 1 0 0 159.7
3.32g 7-Cl 2.81 32.86 205.64 2 1 0 0 168.3
3.32h 5-Br 2.92 32.86 250.09 2 1 0 0 172.65
3.32i 7-Br 2.95 32.86 250.09 2 1 0 0 172.65
3.32j 5-Br,7-CHs 3.32 32.86 264.12 2 1 0 0 189.21
3.32k 7-Br,5-Cl 3.55 32.86 284.54 2 1 0 0 186.19
3.32| 7-OCHCgHs 3.79 42.1 277.32 3 1 0 3 251.96

2 The parameters were determined using Molinspiration cheminformatics softweine logarithm of the partition coefficient betweemcetanol and
water( mi L o g PToglodicil pohr surface area (TPSA < 160 A)Molecularweight (MW < 500)£ The numbenf hydrogen bond acceptors-(n
HBA O 1f0'he.number of hgrogen bondlonors (RAHBD O 8 The number bviolations (nv i o | a t i "dmesunt@r of rptatable bonds {n
ROTB). ' Molecular volume (MV)
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3.3 Conclusion

A series of gclopentaplindoles were successfullgynthesizd via the JappKlingemannreaction
andFischer indolecyclization All compounds werebtained asolids in moderate yields except
3.3 (R = OCH) that recorded a low yield due to decomposition during synthEséstructures
were confirmed bNMR, IR and mass spectrometry, asell proiferation inhibition propertyof
the compounds asexamined against HCC70 cellBhebioassayesults showed no clear pattern
in activity regardinghe of effect electron withdrawing or donating substituemt the scaffold.
Although the doublenalogenated derivativ@.3Z (R = 4Br, 2-Cl) exhibited the best activity
withanIGoof 6. 9 & M.

3.4  Experimental
3.41 General experimental details

Unless otherwise specified, all chemicals were obtatoedmercially and used without further
purification. All reactions were monitored by tHayer chromatography on Silica gel 654
aluminium sheets purchased from Merck KGdahe vsualization was achieved using UV light
(254 nm and 365 nm) or iodine vapoPurification was achieved by column chromatography with
silica gel 60 (0.04@.063 mm, Merck KGaA)Solvents were obtained from Crest chemicals
(South Africa) and redistilled before use.

NMR data were recorded on a Bruker Avance 400 MHz spectromigtede@uterated chloroform
(CDCl3) or dimethyl sulphoxide(DMSO-ds) as solvent. Chemical shiftwere referenced to
residual signal osolvent (GHClz U1 7 . 2 H77.00(DMSOds U 2 . 5 H39.43)iand reported in
parts per million (ppm). The following abbreviations were used to describe the multiplicity of the
respective signals: s (singlebr s(broad singlet), d (doublet), dd (doublet of doublets), t (triplet),
td (triplet of doublés) and m (multiplet).The high resolutionmass spectra were obtained using a
Waters UPLCMShyphenated with a Waters Synapt G2 QTOF instruraene University of
Pretoria mass spectral facilitfR spectra were recorded using a Perkin Elmer Spectrum 400 FT
IR/FT-NIR spectrometer. Melting points were determireed a Stuart SMP10 melting point
apparatus using the glass capillary method.
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3.4.2 GeneralJapp-Klingemann procedure
Sodium carboxylate preparation

Ethyl 2-oxocyclopentanecarboxylate (10 mmol) was weighed into a rbottdm flask, 1.0 M
NaOH (13.6 nL) was added and stirred atnbienttemperature for 48 hThe wreacted starting
material was removed from the resulting mixtbgeextractingwith EtOAc (2 x 3 mL) and the
agueous phase containing the sodium carboxylate was returned to thdottonda flask. This
solution was cooledot0 °C, neutralized with 13.6 maf 1 M HCI dropwise, and kept at this

temperature for 45 min.

Diazonium salt preparation

Concentrated rgrochloric acid (40.8 mmol, 4 maf 32% HCI) was added to a mixtuséaniline
(20 mmol) andwvater(6 mL) in a roundbottom flask The resulting slurry was mixed with a glass
rod and then cooled to €? A solution of NaN@(10mmol in 7mL of watel) was added dropwise
such that the internal temperatafel0 °C was not exceeded he reaction mixturevas allowed

to stand for 30min. Where necessary, ttt#azonium salt solution was filtered to remove the
insoluble precipitate befotbe JappKlingemann reaction

Japp-klingemann reaction

The sodium carboxylate solution at 0 °C was addlegpwiseinto the diazonium solutiowhile
stirring witha glass rod. The resulting slurry was allowed to stand overnight atG;ffdtered

and theresulting crude hydrazone wdsed in the fumehood.

General Fischer cyclization protocol

The crudehydrazone (5 mmol) was weighed into a thneek flask equipped with a stirrer, a
condenser and a thermomedadacetonitrile (12.5nL) and 1.8 M BSQ4 (8.5mL) were added.
The resulting mixture was heated under reflux {€pfor 5h, the reaction was judged complete
by TLC. At the end of the reactiomater(25 mL) was added and the resultant slurry stirred at

ambienttemperature for 1h and then filtered. The precipitate obtained was washed with
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acetonitriléwater(1:3, 25 mL),water(3 x 25 mL) and dried to givehe final cyclopentdj]indole

product.

3.43 Synthesis of 4benzyloxyaniline (3.32I)

A mixture of 4acetamidophenol (18 1mol), benzylbromide (2fhmol), potassium carbonate (24
mmol) and acetone (58L) was heated undeeflux for 6 h. The suspensionas filtered, washed
with EtOHand then concentrated under reduced pressure to obtain a white crystalline solid.
To benxyloxyacetanilide (Bimol) in a pundbottom flask was added NaOH (160nol), EtOH
(120 mL), water (28 mL) and heted to refluxfor 7 h. The mixture was allowed to abbefore
drying by rotary evaporatioWater(100mL) was added to the residue ahé aqueous solution
was extraadwith CHCIF (100mL). The organic phase was then washed water(2 x 100mL)
and concetrated under reduced pressurBhe crude product was purified by column
chromatographyvith solvent mixture of EtOAhexang2:3) asthemobile plase to afford a light

brown solid.

3.4.4 Compounds

2,4-dihydro-1H-cyclopentap]indol-3-one (3.32a&

CIr$t
N

H
Yield: 65 % asgrey powderMp 249253°C
IH NMR (400 MHz, DMSQds) w 111.60(br s, N-H), 7.70(d, J = 8.0Hz, 1H), 7.44 (d,) = 8.0
Hz, 1H), 7.33 (tJ = 8.1Hz, 1H), 7.11 (tJ = 7.5 Hz, 1H), 3.04i 2.98 (m, 2H), 2.89 2.84 (m,
2H)
13C NMR (100 MHz, DMSQds) c194.1, 145.7, 144.2,139.4, 127.0, 123.4, 121.8, 120.4, 114.1,
41.0,20.1
HRESIMS: m/z [M + H]" calculated foiC11H10NO 172.076 found 172.0772
FT-IR (ATR, cm?): 3182,1654
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7-methyl-2,4-dihydro -1H-cyclopentap)indol-3-one (3.32b)

N

H
Yield: 50 % asdark brownpowder Mp 241i 243°C
'H NMR (400 MHz, DMSQGds) U  1rlk N4y 7.48 ks, 1H), 7.32d,J = 8.6 Hz, 1H), 7.17
(dd,J=8.6,1.5Hz, 1H), 3.01' 2.97(m, 2H), 2.891 2.84(m, 2H), 2.38 (s, )
13C NMR (100 MHz, DMSQGds) 193.9, 145.1, 142.7, 139.4, 129.1, 128.8, 123.6, 121.0, 113.8,
41.0, 21.520.0
HRESIMS: (m/z)[M + H]" calculated foIC12H12NO 186.0920; found 186.0927
FT-IR (ATR, cn?): 3189, 1655

7-(trifluoromethyl) -2,4-dihydro-1H-cyclopentap]indol-3-one(3.3%)

FsC
s
N

H
Yield: 51 % asblack powder Mp 211-213°C
IH NMR (400 MHz, DMSQds) 1#.13(br s, N-H), 8.17(s, 1H), 7.62 (s2H), 3.11i 3.05 (m,
2H), 2.96i 2.89(m, 2H).
13C NMR (100 MHz, DMSQde) 11194.5, 146.2, 145.3, 141.3, 126.94, 122.9, 122.6, 121.3, 119.9,
115.1, 41.0, 20.1
HRESIMS: (m/z)[M + H] * calculated foiC12HoFsNO 240.0637 found 240.0525
FT-IR (ATR, cm'): 3187, 1675

7-methoxy-2,4-dihydro-1H-cyclopentapl]indol -3-one (3.32)

O
N

\
H

Yield: 18 % asblack powder Mp 259261 °C
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IH NMR (400 MHz, DMSQds) 11147 (I5's, N-H), 7.45 (s, 1H), 7.32 (d] = 9.0Hz, 1H), 7.17
(dd,J=9.1 1.41Hz, 1H), 3.78 (s, 3H), 3.022.97 (m, 2H), 2.89 2.84(m, 2H)

13C NMR (100 MHz, DMSQGds) 194.Q 1541, 145.0, 139.7139.5, 123.5, 118.3, 115.0, 102.0,
55.8, 41.0, 20.0

HRESIMS: (m/z)[M + H]" calculated foIC12H12NO> 202.0869; foud 202.0888

FT-IR (ATR, cnil): 3136 1691

6,7-dioxolo-2,4-dihydro-1H-cyclopentapl]indol -3-one (3.3%)

<O:©\/\<lo
o N
H
Yield: 55% as lack powder Mp >310°C
IH NMR (400 MHz, DMSQds) 11148(br s, N-H), 7.12 (s, 1H), 6.86s, 1H), 6.@ (s, 2H),2.96
i 2.90 (m, 2H), 2.83 2.77(m, 2H)
13C NMR (100 MHz, DMSQds) 192.3, 148.6, 148, 143.7, 140.6, 138.2, 117.801.5, 99.2,
93.6, 40.9, 20.0
HRESIMS: (m/z)[M + H]" calculated foIC12H10NOz 216.0661; found 216.0649
FT-IR (ATR, cn}): 319, 1639

7-fluoro-2,4-dihydro-1H-cyclopentap]indol-3-one (3.3%)

N

H
Yield: 49% as bown powder Mp 255258°C
IH NMR (400 MHz, DMSQds) U  (brk,.NHY 7.51(dd,J = 9.5, 2.6Hz, 1H), 7.44(dd,J =
9.1, 4.6Hz, 1H), 7.211d,J=9.2, 2.7Hz, 1H), 3.03 2.98(m, 2H), 2.91i 2.86(m, 2H)

13C NMR = (100 MHz,DMSGds) U 194 . 3, 158.,523.3,115.5,118.4,106.3 5 .

41.0, 20.0
HRESIMS: (m/z)[M + H]* calculated foiC11HeFNO 190.0669; found 190.0645
FT-IR (ATR, cnil): 3221, 1655
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7-chloro-2,4-dihydro-1H-cyclopentap]indol-3-one (3.32y)

N

H
Yield: 58 % as bick redpowder Mp 276279°C
'H NMR (400 MHz, DMSQds) U 1rE, N8y 7.80 J=1.9Hz, 1H), 7.44(d,J= 8.8 Hz,
1H), 7.33(dd,J = 8.8 2.1Hz, 1H),3.031 2.98 (m,2H), 2.91i 2.86 (m, 2H)

13C NMR (100 MHz,DMSQds) U 194 . 3, 144. 7, 142. 5, 140.

41.0, 20.0
HRESIMS: (m/z)[M + H]" calculated ér C11HsCIN 206.0374: found 206.0371
FT-IR (ATR, cni}): 3195 1661

5-bromo-2,4-dihydro-1H-cyclopentaplindol-3-one (3.32h)

»N0
N
Br H
Yield: 52% asblackpowder Mp 185-188°C
'H NMR (400 MHz, DMSQds) 11i.90 (b s, NH), 7.7 (d, J = 8.0 Hz, 1H), 7.57d, J = 7.6,
1H), 7.07(t, J = 7.8 Hz, 1H), 3.05i 3.01 (m, 2H), 2.94 2.89(m, 2H)
13C NMR (100 MHz, DMSQds) 0 194 .424,140.24 $29.5, 125.1, 121121.3, 106.1,
41.1, 20.1
HRESIMS: (m/z)[M + H]" calculatedor C11HeBrNO 251.9848found 251.9840

FT-IR (ATR, cnb): 3236 1675

7-bromo-2,4-dihydro-1H-cyclopentaplindol -3-one (3.32)

BFKIQ
N @)
N

L

Yield: 51% asdark brownpowder Mp 254257°C

Page|66



IH NMR (400 MHz, DMSQds) 11185 (Iv's, NH), 7.95 (dJ= 1.7Hz, 1H), 7.46 7.38 (m, 2H),
3.047 2.98(m, 2H), 292 2.87(m, 2H)

13C NMR (100 MHz, DMSGds) 19%.3, 144.6, 142.7, 140.520.4, 125.01242, 116.2, 112.8,
41.0, 20.0

HRESIMS: (m/z)[M + H]" calculated foiC11HoBrNO 251.9848 found 251.98@

FT-IR (ATR, cnil): 3195 1659

5-bromo-7-methyl-2,4-dihydro-1H-cyclopentalplindol-3-one (3.33)

»0

\

Br H
Yield: 51% asbrown powder Mp 202-203°C
'H NMR (400 MHz, DMSQds) 11175 (s, NH), 7.51 (s, 1H), 7.4®d,J= 1.0Hz, 1H), 3.02i
2.96 (m, 2H), 2271 2.86(m, 2H), 2.38 (s, 3H)
13C NMR (100 MHz, DMSQds) 1%4.Q 145.9 140.8, 140.3, 131.0, 130.925.1, 120.6, 105.7,
41.0,21.0, 20.0
HRESIMS: (m/z)[M + H]* calculated folC12H1:BrNO 264.0024; found 264.0024

FT-IR (ATR, cntl): 3228, 1674

7-bromo-5-chloro-2,4-dihydro -1H-cyclopentap]indol -3-one (3.3%)

Br
(@]

A\
\
H
Yield: 59% as geenpowder Mp 226:229°C
IH NMR (400 MHz, DMSQOds) U 1r3, .NH)7 7.97 @l J = 1.5Hz, 1H), 7.62 (dJ = 1.7Hz,
1H), 3.04i 2.98 (m, 2H), 2.94 2.88(m, 2H)
13C NMR (100 MHz, DMSQds) 19%.3, 145.4, 141.3, 139.8, 128126.2 1234, 119.2, 112.2,
41.1, 20.1
HRESIMS: (m/z)[M + H]" calculated foIC1:HsBrCINO 285.9458 found 285.9464
FT-IR (ATR, cnil): 3196, 1690
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7-benzyloxy-2,4-dihydro-1H-cyclopentaplindol-3-one (3.32)

ol
N @)
N

H

Yield: 42% as blackpowder Mp 207-210°C

'H NMR (400 MHz, DMSQds) 11i49(br s, N-H), 7.48 (dJ =76 Hz, 2H), 7.42 7.31(m, 4H),

7.29 (d,J=2.5Hz, 1H) 7.08 (dd,J=9.1, 2.5Hz, 1H), 5.11(s, H), 3.027 2.96 (m, 2H), 2.89
2.83(m, 2H)

13C NMR (100 MHz, DMSQds) U ,158.2,.141.9, 139.8, 139.6, 137.8, 128.9, 128.2, 128.1,
123.5,118.7115.0, 103.6, 70.2, 41,@0.1

HRESIMS: (m/z)[M + H]" calculated foiC1gH16NO,278.1182; foun@78.119

FT-IR (ATR, cmi%): 3210, 1667

3.4.5 Biological assay
3.4.5.1Cell culture

The HCC7OATCC CRL-2315)cell line was cultured in RPM1640 containing 10% (v/v) FBS,
1 mM L-glutamine, 1% (v/v) PSA an@l2% (v/v) sodium bicarbonateaintained at 37°C in 9%
CO..

3.4.5.2Antiproliferative assay

The cells were seeded at 5000 cells/well in a 96 wedlue cultureplate and allowed to adhere
overnight at 37C in a humidified % CQ incubator.Thecells were treated W the compouas

with dose dependent concernimasranging from -2 50 ¢ M, a 1% (v/v) DMSO
or paclitaxel (positive controlThis was follaved by an incubation &6 hat 37 C in a humidified

9% CQ incubator.After treatmentthe resazurin assay was used in determining the viable cells
using 0.54 mM resazurin solution20 €L of resazurin solution was added to each well and
incubated for 24 h. The fluorescence of the blue to vivid pink dye was measwsied @
Spectromax spectrophotometer at an excitation wavelength of 560 nm and emission wavelength

of 590 nm. The experimentas carried out in triplica@ndthedatawereanalyzed using GraphPad
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Prism Inc, (USA) Thehalf maximal inhibitory concentration (§gvalues) werecalculated by 4
parameters nehinear regression, the regressions were caimsd by control values and th@sos

presented are relative
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Chapter 4

Synthesis and antiprolferative activity of
arylidene cyclopentap]indol-3-one
derivatives
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41 Introduction

Following the synthesis and antiproliferativecreening of the cyclopentdindol-3-one
derivatives reported in chapter 3, were interested in improving their biological activities by
investigating their arylidene derivativedJsing indancine as lead structurdunbridge et al.
(2013) reported the synthesentimitotic and antiproliferative activitgf cyclopentaplindol-3-

onearylidene derivativegFigure 4.1).

\
H

This stud:
Lt S e

HCC70 (IC,, 6- 200 M) MCF-7 (IC ,, 20 nM)

Figure 4.1 Development of indole derivatives of indanocingatential anticancer agents

Indanocine is a synthetic tubulin polymerization inhibitor that has demonstrated strong
antiproliferative effect against many cancer cells. This activity is due to its ability to induce
apoptosis in these cells and other multidregistantumours (Leoni et al.2000. Studies also

revealed that indanocine binds and interact at the colchicine binding site abdtia fLeoni et

al., 200Q Das et al.2009).Furthermore, computational techniques also displayed the interaction

of indanocine with other huma018)lhfhistchagienwé n i s o
briefly review cytotoxic arylidene indanonedarelatedchalcone compounds before discussimg t

synthesis and antiproliferatiaetivity of a series of cyclopentg[ndole arylidene analogues. In

addition, molecular dockpg studies were used to investig#te potential interaction of these

compounds with tubulin.

4.1.1 Cytotoxic compounds containingthe arylidene indanonéchalconecore

Arylidene/benzylidenéndanone analogues have not been reported as natural préawetver,
chalcones andirylidene imlanone s hare structur al simil-arity

unsaturated ketonmoiety in their structures. This feature is rigidanylidene indanonéut is
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described aa thfeec ar bon U, b u ibridgad uir ra t @ Werkzes) 2057 Fige

4.2).
Ys¥e LC

o ¢}
Arylidene indanon Chalcon

Figure 4.2 U ,-umsaturated ketormoiety in arylidene indanones and chalcone

Chalcones are widely found in nature and have been reported to possess a variety of biological
activities Mahapatreet al., 2015)Veluchalcones A and B4.1 and4.2) were isolated from the

stem ofDalbergia velutinaaleguminouglant from Thailand and these compounds exhibiteel IC
values of 13.67 €M and 10.12 &M against- KB ce
S3 cells, respectivelyK@ennakamet al., 2019).Gao and ceworkers evaluated the cytotoxic
properties of three chalconds3, 4.4 and 4.5, isolated fromDesmodiumoxyphyllum They
displayed IGovalues rangingfrom361 0 € M agai nst f i ve Ghoefaf,er ent
2015).Compound#t.6 and4.7 isolated from the bark d@ryptocarya costatahowed 1Govalues

of 5. 7 a n M, resgdectidely, againghurine leulkemia R388 cells(Usmanet al., 2006).

Unigue chalconed.8 and4.9 containing epoxyand methylenedioxy groups, respectively, were
isolated fromLitsea rubescenandLitsea pedunculatand exhibited potent cytotoxicity against
myeloid leukaemia (Ht60) and epidermoid carcinoma (A431) cell lifeset al., 2011).
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Figure 4.3  Selected cytotoxic natural chalcones

Researchers have explored the synthesis and straadtivety relationships of many chalcone
derivatives due to their attractive chemistry and exciting pharmacological potbfategatreet
al., 2015). The simple chalcodelQis a synthetic analogue of the natural prodattkohumol
that was reported to display high cytotoxicity with arolalue of 1.4uM against HelLa cells;
which was about 29 fold more active than the natural polyghehalcone Zhanget al., 2015).
Sometimes, the chalcone system is fused or linked to other hetiraupieties. Among these
areanthraquinon&halcones such as compouhdldemonstrated to have significant cytotoxicity
againstHelLa, LS174 and A5491h ICsovalues 1.82,1.76 and 6.uiM, r especti vely (¥
et al.,, 2014). Indolythalcone ompounds4.12 and 4.13 exhbited selective and excellent
anticancer activityvith 1Cso valuesof 30 and 90 nMrespectivelyagainshumanpancreatic cancer
(PaCa2) cell lines Kumaret al., 2010). Compourdl14is a synthetic derivative @rtemisinin
and displayed poternih vitro activity with an 1Go of 0.3 uM which was equivalent to the 4¢
value obtained from the control drug, doxorubicin (Gaur et al., 2016). ComgalBaonsisting
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of an indole moiety also demonstrasedbstantiatytotoxicity ranging between Kgvalues of 0.22

- 1.80uM against ten different human cancer cell lines if@/at al.2014).

4.1C 4.11

4.15

Figure 4.4  Syntheticcytotoxic chalcones

Zhu and ceworkers designed and synthesized a series of-@anylachalcones and some of these
compounds displayed potent cytotoxicity withsd@alues in the nanomolar range against many
drugresistant cancer cell line€ompound 4.16.and4.17 exhibited thelowestICso valuesof 2

and 7 nM respectively against the dmegistantMCF-7/DOX cell line. These values were a
significant improvement @r taxol, vincristine, doxorubicin and colchicine withsd@alues
ranging from1.57 4.3uM (Zhu et al., 2014).
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In the same way, there are some synthetic and cytotoxic arylidene/benzylidene indgigumes
4.5)reported in the literature such esmpound}.18 which demonstrated antiproliferative activity
against five cancer cell lines with £§ghalues ranging fnm 0.172i 0.57puM (Hu et al., 2015).
Compound4.19displayed antiproliferative effect agaii¢€Cl-H 460 and A549 cells witlslso of

0.28 uM and 0.77 uM respectivefiRajagopalaret al., 2016)The modification of gallic acid into

a series of indanones fowed by conversion to its benzylidene indanone derivatives (e.g.
compound4.20 ledto potently active compounds with ans§©f 10 nM against MCH cells and
tubulin polymerization inhibitionRrakashanet al., 2012Negi, et al., 2014).

Figure 4.5  Synthetic and cytotoxic arylidene/benzylidene indanones

4.1.2 Synthesis of arylidene/benzylidene derivatives

I n the synt he $unsatumted ketbngt® altloycpnelensation i€)the most widely
used reaction. The reaction i€@mmon method used in the formation of a carbarbon bond
from the condensation of an date with an aldehyde or keto(fealomoet al., 2002). Aside from
the popular acid or basmtalyzed aldol condensatioBcheme 4.1a or b) (Nel et al., 2016),
TiCl3(SO:CRs) catalyzed aldol condensation of ambne with aromatic aldehydescf@me 4.1c)
has also been reportdttanpoor et al.,1999). In addition, palladiurmanoparticle catalyzed
domino reactions have been employed to generatbeheylidene indasne skeleton (&eme
4.2) (Saha et al2018).
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Reaction conditions:
(a) methanol/32% HCI (1:1.5), refl
(b) KOH, methanal, rt.

(c) TICASQCF)

Scheme 4.1 Aldol condensation of indanone with aromatic aldehydes

| NNHTS Pb-BNP (2 mol ¥ Ar o
R 1 + Et,N (3 equiv
@(\/R ArJ\H t3( a )> R —
1,4-dioxane, 80

@)

4.2t
4.24 4.2¢€

Scheme 4.2 Palladiumnanoparticle catalyzed domino reaction (Saha e2@L8)

4.1.3 Synthetic approach toarylidene cyclopentap]indol-3-onederivativesi this study

The short review above provislsome evidencethat expading the indanonesystemto its
benzylidene indanone derivativesay leadto an improvement in cytotoxic activity from
micromolar to low nanomolar Kgvalues concentrains (Prakasham et al., 2012).

One of the guiding principles in designing new arylidene derivatives from cytajpndolesin
this studywas to improve on the adbility of the compounds. Hencg;pyridinecarboxaldehyde
4.26¢c was selectedas it afforded a series of basic produdtsat were converted to their
corresponding pyridiniunhydrochloride The 3,4,8rimethoxybenzaldehydé.26bwas selected
to increase affinity for tubulin and mimigimethoxyphenyl moietyn combretastatin A 2.3, ard
the unsubstituted benzaldehydi@6awasincluded to provide a comparison with the other two
aldehydes. In the synthesis thiis group of compounds, the straightforwatdaiserSchmidt
reaction was employed using alcoholic sodium hydroxide. The general mechathssrediction
is presented in@eme 4.3. The enolate idt27is formed through the removal ah U-hydrogen
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from 3.32by the hydroxide ion, followed by reaction of the enolated4dy with benzaldehyde
4.22to generate the alkoxide i@n28 The intermediatd.29forms an enolate age4.30and the
removal of hydroxyl gives the final produt31

4.31 4.3C 4.2¢

Scheme 4.3 General mechanism of Clais&cthmidt synthesis of thearylidene

cyclopentalp]indol-3-one derivatives

4.2 Results and discussion

The aylidene cyclopentddindol-3-one derivatives were prepared by I&serSchmidt
condensation othe ketore andbenaldehyde using alcoholic sodium hydroxide solutatn
ambienttemperatureSchemne 4.4) However, compound.32erequired elevated temperatuff(

T 65°C) to proceed.The products were all obteed by precipitation and were further purified by
recrystallization, where necessafe pyridinium chloride sak of selected members of the33
serieswereprepared by reacting these in dichloromethane withrmm@entratedHCI. In general,
the aldol productgFigure 4.6, 4.7 and 4.8yere obtained in moderate lagh yields andwere
characterized by NMR, HRMS and #pectroscopyCompound4.33f, 4.33g 4.33h 4.33i, 4.33]
and4.33k displayedpoor solubility in DMSO which madé3*C NMR characterization difficult,
therefore théH and**C NMR data of their hydrochlorideals wasreported
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4.22a R, = Q 4.22b R,= 4.22c RZ:\)/&J

Scheme 4.4 ClaisenSchmidt condensation ofcyclopentfb]indol-3-one with substituted
aromatic aldehydes
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Figure 4.6  Summary of compounds synthesized (phenyl substitu&series)
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Figure 4.7  Summary of compounds synthesiz8#(5trimethoxyphenybubstitutedt.32

series)
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4.33¢ 4.33f 4.33i

4.33 4.33k
4.33]

Figure 4.8  Summary of compounds synthesized (pyridyl substitdt88series)

Page|85



42.1 Physical properties ofarylidene cyclopentaplindol-3-ones

The 3-
pyridinecarboxaldehydsubstituted serie4.33a-1) appeared to have the highest melting points

All the compounds appeared as amorphous powder different colours.

while the 3,4,5trimethoxybenzaldehydsubstituted group showed the lowest melting points
(Table 4.1)

Table 4.1 Physicé propertiesof arylidenecyclopentaplindol-3-onederivatives
/
@)

4.31 4.33
Compounds R Appearance Melting point (°C) Yield (%)
4.31a H Light yellow powder 284286 83
4.31b 7- CHs Brown powder 287-290 90
4.31c 7-CR Black powder 290295 81
4.31d 7- OCHz Dark green powder 249253 75
4.31e 6,7-OCH0O- | Dark green powder 285289 67
4.31f 7-F Greenishyellow powder 282-286 97
4.31g 7-Cl Dark grey powder 288292 99
4.31h 5-Br Dark brown powder 247-249 89
4.31i 7-Br Brownish green powder 282-286 86
4.31j 5-Br,7-CHs Dark greypowder 275278 93
4.31k 7-Br,5-Cl Brown powder 207-211 93
4.31l 7-OCH,C¢Hs | Brown powder 218225 89
4.32a H Light yellow powder 256258 71
4.32b 7- CHs Brown powder 253255 95
4.32c 7-CRs Black powder 272-276 98
4.32d 7- OCHs Yellowish greerpowder 249252 66
4.32e 6,7-OCH0O- | Dark green powder 269271 50
4.32f 7-F Greenishyellow powder 265267 99
4.32¢g 7-Cl Brownish green powder 274277 87
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4.32h 5-Br Greenish brown powder 241-243 89
4.32i 7-Br Brownish green powder 278282 85
4.32j 5-Br,7-CHs Brownish green powder 259263 97
4.32k 7-Br,5-Cl Greenpowder 188193 85
4.321 7-OCHCsHs | Greenishyellow powder 238242 71
4.33a H Yellow powder 282-286 85
4.33b 7- CH3 Light yellow powder 262-265 80
4.33c 7-CR Black powder >310 94
4.33d 7- OCHs Dark grey powder 255258 50
4.33e 6,7-OCH,O- Dark green powder >310 47
4.33f 7-F Greenishyellow powder 305308 76
4.33¢g 7-Cl Dark grey powder 307-310 90
4.33h 5-Br Dark brown powder >310 87
4.33i 7-Br Black powder 300305 78
4.33] 5-Br,7-CHs Brownish grey powder 305308 84
4.33k 7-Br,5-Cl Dark yellowpowder >310 82
4.33l 7-OCHC¢Hs | Dark green powder 255259 64

4.2.2 Spectroscopicanalysisof synthesized compounds 4.31d.32d, and 4.33d

The structures of all synthesized compounds were confirmed by NMR and mass spectrometric

analysis. This section presentsancisedescription of the spectroscopic features of compounds

4.31d 4.32d and 4.33d as the representative examples tbe series. Compound.31d was

obtained as a dark green amorphous powder.idfis fesolution electrospray ionization mass
spectrumHR-ESIMS) displayeda protonated molecular ion peakm/z290.1203corresponding

to a molecular formula o€1gH16NO2. Its *H NMR spectrum (Fjure 4.9) showed the expected
signals, i.e.: an NH signal &t 11.77, followed by the aromatic protos77(d, 2H, J= 7.5 H2,

7.50 (t, 2H,J = 7.6 Hz) 7.44 (m, 1H), 7.37 (m, 2H), 7.26 (©H, J = 2.3 H», 7.03 (dd,1H, J =

9.0, 2.5Hz) and then the methylene and methoxy protons 4.03 (s, 2H) and 3.80 (s, 3H) respectively

were observed as singlets.
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Figure 4.9 1H NMR spectrum of compourdi31d(400 MHz, DMSQds).

Although the®C NMR spectrum (Figure 4.1@pectrum revealed seventeen resonances, the
molecular formula accounted for the expected nineteen carbon resonances. This is an indication of
the same chemical environment forl6/G1 6 6 adlW@1 7CO similarly these
exhibited higher pdaintensity. The unsaturated ketone was confirmeéig #82.1 in the*C NMR

spectrum and infrared band at 1664

[rel]

DMS(

55.7970
26.8751

e T e e e —

182.1112
— 154.4011
—102.2173

C-16/G1 6)0C-17/G1 7
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Ll i

| T T T T | T T T T ‘ T T T T | 3
150 100 50 [ppm]

Figure 4.10 3C NMR spectrum of compourdi31d(100 MHz, DMSGds).
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The DEPT 135 spectrumiffare 4.11) confirmed the aromatic’spethines and Spmethyl (G

13) resonance as positive while thésethylene (€1) was negative.

3
WO @m o
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65 g o & o e E &
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Figure 4.11 DEPT-135NMR spectrum of compoundi31d

Figure 4.12 COSY and HMBC correlations for compou#dB1d

The COSY data showed correlatiqitégure 4.12)from the proton resonance@t7.03 (H6) to
7.37 (H5) and 7.26 (FB); Uk 4.03 (H-1) to 7.37 (H14), and fromiiy 7.77 (H16) to 7.50 (H17)
and 7.44 (H18). In addition, HMBC spectrum revealeakrelationgFigure 4.12¥rom the proton
resonance ai 7.37 (H14) tolic 26.9 (G1), 141.3 (C2) and 140.9 (€12), while from the proton
signal atli 7.77 (H16) is coupled taic 130.8 (G14), 129.4 (€17) and 129.7 (€18) (Table 4.2)
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Figure 4.13 1D selective NOESY NMR spectrum of compouh81d

The 1Dselective NOESY NMR spectrumiffare 4.13) showed an NOE correlation betwaen
4.03(H2-1) and7.77 (H16) and no correlation to-H4, thus confirming the geometry of the double

bond to beE.
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Table 4.2  NMR data for compound.31d(400 MHz for'H and 100 MHz fot*C, DMSO
de).
Position Uc Uy (mult.,, J, Hz) COosy HMBC
1 26.9 4.03 (s, 2H) H-14 C-2,G3,G9, C14, G16
2 141.3
3 182.1
NH-4 - 11.77 (s) C-10, G11, G12
5 1150 | 7.37 (m, 2H) H-6 C-8, G10, G7
6 118.8 | 7.03 (ddJ= 9.0, 2.5 1H) H-5, H-8 C-7,G8, G9
7 154.4
8 102.2 | 7.26 (d,J=2.3 1H) H-6 C-6, G7,C-9
9 139.5
10 123.2
11 139.3
12 140.9
13 55.8 3.80 (s, 3H) c-7
14 130.8 | 7.37 (m, 2H) H-1 C-1,G3,CG12
15 135.6
16 130.8 | 7.77 (d,J= 7.5 2H) H-17, H18 | C-18, G17,G14
17 1294 | 750 (t,J=7.6, 2H) H-16 C-18, G16,C-14
18 129.7 | 7.44 (m, 1H) H-16 C-16

Compound.32dwas obtained aa greenish yellow amorphous powder. Its protonated molecular
ion peak obtained froliR-ESIMS was found aim/z 380.1532corresponding to a molecular
formula C2:H22NOs. The 'H NMR spectrum (Fjure 4.14) exhibited the expected signals
including, i.e.: an NH signal4 11.75 succeeded by the aromatic proton.37 (d,1H,J=9.0

Hz), 7.34 (s, 1H), 7.26 (diH, J = 2.4 HJ, 7.07 (s, 2H), 7.02 (ddlH, J = 9.0, 2.5 H3, the
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methylene protons 4.05 (s, 2H) and then the methoxy pr8t80s(s,6H), 3.81 (s, 3H) an8.73
(s, 3H).

H-16

H,O

DMSO —

bu

T T T ‘ T T T T T T ‘
12 10 8 g 4 2 [ppm]

Figure 4.14 1H NMR spectrum of compoungl32d(400 MHz, DMSGds).

The unsaturated ketone resonance was observed &2.2 and its corresponding infrared stretch
was observeat 1652 crit. The®C NMR spectrum exhibited nineteen resonances and the same
chemical environment was observed fel@C1 6 6 , -LA1 & / &9%GI1 9Coigure #.15).
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Figure 4.15 3C NMR spectrum of compourdi32d(100 MHz, DMSGds).
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As expected the NMR DEPT &265 (C8)paenegativa) whilechen f i r m

rest of the prain signals positive (Gure 4.19.
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Figure 4.16 DEPT-135NMR spectrum of compoundi32d
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Table 4.3  NMR data for compound.32d(400 MHz for'H and 100 MHz fot*C, DMSO
de).

cosy —
HMBC N
Position | Uc Uy (mult., J, Hz) COosy HMBC
1 26.5 | 4.05 (s,2H) H-14 C-2,G3,C-12,C-14
2 140.0
3 182.2
NH-4 11.75 (s) C-10, G11, G12
5 115.0| 7.37 (d,J = 9.0,1H) H-6 C-7, G10
6 118.8| 7.02 (dd,J=9.0, 2.51H) H-5, H-8 C-7,G8,C9
7 154.4
8 102.1| 7.26 (d,J=2.4,1H) H-6 C-6,G7,C9
9 139.3
10 123.3
11 139.3
12 141.3
13 55.9 | 3.81 (s,3H) C-7
14 131.3| 7.34 (s,1H) H-1 C-1, G2, G3, G15,CG16
15 131.1
16 108.4| 7.07 (s,2H) H-19 C-15, G17, G18
17 153.5
18 139.2
19 56.6 | 3.90 (s,6H) H-16 C-16, G17
20 60.6 | 3.73 (s,3H) C-18

Compound4.33d was obtained as dark grey amorphous powder. HR-ESIMS displayed a

protonatednolecular ion peak ah/z291.1D7 corresponding to a molecular form@gH15N20x.
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Its 'H NMR spectrum diplayed thdollowing signals (fgure 4.17):NH signaliis 11.8Q followed
by the aromatic protor&.93 (d,1H,J= 1.6 H2, 8.59 (dd1H,J=4.8, 1.1 HZ, 8.17 (dt,1H,J =
8.0, 17 H2), 7.52 (dd1H, J = 8.1, 48 H2), 7.38 (m, 2H), 7.24 (dH, J = 2.3Hz), 7.04 (dd,1H,
J=9.0 2.5Hz) and then methylene and methoxy protons were observed as singlets at 4.05 (s, 2H)

and3.80 (s,3H) respectively

H-5/H-14

[rel]

DMSO - w

1:’.3 __N
J ‘k‘{ A JL J.l JUL_JL % A I °
e s

ﬁﬁvg :
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AN
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8 4 2 Ippm]

Figure 4.17 1H NMR spectrum of compoungl33d(400 MHz, DMSQd).

The 3C NMR spectrum (ure 4.18) also confirmed the characteristic unsaturated ketone

resonance carbon signallat181.6and infrared absorption band at 1685 ¢m
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Figure 4.18 3C NMR spectrum of compourdi33d(100 MHz, DMSGds).

The DEPT NMR spectrum {gure 4.19) showed a carbon resonanag a6.8(C-1) as the only

negative signal (CgJ and the rest were positive signals as expected.
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Figure 4.19 DEPT-135NMR spectrum of compourntl33d

The 2DNMR data presented inable 4.4supported the structuessignment of compourt33d
Similar to 4.31d and 4.32d the 1D selective NOESY spectrum 4f33d (Figure 4.20) also
affirmed the geometry of the double bondzas
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Figure 4.20 1D selective NOESY NMR spectrum of compouh83d
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Table 4.4  NMR data for compound.33d(400 MHz for'H and 100 MHz fot*C, DMSO
de).
cosy —
HMBC N

Position Uc Uy (mult., J, Hz) Cosy HMBC

1 26.8 | 4.05 (s2H) H-14 C-2,G3,G9, C11, G14

2 143.0

3 181.6

NH-4 11.80 (s)

5 115.0 | 7.38 (M,2H) H-6 C-7,G8,G9,C10

6 119.1 | 7.04 (dd,J = 9.0, 2.51H) H-5, H-8 C-7,G8,G9,C10

7 154.4

8 102.2 | 7.24 (d,J = 2.3,1H) H-6, H-13 C-5,C-6, G7, G9

9 139.5

10 123.2

11 139.8

12 141.1

13 55.8 | 3.80 (s3H) H-8 C-7

14 127.4 | 7.38 (m, 2H) H-1 C-1, G2, G3, G11, G15, G186,

15 131.5

16 151.8 | 8.93 (d,J = 1.6,1H) H-19, H-20 C-14, G15, G18, G19,C-20

18 150.0 | 8.59 (dd,J = 4.8, 1.11H) H-19, H-20 C-15, G16, G19, G20

19 137.0 | 8.17 (dt,J = 8.0, 1.7.1H) H-16, H18, H20 | C-14, G16, G18

20 124.4 | 7.52 (ddJ = 8.1, 4.81H) H-16, H18, H19 | C-15, G16, G18, G19

Predominantly, the representative NMR feat@adier discussedere consistent with each of the
corresponding series31al, 4.32al and4.33al. In the same way, the-N signal was generally

observed as broad singlet or singlet and resonated withrarige ofiiy 12.53- 11.75. However,
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N-H signals were not observed for compouAdilg (R = 7Cl), 4.3% (R = 7-CR) and4.33 (R
= 7-Cl) but the pyridinium chloride salt @.33y showed all the expected resonances. The CH
methylene protons were all observed as singlets and resonated within the rangd 8f 3.94.
In addition, the'H-NMR data of phenyl substituted seri&81al and pyridyl substituted series
4.33al series displayed overlapping resonances fé&rddublet and HL4 singlet (kgure 4.21),
this is due to the high number of aromatic protons for the series of compd@mttse other hand,

clearly defined resonances were observed fod1B2al saies due to fewer aromatic protons.

H-3H-14 Hid fi H-3H-14

)"” fﬂ | [\5 p | f: \ﬂ ﬂ

n
fu’f \ / l
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1 .'i.us.ij:j_
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.

L /Y

|§ / \\,
7.40 7.5 74 73 7.40 - 735

4.91d 4.92d 4.92d

Figure 4.21 A section of'H NMR spectra o#.31d, 4.32d and 4.33dhowing H5 and H14.

The 3C NMR spectraof thearylidene cyclopenta]indol-3-one derivatives of thdisplayedthe
same trenst the ketong(C-3) signalsresonated within a range &f 182.71 180.0 whereas the
ketone (G3) of thecyclopentap]indoles (chapter 3) resonated within tihengel of dc 194.31
1923, the resonance shift is due to the-ungaturation of tharylidene cyclopenta]indol-3-one
series. Tables of NMR data of teelected compounds for discussion showed COSY and HMBC
data confirming the proper assignment of resonances.

Compounds4.33fi k) from the pyridyl substituted series were sparingly solublBNMSO-de,

therefore the NMR data were recorded for their hydrochloride salts.
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4.2.3 Biological evaluation
4.2.31 In vitro antiproliferative studies

To begin with, an initial singlgoint concentration 5 )esbteening of thesynthesizd
compoung was conducted to evaluate tatiproliferativeprofile againstHCC70 cancer cells
(Table 4.5). The most active compounds wetected for furtheantiproliferativeevaluation and
ten compounds selected exhibited cell viability of less than 33% at a concentratiom\bf 25

The ten selected compounds31k, 4.3%, 4.33, 4.33, 4.3X%, 4.33, 4.3, 4.3, 4.3 and
4.3%) were tested against HeL&)DA-MB231, HCC70 cancer cell lines, and MQEA
Ainor mal ©Bhe IGe Values obtmmed are summarized in Table 4.8urprisingly, most
compounds showed only moderate activity, sstjgg that single point assaydple 4.5) is not
the best way to identifcompounds for further studfTurner & Charlton,2005 Murray &
Wigglesworth, 201§ Furthermore, theinglepoint concentration cell viabilitgcreening results
did not show clear correlations with thest@alues obtainedt was assumethat stability of the
compounds or changes in testing conditiondctde responsible for thidiscrepancy since the
assays were not conducted on the same day.

Compound4.32k (R = 7-Br,5-Cl) showedmoderate activity against the three cancer cell Jines
however, it lacked selectivity as it was also toxic to normal (eiGF-12A). On the other hand,
compounds4.32i (R = 7-Br), 4.33b(R = 7-CHz) and4.33d (R = 7~OCH) displayedweak but
selectiveantiproliferative propertes (Table 4.6) Compound4.33a(R = H) exhibited the best
antiproliferativeactivity with an IGovalueofL 0. 2 ¢ M agai nst HCC70 cell s
nontoxic to MCF-12A normal cells which is an indication of a very good selectivity for HCC70
cancer cells(Figure 4.22 Table 4.9. Tunbridge and cwvorkers suggested that the indole
analogues may be sensitive to specific cancer cells and compounds showing more structural
resemblance to indanocine were more active (Tunbridge et al., Z@i8¢ of the synthesized
compounds were spagly soluble inDMSO, thusthe biological dtaacquired may not be a fair
indication of their biological activity.
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Table 4.5

Percentage

cel |

vi abi | isgnthesicdedmpdunds againsttHCCYM&u@er adlls 2 5

4.31 4.32 4.33

R Compounds | % Viability at 25(¢ M? | Compounds | % Viability at 25(¢ N | Compounds | % Viability at 25(¢ M2
H 4.31a 39.3+2.52 4.32a 46.6+ 1.61 4.33% 239+ 0.36
7- CHs 4.31b 75.0+ 1.87 4.3% 26.7+ 0.65 4.3 22.2+ 0.46
7-CR 4.31c 453+ 1.11 4.3 32.8+ 0.25 4.3% 22.7+1.16
7- OCH; 4.3d 257 + 3.28 4.3 32.1+£ 1.20 4.3d 22,9+ 2.71
6,7-OCH.O- 4.31e 38.2+ 0.63 4.3% 68.1+ 3.91 4.3% 442+ 1.62
7-F 4.3 97.3+ 2.58 4.3 64.2+ 5.47 4.3F 34.7+1.70
7-Cl 4.31g 74.8+ 0.39 4.3 37.6+£2.08 4.3y 32.5+ 0.49
5-Br 4.31h 33.3+0.58 4.3 36.4+ 1.72 4.3 30.2+ 1.37
7-Br 4.31i 37.4+1.13 4.32 20.6+ 0.79 4.33 54.1+ 2.45
5-Br,7-CHs 4.3] 91.4+ 3.68 4.33 21.6+ 0.46 4.33 86.8+ 0.96
7-Br,5-Cl 4.3k 18.7+£ 0.22 4.3% 8.8+ 0.51 4.3% 28.64 +0.25
7-OCHxCeHs 4.31 71.1+1.08 4.32 102.5+ 1.49 4.33 56.8+ 1.01

aCell viability relative to DMSO (%) + standard error against HCC&Is. Thecompounds with the best activities were highlighted.
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Table 4.6 Antiproliferative activitiesf the selected compounds against three cancer cell lines

and normal human cell line

Compounds
R HCC7G Hela MDA-MB-231|HCC70 MCF-12A

4.31k 7-Br,5-Cl 18.7+ 0.22 NT 59.7+ 1.37 NT 65.6+ 1.27
4.32C 7- CRs 32.8+ 0.25 56.6+1.09 |63.1+1.44 ([72.7+6.82 |42.1+1.05
4.32i 7-Br 20.6+ 0.79 64.4+ 1.15 |NT NT NT

4.32] 5-Br,7-CHz 216+ 0.46 609 + 1.30 |NT NT 63.5+1.90
4.32k 7-Br,5-Cl 8.8+ 0.51 479+1.03 |47.0£1.02 |49.3+1.06 12.9+1.03
4.33a H 239+ 0.36 NT NT 10.2+1.22 NT

4.33b 7- CHz 22.2+ 0.46 62.0+ 1.11 |NT NT NT

4.33c 7- CRs 22.7+1.16 63.7+1.14 |55.3+1.05 |74.1+6.86 72.7+3.98
4.33d 7- OCHs 22.9+2.71 NT NT 71.4+2.50 NT

4.33k 7-Br,5-Cl 28.6+ 0.25 NT NT NT NT
Paclitaxel (nM) 722+ 111 |2.2+1.06 3.4+x1.01 6.0 £1.16

aPercentage cell viability at 28M (from Table 4.5)
bCso values were indicated as mearstandard errofEach data represerttree different experiments performed in

triplicateand 1Go values greater tha260e M w e r ded asenataxic (NT).
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Figure 4.22 Nonrtlinear regression cuesfor the antiproliferative activityf compound4.33a

against the cell line¢Csovaluesgr eat er t han dabadnodolc. wer e recor

4.2.32 Molecular docking studies

Since indanocine and indolocine derivatives (Tunbridge et al, 2013) were shown to potently
interact with microtubulesve used molecular docking studies to further investigate the potential
of thecyclopentalp]indol-3-onederivatives synthesized heas antimitotics Molecular Opeating
Environment (MOE) software version 2016.08 was used to evaluate the binding affidity
interactions with th&ubulin-Colchicinedomain. The crystal structure oftulin (PDB ID: 1SAQ)
(Ravelli et al, 2004) retrievedonline from the RCSB Protein Data Bank

(https://www.rcsb.org/structure/ASAQ. The docking results generated were visualized directly on

the MOE software and the docking pose with the best interactions were selected for each of the

ligands. The dockingesuls arepresented in dble 4.7s howi ng t he doickki ng e
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interactions with amino acid residue and distai@&chicine, ombretastatin A and indanocine

were selected as standards to make binding interaction comparisons with the compounds. The
negative docking energies obtained indicate good binding affinity for the active site. On average,
the 3,4,5trimethoxyphenyl (TMP}.32 series shaed the best bindg affinity with an average
binding energy of7.439Kcal/mol, followed by theyridyl 4.33series-6.521 Kcal/mol and then

the unsubstituted phengl31series;-6.466 Kcal/mol. The strong affinity exhibited by the TMP
4.32series aliged with literature findings of good binding affinity and interactions of TMP based
tubulin inhibitors with the colchicine binding site (Li et @&018). Compound4.32| (R = 7
OCHxCsHs) showed the best affinity for the receptor with a binding ené& 24 Kcal/molwhich

is more favorable than the standard&lanocine {7.137 Kcal/mol), combretastatin A4-7.586
Kcal/mol) and colchicine-8.028Kcal/mol). The TMR.32series also showed similar orientation

with colchicine and were surrounded by almdshtical amino acid residues.

Table 4.7 The binding energies and intermolecutaeractions of the compounds

4.32 4.33

Communds R Binding energy| Amino acid residuén | Distance | Bonding type
(Kcal/mol) interaction A

4.31a H -5.972 Ala B316 4.05 -H

Lys B254 4.41 -H
4.31b 7- CHs -6.160 Ala B316 451 -H
4.31c 7- CRs -6.846 Cys B241 4.14 -H

Asn B258 3.54 -H
4.31d 7- OCHs -6.316 Lys B254 3.50 -H

6,7-OCH.O- Thr A179 3.12 H-bonding

4.31e 6,7-OCH,O- -6.408 Leu B248 4.53 “-H

Ala B316 4.21 -H
4.31f 7-F -6.099 Cys B242 3.84 -H
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4.31g 7-Cl -6.466 Lys B254 3.59 “-H
4.31h 5-Br -6.319 Lys B254 3.74 " -H
4.31i 7-Br -6.367 Lys B254 3.94 " -H
4.31] 5-Br,7-CHz -6.676 Lys B252 3.83 “-H
4.31k 7-Br,5-Cl -6.695 Asn B258 3.61 “-H
Leu B255 451 “-H
Ala B317 3.25 H-bonding
4.311 7-OCH,CeHs | -7.270 Leu B248 3.74 " -H
Lys B254 4.57 " -H
4.32a H -7.431 Ala A180 4.21 " -H
4.32b 7- CHs -6.871 Leu B248 3.59 -H
4.32c 7- CRs -7.257 Leu B248 3.70 -H
4.32d 7- OCHs -7.345 Leu B248 4.37 -H
4.32e 6,7-OCH,O- -7.805 Lys B254 3.82 -H
Leu B248 3.67 -H
4.32f 7-F -7.146 Ala B352 4.09 -H
4.329g 7-Cl -7.615 Ala B316 4.19 -H
4.32h 5-Br -6.711 Leu B248 4.21 -H
4.32i 7-Br -7.756 Ala B354 4.44 -H
Ala E354 4.44 -H
4.32j 5-Br,7-CHs -7.719 Leu B248 4.44 -H
Leu E248 4.44 -H
4.32k 7-Br,5-Cl -7.088 LeuB248 4.61 -H
4.32] 7-OCH.CeHs | -8.524 Lys B352 3.57 "-H
Ala B250 3.16 H - Bonding
4.33a H -6.537 Tyr A224 3.64 -
Tyr B224 3.47 -
Cys Al12 4.01 -H
Cys B12 4.01 -H
4.33b 7- CHs -6.289 Tyr A239 4.42 -H
Tyr B239 4.42 -H
Ala A316 4.41 -H
4.33c 7- CRs -6.631 Leu B248 3.78 -H
4.33d 7- OCHz -6.846 Ala A180 4.23 -H
Ala D180 4.23 -H
Ala B316 3.94 -H
Ala E316 3.96 -H
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4.33e 6,7-OCHO- -6.311 Ala B316 4.21 “-H
Leu B255 4.52 “-H
4.33f 7-F -6.023 Leu B255 3.54 " -H
Cys B241 3.28 H - bonding
4.33¢g 7-Cl -6.204 Cys B241 3.87 “-H
4.33h 5-Br -6.533 Ala B16 4.07 “-H
Lys B352 3.62 “-H
Ala A180 3.37 H - bonding
Val A181 3.35 H - bonding
4.33i 7-Br -6.496 Cys B241 4.12 " -H
Lys B352 4.08 “-H
Asn B258 3.52 “-H
4.33j -6.623 Lys B254 3.81 “-H
4.33k 7-Br,5-Cl -6.126 Lys B254 3.72 “-H
4.33l 7-OCHCeHs -7.638 Cys B241 4.17 “-H
Ser A178 4.35 “-H
Ala B317 3.02 H - bonding
Thr A239 3.50 H - bonding
Colchicine - -8.028 Leu B248 4.12 “-H
Leu E248 4.12 “-H
Lys B254 4.39 “-H
Asn A101 3.33 H - bonding
Asn D101 3.10 H T bonding
Combretastatin A-4 - -7.586 Leu B248 3.88 “-H
Leu E248 3.87 “-H
Indanocine - -7.137 Tyr A224 4.05 -
Tyr B224 3.91 -
Asn A206 3.66 H - bonding
Asn B206 3.98 H - bonding

Colchicine and embretastatin A showed” T H stacking interactions witheu B248andLeu
E248through their TMP moietyFigure4.23; Hgure4.24) | n
T H stacking interaction with Lys B254 and hydrogen bonding interactions with Asn A101 and

addi ti on, col chi c

Asn D101 residuegFigure 4.23. Although indanocine did not interact witthese amino acid
residues, it displayedi ~ i nt e Mg BA24residugs, ahy hydroegh2 4 an
bonding interactions with Asn A206 anfisn B206 residues(Figure 4.25) Among the

stacking

Page]| 106



unsubstituteghenyl4.31 series 7 compounds from this group shared the same interaction with
colchicine; compound4.31a(R = H), 4.31d(R = -OCHs), 4.31g(R = 7-Cl), 4.31h(R = 5Br),
and4.31i (R = 7Br), s h o wieHdstacking interactions withys B254residue, compound
4.31e(R = 6,-0OCH0O-), e x hi biiH stadkingaintefacted witlheu B248residue and
compound4.31l (R = ~7OCH.CgHs), d i s pilHastackidg interactions with both Leu B248
andLys B254residues. In th@MP 4.32series 7 compounds showed the sameraction with
colchicine and eambretastatin A4; compound#.32b(R = 7-CHa), 4.32¢(R = 7-CR), 4.32d(R =
7-OCHg), 4.32h(R = 5Br), and4.32k (R = 7-Br,5-Cl) s h o w e idH s&acking interactions with
Leu B248 residue, compoudd32e(R = 6,#0CH;O-), interacted with Leu B248 arid/s B254
residues while compound.32j (R = 5Br,7-CHs) interacted with Leu B248 anbeu E248
residues. Whereas only 4 compounds from giedyl 4.33 seriesshared interaction with the
reference compounds. Compouh@3c(R = 7-CF), interacted with Leu B248, this interaction
was also common to colchicine arahtbretastatin A4, while compoundd.33j (R = 5Br,7-CHa)
and4.33k (R = 7-Br,5-Cl) interacted with Lys B254 which was seen in colchicine.

Asn

Ala Ala 5249
A1BU D1BO Ser
---- Dﬂa

Figure 4.23 Tubulin-Colchicine active site (left) and 2D interaction map showing the binding

interactions of colchicine with the ligaaloured in yellow.
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Vall7Z. --

Figure 4.24 Tubulin-Colchicine active site (left) and 2D interaction map showing the binding

interactions ofcombretastatin At (bottom) with the ligand coloured in yellow.

Comparing the interactions displayed by thiémseegroups of compounds, tipenyl4.31series
seems to favour interaction witlys B254similar to colchicine and thEMP 4.32seriestends to

favour interaction with Le248in the same way as colchiciflegure4.23)and combretastatin

A-4 (Figure 4.24) Interestingly, the most activeompound4.33a(R = H) from thepyridyl 4.33
seriesexhibit significant” 7 * stacking interactions with Tyr A224 afigr B224residues which

were the same interactions displayedrmanocine shown ini§ure 4.25 This suggests that the

T~ stacking interactions with Tyr A224 afigr B224residues could be important for the tubulin
polymerization activity of the indanocine analogugis.important to note this assumption is based

on computational predictions and further biological studies would be required to establish this fact.
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Figure 4.25 Tubulin-Colchicine active site (left) and 2D interaction map showing the binding

interactions o#l.33a(top) andindanocine (bottom) with the ligand coloured in yellow.

In general, thesynthesizedcompounds showed dockingrientation similar to the reference
compoundandtheyd i s pl ayed at | eadH air hysdraocgkei nn gb o nndtienrga
one amino acid residue. They also docked well into the colchicine binding site of tubulin and
displayed good binding ergges however, the docking studies did not explain teaegal trend

in the antiproliferative activitiesf the selected compounds against three cancedrmes|

4.2.3.3In silico predictions o the physicochemical and druglikeness of the synthesized

compounds.

The predicted molecular properties of flyathesizd compoundsT(able 48) wereobtainednline

from the Molinspiration Cheminformatics server ht{p://www.molinspiration.com/cgi
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bin/propertied In the evaluation ofhe logarithm of the partition coefficient betweeroatanol

and water (miLogPR)the valuesobtainedfor the compoundsvere within the required limit
(miLogP O ).5This means thathe compounds are predicted to exhibit satisfactorsi
bioavailabilty, atough4.31c(R =7- CR), 4.31j (R = 5-Br,7-CHj3), 4.31k (R =7-Br,5-Cl), 4.31l

(R =7-OCHxCeHs), 4.32k (R =7-Br,5-Cl), and4.32| (R = 7-OCH.CsHs) exceeded the limifThe
phenyl4.31 seriesand TMP4.32 seriesappeared to be more lipophilehich is significant for

drug absorption. They displaye@lueswithin the acceptable rangecept for the compounds
mentioned above that exceeded the limit. Pyedyl 4.33serieswere less lipophilic compared

to the other two groups and compouh83 (R = 7-F) was predicted to be the most hydrophilic
with amiLogP value of 1.93. Our most ice compound4.3¥F (R = H) appeared to maintain a
balance between lipophilicity and hydrophilicity, it displayednd.ogP value of 2.76. The
topolagical polar surface area (TPSA) of the compounds were within the required range of less
than 160 Awhich implies that the requirements for drug transport properties are satisf&stbry (

et al., 2000Verma, 2012)In general, the compounds did not exceed the set limit of not more than
one violation thus complied with i p i n s kthisGneang thallahe compounds couldxaibit

good oral bioavailability for absorptighipinski et al., 1997).

Table 4.8 In silico physicochemical o&rylidene cyclopenta[blinde8-ones.

4.31
Compounds| R miLogP’ | TPSA | Mw¢ n-HBA® | n-HBD' | n- n- MV
(Aye violationg | ROTB"
4.31a H 4.18 32.86 259.31 2 1 0 1 236.79
4.31b 7- CHs 4.60 32.86 273.33 2 1 0 1 253.35
4.31c 7-CR 5.05 32.86 327.31 2 1 1 2 268.09
4.31d 7- OCH; 421 42.10 289.33 3 1 0 2 262.34
4.31e o 4.04 51.33 303.32 4 1 0 1 260.72
OCH:O-
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4.31f 7-F 3.35 32.86 277.30 2 1 0 1 241.72

4.31g 7-Cl 4.83 32.86 293.75 2 1 0 1 250.33

4.31h 5-Br 4,94 32.86 338.20 2 1 0 1 254.68

4.31i 7-Br 4,96 32.86 338.20 2 1 0 1 254.68

] 5-Br,7-

4.31j 5.34 32.86 352.23 2 1 1 1 271.24
CHs

4,31k 7-Br,5-Cl | 5.57 32.86 372.65 2 1 1 1 268.21
7-

4.31l 5.81 42.10 365.43 3 1 1 4 333.99
OCH,CgHs

4.32a H 3.81 60.56 349.39 5 1 0 4 313.43

4.32b 7- CHs 4.24 60.56 363.41 5 1 0 4 329.99

4.,32c 7-CR 4.68 60.56 417.38 5 1 0 5 344.72

4.32d 7- OCH; 3.84 69.80 379.41 6 1 0 5 338.97
6,7-

4.32e 3.68 79.03 393.39 7 1 0 4 337.36
OCHxO-

4.32f 7-F 2.98 60.56 367.38 5 1 0 4 318.36

4.32¢g 7-Cl 4.46 60.56 383.83 5 1 0 4 326.96

4.32h 5-Br 4,57 60.56 428.28 5 1 0 4 331.31

4.32i 7-Br 4.60 60.56 428.28 5 1 0 4 331.31
5-Br,7-

4.32j 4.97 60.56 442.31 5 1 0 4 347.87
CHs

4,32k 7-Br,5-Cl | 5.20 60.56 462.73 5 1 1 4 344.85
7-

4.32| 5.44 69.80 455,51 6 1 1 7 410.62
OCHC¢Hs

4.33a H 2.76 45.75 260.30 3 1 0 1 232.63

4.33b 7- CHs 3.19 45.75 274.32 3 1 0 1 249.19

4.33c 7-CR 3.63 45.75 328.29 3 1 0 2 263.93

4.33d 7- OCH; 2.80 54.99 290.32 4 1 0 2 258.18
6,7-

4.33e 2.63 64.22 304.31 5 1 0 1 256.56
OCHxO-

4.33f 7-F 1.93 45.75 278.29 3 1 0 1 237.56

4.33g 7-Cl 3.42 45.75 294.74 3 1 0 1 246.17

4.33h 5-Br 3.52 45.75 339.19 3 1 0 1 250.52

4.33i 7-Br 3.55 45.75 339.19 3 1 0 1 250.52
5-Br,7-

4.33 3.92 45.75 353.22 3 1 0 1 267.08
CHs

4.33k 7-Br,5-Cl | 4.15 45.75 373.64 3 1 0 1 264.06
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7-
4.33| 4.39 54.99 366.42 4 1 0 4 329.83
OCH.CeHs

3 The parameters were determined using Molinspiration cheminformatics softldre logarithm of the partition
coefficient betweeno ct anol and w&Topotogidalmolak surfpée a®a (SPSA < 160 Wlolecular
weight (MW < 500)¢ The numier of hydrogen bond acceptorsfinB A Of Thedhlimber of hydrogen bond donors
(FHB D O THe humber of violations @ i o | a t i"®he sumker df rptatable bondsROTB).! Molecular
volume (MV).

4.3 Conclusion

A series of arylidenecyclopentaplindol-3-one derivatives were synthesizd via aldol
condensation of cyclopentdindoles with aromatic aldehydes. Ten compounds were selected for
ICs0 determination against three cancer cell lines aftenglesiconcentradn screening had been
performed Compoundt.32k (R =7-Br,5-Cl) exhibited moderate antiproliferative activitegainst

the cancer cell lines but did not discriminate against the normal lcetisntrastcompound4.33a

(R = H)displayed the mostgtent and selective antiproliferatiaetivity against HCC70 cells and
was nonrtoxic to normal breast cellén addition, docking studies revealed tladitthe compounds
exhibitedgood affinity for the tubulircolchicine binding site. Furthermore, the significant docking
interactions displayed by compoudd33a(R = H) aligned with that of their analogous parent
compoundand a known inhibitor; indanocine. Thus providing a basis for further investigation into

the arylidene cyclopentd]indol-3-one as tubulin polymerization inhibitors.

4.4 General experimentaldetails
4.4.1 Materials

See sectiol.4.1

4.4.2 General procedure forthe Claisen-Schmidt reaction

Cyclopent(b)indof3-one (1 mmol) was stirred irEtOH (5 mL) for 5 min at 0°C followed by
addition ofsubstituted aromatic aldehydds mmol) and stirred for anothemain. The reaction
was removed fronthe ice bath an8% NaOH aq.(5 mL) was added dropwise aitige reaction

mixture wasstirred for 3i 5 h atambienttemperatureThereaction was monitored BLC for
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the disappearance of starting materiddhen the reaction was complete thexture was cooled
at 0°C for 30min andthe precipitate was collectemhdwashed successively with water (2 x 10
mL) and coldMeOH (10 mL) followed by air dryingovernight in the fume hoo€Compounds
4.31k (R =7-Br,5-Cl), 4.32k (R =7-Br,5-Cl) and4.33k (R =7-Br,5-Cl) were further purified by

column chromatography using a mixture of EtOAc and hexane as mobile phase.

4.4.3 Pyridinium chloride salt formation

Compound4.33 (0.1 mmol) in vial was dissolved iDCM (1 mL) and32% HCI (0.1mL) was
added andhe mixturestirred for 2h atambienttemperature. The solid mass was férand
wasled with DCM(3 mL) and allowed to dry iafumehood.

4.4.4 Compounds

(2E)-2-benzylidenel,4-dihydrocyclopentafblindol-3-one @.319

Yield: 83% aslight yellow powder Mp 284286 °C

'H NMR (400 MHz, DMSQds) U 1rls,NHR 7.8 b7.75(m, 3H), 7.54i 7.34 (m, 6H),

7.17 (t,J=7.5Hz, 1H), 4.05 (s, 2H)

13C NMR (100 MHz, DMSGQds) a 182. 3, 144. 0 140. 9, 1240 . 8,
129.5,127.4, 121, 122.2,120.8, 114.1, 26.8

HRESIMS: m/z [M + H]* calculated for @H1sNO 260.1076: found 260.1060

FT-IR (ATR, cnm?): 3166, 1673
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(2E)-2-benzylidene 7-methyl-1,4-dihydrocyclopentalblindol -3-one (4.31h)

Yield: 90% as browrpowder Mp 287290 °C
IH NMR (400 MHz, DMSQGds) U 1 1-H)Y B77 (d8 5 6.6MNz, 2H), 7.54i 7.34 (m, 6H),
7.21 (d,J = 84 Hz, H), 4.02 (s, 2H), 2.48s, 3H)

3C NMR (100 MHz,DMSQds) U 142 . 5, 141. 0, 140. 9, 139.

129.5, 129.3,23.3, 121.4, 113.9, 26.7, 21.5
HRESIMS: m/z [M + H]" calculated for @H1eNO 274.1233: found 274.1143
FT-IR (ATR, cmiY): 3204, 1667

(2E)-2-benzylidene 7-(trifluor omethyl)-1,4-dihydrocyclopentalblindol-3-one (4.31c)

Yield: 81% as blackpowder Mp 290295 °C
'H NMR (400 MHz, DMSQds) U  brx N-BB8.26 (s, 1H)7.78 (d,J=7.4Hz, 2H),7.67i
7.63 (m, 2H), 7.51t, J= 7.6 Hz,2H), 7.47i 7.42(m, 2H), 4.11 (s, 2H)

3C NMR (100 MHz,DMSQGds) U 182. 6, 145. 0, 142. 7, 140.

129.5,126.9, 126.4, 123.1, 122.3, 120.2,2186.9
HRESIMS: m/z [M + H]" calculated for @H13FNO 328.0950: found 328.0959
FT-IR (ATR, cni): 3134, 1678
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(2E)-2-benzylidene 7-methoxy-1,4-dihydrocyclopentalblindol -3-one (4.31d)

Yield: 75% as dark greepowder Mp 249253°C

IH NMR (400 MHz, DMSQds) 111.77(s, NH), 7.77 (d,J = 7.5Hz, 2H), 7.50 (tJ = 7.4 Hz,

2H), 7.45i 7.41 (m, 1H), 7.39 7.35(m, 2H), 7.26 (dJ = 2.3 Hz, 1H), 7.03 (dd] = 9.0, 2.5Hz,

1H), 4.03 (s, 2H), 3.80 (s, 3H)

13C NMR (100 MHz,DMSQds) U 182.1, 154.4, 141.3, 140.09,
129.7, 129.4, 123.2,18.8, 115.0, 102.2, 55.8, 26.9

HRESIMS: m/z [M + H]" calculated for @H1eNO> 290.1182: found 290.1203

FT-IR (ATR, cmi%): 3173, 1664

(2E)-2-benzylidene6, 7-dioxolo-1,4-dihydrocyclopentalblindol -3-one (4.31e)

Yield: 67% as dark greepowder Mp 285289 °C

IH NMR (400 MHz, DMSGds) & bris N-HP 7.73(d,J = 7.3 Hz, 2H), 7.49 (t) = 7.7 Hz,

2H), 7.41 (tJ = 7.4Hz, 1H), 7.31 (s, 1H), 7.19 (s, 1H), 6.91 {4)16.05 (s, 2H), 3.94 (s, 2H)

13C NMR (100 MHz,DMSGds) 4 180.6, 149.1, 144.0, 141. 2,
130.1, 129.5, 129.417.1, 101.7, 99.3, 93.6, 26.8

HRESIMS: m/z [M + H]" calculated for GH14NOz 304.0974: found 304.0942

FT-IR (ATR, cmil): 2904, 1666
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(2E)-2-benzylidene 7-fluoro-1,4-dihydrocyclopentablindol-3-one (4.31f)

Yield: 97% as greenish yellopowder Mp 282286°C

IH NMR (400 MHz, DMSQds) U  brxs.NMHR 7.76 (dJ = 76 Hz, 2H), 7.58 (dd) = 9.4,
2.5Hz, 1H), 7.53 7.47 (m, 3H), 7.46 7.43(m, 1H), 7.40(s, 1H), 7.25 (td,= 92, 2.6Hz, 1H),
4.03 (s, 2H)

13C NMR (100 MHz,DMSQds) U4 182. 5, 158. 8, 156. 4, 142.

131.5, 129.9,23.1 116.2, 115.5, 106.6, 26.8
HRESIMS: m/z [M + H]" calculated for @H13FNO 278.0982: found 278.0971
FT-IR (ATR, cm%): 3187, 1669

(2E)-2-benzylidene 7-chloro-1,4-dihydrocyclopentalbjindol -3-one (4.319)

Yield: 99% asdark greypowder Mp 288292 °C
IH NMR (400 MHz, DMSQds) 786 (d,J = 1.8 Hz, 1H), 7.76 (d] = 7.4Hz, 2H), 7.54i 7.43
(m, 4H), 7.40 (s, 1H), 7.36 ¢J = 8.6,2.0Hz, 1H), 4.04 (s, 2H)

13C NMR (100 MHz,DMSQds) U 182. 5, 142. 3, 142. 2, 140.

129.5,127.2,125.2, 124 121.3, 115.8, 26.8
HRESIMS: m/z [M + H]" calculated for @H1zCINO 294.0687: found 294.0697
FT-IR (ATR, cmi'): 3194, 1669
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(2E)-2-benzylidene5-bromo-1,4-dihydrocyclopentalbjindol -3-one (4.31h)

Yield: 89% asdark brownpowder Mp 247249 °C

IH NMR (400 MHz, DMSQds) U  brx N-M)1 7.838 (dJ = 8.2Hz, 1H), 7.78 (dJ = 7.3Hz,
2H) 7.61 (dJ=7.7Hz, 1H), 7.3 (t J= 7.7 Hz,2H), 7.461 7.40(m, 2H), 7.12 (tJ = 78 Hz,
1H), 4.07 (s, 2H)

13C NMR (100 MHz, DMSQds) U4 182. 4, 142. 2, 141. 7, 141.

129.8, 129.5, 128, 122.1, 121.6, 106.3, 26.9
HRESIMS: m/z [M + H]" calculated for @H13BrNO 340.0161: found 340.0157
FT-IR (ATR, cmi%): 3203, 1677

(2E)-2-benzylidene 7-bromo-1,4-dihydrocyclopentalbjindol -3-one (4.31i)

Yield: 86% as browish greerpowder Mp 282286 °C
IH NMR (400 MHz, DMSQds) U  bra N-H))8.0@ (dJ=1.6 Hz, 1H), 7.76 (d] = 7. 8Hz,
2H), 7.53i 7.48(m, 2H), 7.47i 7.39(m, 4H), 4.04 (s, 2H)

13C NMR (100 MHz,DMSQds) U 182. 5, 142. 4, 141. 9, 140.

129.7,129.5, 124.7, 124.5, 116.2, 1126.8
HRESIMS: m/z [M + H]" calculated for @H13BrNO 340.0161: found 340.0157
FT-IR (ATR, cmi®): 3190, 1678
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(2E)-2-benzylidene5-bromo-7-methyl-1,4-dihydrocyclopentalblindol-3-one (4.31)

Yield: 93% asdark greypowder Mp 275278 °C

IH NMR (400 MHz, DMSQds) U196 (bris,N-H), 7.76 {1, J = 7.40 Hz, 2H), 7.58 (s, IH7.51

(t, J= 7.8 Hz,2H), 7.467 7.38 (m, 3H}4.03 (s, 2H), 2.41 (s, 3H)

13C NMR (100 MHz, DMSQds) a 182. 4, 14 55931.41131@®, 180.8, 18040 . 3,
129.8, 129.5, 129.3, 129.1, 124.9, 26.8, 21.1

HRESIMS: m/z [M + H]" calculated for @H1sBrNO 352.0338: found 352.0333

FT-IR (ATR, cni): 3186, 1680

(2E)-2-benzylidene 7-bromo-5-chloro-1,4-dihydrocyclopentalb]indol -3-one (4.31k)

Yield: 93% as browrmpowder Mp 207211 °C

'H NMR (400 MHz, DMSQds) 1257 (brs, NH), 8.04 (dJ= 1.7 Hz, 1H), 7.77 ({1 = 7.3 Hz,
2H), 7.66 (dJ = 1.7 Hz, 1H), 7.52 () = 7.6 Hz 2H), 7.46i 7.42(m, 2H), 4.05 (s, 2H)

13C NMR (100 MHz, DMSQds) 182.7, 142.8140.2, 139.7, 135.4, 132.1, 131.0, 130.8, 129.7,
129.5, 129.0, 128.3, 123.6196, 112.626.7

13C chemical shiftsvere extracted from HSQC and HMBC NMR speciua to weak*C NMR.
HRESIMS: m/z [M + H]" calculated for @H1>CIBrNO 375.9742found375.2463

FT-IR (ATR, cmi%): 3177, 1698
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(2E)-2-benzylidene 7-benzyloxy-1,4-dihydrocyclopentalblindol -3-one (4.31).

Yield: 8%% as browrpowder Mp 218225 °C

IH NMR (400 MHz, DMSQds) U 1 1-H}87077 (d38= 7.5Nz, 2H), 7.53 7.31 (m, 11H),
7.12(dd,J = 8.9, 2.3Hz, 1H) 5.14 (s, 2H), 4.02 (s, 2H)

13C NMR (100 MHz,DMSQds) U 182.1, 153.4, 142.9, 141. 4,
130.8, 130.4, 129.7, 129.4, 128.9, 128.1, 12119,3, 103.8, 70.1, 55.4, 26.9

HRESIMS: m/z [M + H]" calculated for @H20NO> 366.1495: found 366.1463

FT-IR (ATR, cmi%): 3162, 1677

(2E)-2-[(3,4,5trimethoxyphenyl)methylene]-1,4-dihydrocyclopentalblindol -3-one (4.322)

Yield: 71% aslight yellowpowder Mp 256258 °C

IH NMR (400 MHz, DMSQds)  111.90(s, N-H), 7.82 (d,J = 8.0Hz, 1H), 7.47 (d)) = 8.4Hz,

1H), 7.40i 7.34(m, 2H), 7.16 (tJ = 7.5Hz, 1H), 7.08 (s, 2H), 4.09 (sH2, 3.89 (s, 6H), 3.73 (s,

3H)

13C NMR (100 MHz,DMSOGds) 4 182. 3, 153.5, 143.9, 141.0,
127.3,123.1, 122.2, 120.714.1, 108.4, 60.6, 56.26.5

HRESIMS: m/z [M + H]" calculated for @H20NO4 350.1393: found 350.1425

FT-IR (ATR, cnm?): 3163, 1659
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(2E)-7-methyl-2-[(3,4,5trimethoxyphenyl)methylene]-1,4-dihydrocyclopentalbjindol -3-one
(4.32)

Yield: 95% asbrown powder Mp 253255 °C
H NMR (400 MHz, DMSQds) 175 (s,INH), 7.59 (s, 1H), 7.38 7.32(m, 2H), 7.20 (ddJ =
8.6, 1.4Hz, 1H), 7.07 (s, 2H), 4.05 (s, 2H), 3.88 (Bl)63.73 (s, 3H), 2.41 (s, 3H)

13C NMR (100 MHz,DMSQds) U4 182. 2, 153.5, 139.2132.2, 131.4,1.

129.5, 129.2, 123.3, 121.4, 113188.3, 60.6, 56.5, 26.5, 21.4
HRESIMS: m/z [M + H]" calculated foIC22H22NO4 364.1550: found 364.1512
FT-IR (ATR, cni): 3183, 1669

(2E)-7-(trifluoromethyl) -2-[(3,4,5trimethoxyphenyl)methylene]-1,4-
dihydrocyclopentalbjindol-3-one (4.3ZX)

Yield: 98% asblack powder Mp 272276 °C
'H NMR (400 MHz, DMSQGds) U  br2s.N3HY, 8.30 (s, 1H), 7.69 7.64(m, 2H), 7.39 (s,
1H), 7.10 (s, 2H), 4.13 (sH, 3.90 (s, 6H), 3.74 (s, 3H)

3C NMR (100 MHz,DMSQGds) U 182. 7, 153. 5, 145. 0, 142.

124.3, 123.0, 122.4, 121.3, 120.2, 213.08.5, 60.6, 56.5, 26.7
HRESIMS: m/z [M + H]" calculated for @H19FsNO4 418.1267: found 418.1233
FT-IR (ATR, cnt}): 3131, 1675
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(2E)-7-methoxy-2-[(3,4,5trimethoxyphenyl)methylene]-1,4-dihydrocyclopentalbjindol -3-
one(4.32)

Yield: 66% asgreenish yellowpowder Mp 243252 °C

IH NMR (400 MHz, DMSQds) 1175 {s, NH), 7.37 (d,J = 9.0Hz, 1H), 7.34 (s, 1H), 7.26 (d,

J = 2.4Hz, 1H), 7.07 (s, 2H), 7.02 (dd,= 9.0, 2.5Hz, 1H), 4.05 (s, 2H), 3.90 (sHj, 3.81 (s,
3H), 3.73 (s, 3H)

13C NMR (100 MHz, DMSQds) 0 1821525, 141.53 240.@, 139.3, 139.3, 139.2, 131.3,
131.1, 123.3, 118.8, 115.0, 108149€2.1, 60.6, 56.6, 55.9, 26.5

HRESIMS: m/z [M + H]" calculated for @H22NOs 380.1499: found 380.1532

FT-IR (ATR, cn}): 3172,1652

(2E)-6,7--dioxolo-2-[(3,4,5trimethoxyphenyl)methylene]-1,4-dihydrocyclopentalblindol -3-
one(4.3%)

Yield: 50% as dark greepowder Mp 269271 °C
'H NMR (400 MHz, DMSQds) 1176 pr s N-H), 7.74 (s, 1H)7.22 (s, 1H)7.03 (s, 2H, 6.92
(s, 1H, 6.06 (s, 2H, 3.98 (s, 2H, 3.88 (s, 6H, 3.72 (s, 3H

3C NMR (100 MHz,DMSQGds) U 180. 6, 153. 5, 149. 1, 144.

130.5,129.4, 117.1, 108.2, 19199.3, 93.6, 60.6, 56.5, 26.5
HRESIMS: m/z [M + H]" calculated for @H20NOs 394.1291: found 394.1166
FT-IR (ATR, cnt}): 3155, 1664
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(2E)-7-fluoro-2-[(3,4,5trimethoxyphenyl)methylene]-1,4-dihydrocyclopenta[b]indol -3-one
(4.3%)

Yield: 9% asgreenish yellowpowder Mp 265267 °C

IH NMR (400 MHz, DMSQds) U  brx .NMHP 7.60 (dd,J = 9.5,2.51 Hz, 1H), 7.48 (dd]
= 9.0, 4.5Hz, 1H), 7.36 ¢, 1H), 7.28 7.20(m, 1H), 7.07 (s, 2H), 4.06 (sH2, 3.89 (s, 6H), 3.73
(s, 3H)

13C NMR (100 MHz, DMSQds) U 182 . 5, 15 8.57140.6,11396,.139,3, 131583 .

123.1, 115.8, 115.4, 108.507.2, 106.6, 60.6, 56.5, 26.5
HRESIMS: m/z [M + H]" calculated for @H19FNOs 368.1299: found 368.1300
FT-IR (ATR, cm'):3172, 1677

(2E)-7-chloro-2-[(3,4,5trimethoxyphenyl)methyleneg]-1,4-dihydrocyclopenta[b]indol -3-one
(4.329)

Yield: 87% asbrownish greempowder Mp 274277 °C
'H NMR (400 MHz, DMSQds) U 1 2-HY 192 (s,s1H), 79 (d] = 8.8Hz, 1H), 7.40i
7.34(m, 2H), 7.07 (s, 2H), 4.07 (sH2, 3.89 (s, 6H), 3.73 (s, 3H)

3C NMR (100 MHz,DMSQGds) U 182. 5, 153. 5, 142. 2, 142.

127.1, 125.2, 124.0, 121.8]15.8, 108.5, 60.6, 56.5, 26.6
HRESIMS: m/z [M + H]" calculated for @H1¢CINO4 384.1004: found 384.0983
FT-IR (ATR, cntl): 3168, 1671
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(2E)-5-bromo-2-[(3,4,5trimethoxyphenyl)methylene]-1,4-dihydrocyclopentalblindol -3-one
(4.32n)

Yield: 8% asgreenish brownpowder Mp 241243 °C

IH NMR (400 MHz, DMSQds) U 1 2-H)1 7785 (d8 5 8.0Nz, 1H), 7.61 (d,) = 7.53 Hz,

1H), 7.39 (s, 1H), 7.14 7.07(m, 3H), 4.10 (s, &), 3.89 (s, 6H), 3.73 (s, 3H)

13C NMR (100 MHz,DMSQGds) 4 182. 4, 153.5, 142.1, 141. 7,
129.7, 124.8, 122.0, 121.8508.5, 106.2, 60.6, 56.5, 26.5

HRESIMS: m/z [M + H]" calculated for @H19BrNO4 430.0478 found430.0515

FT-IR (ATR, cmi'): 3187, 1685

(2E)-7-bromo-2-[(3,4,5trimethoxyphenyl)methylene]-1,4-dihydrocyclopentalbjindol -3-one
(4.32)

Yield: 8%% asbrownish greempowder Mp 278282 °C

IH NMR (400 MHz, DMSQds) U 1 2-H)J1 809 (d8 5 1.4Nz, 1H), 7.5 7.43(m, 2H),

7.37 (s, 1H), 7.09 (s, 2H), 4.07 ($4)2 3.90 (s, 6H), 3.74 (s, 3H)

13C NMR (100 MHz, DMSQds) a 182. 5, 153. 5, 142. 4, 142. 0,
129.6, 124.7, 124.5, 116.213.1, 108.5, 60.6, 56.5, 26.6

HRESIMS: m/z [M + H]" calculated for @H19BrNO4 430.0478 found430.0515

FT-IR (ATR, cn}): 3186 1670

Page]|l23



(2E)-5-bromo-7-methyl-2-[(3,4,5trimethoxyphenyl)methylene]-1,4-
dihydrocyclopentalblindol -3-one (4.33)

Yield: 97% asbrownish greerpowder Mp 259263 °C

IH NMR (400 MHz, DMSQOds) U 1 2-H)YQ 7262 (s,sLH), 7M5 (s, 1H), 7.37 (s, 1H), 7.07 (s,
2H), 4.05 (s, 2H), 3.89 (sHj, 3.73 (s, 3H), 2.41 (s, 3H)

13C NMR (100 MHz, DMSQdé) a 182. 3, 153. 5, 141. 8, 140.
131.2,130.9, 124.8, 120.9, 108.405.8, 60.6, 56.5, 26.5, 21.0

HRESIMS: m/z [M + H]" calculated for @H21BrNO4 442.0654: found 442.0647

FT-IR (ATR, cmi%): 3192, 1665

(2E)-7-bromo-5-chloro-2-[(3,4,5trimethoxyphenyl)methylene]-1,4-
dihydrocyclopentalblindol -3-one (4.3X)

Yield: 85% asgreenpowder Mp 188193 °C

IH NMR (400 MHz, DMSQde) 12.54(br s, N-H), 8.09 (d,J = 1.6 Hz, 1H), 7.64 (d, 1H) 7.39 (s,
J=1.6 Hz,1H), 7.08 (s2H), 4.07 (s, 2H), 3.89 (s, 6H3,73(s, 3H)

13C NMR (100 MHz, DMSQds) 182.5, 153.5, 142.8, 139.7, 139.5, 139.4, 139.2, 132.5, 130.8,
128.1, 126, 123.6, 119.4, 112.5, 108.5, 60.6, &%

HRESIMS: m/z [M + H]" calculated for @H1sCIBrNO4 462.0108: found 462.0465

FT-IR (ATR, cnt}): 3210, 1690
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(2E)-7-benzyloxy-2-[(3,4,5trimethoxyphenyl)methylene]-1,4-dihydrocyclopenta[blindol -3-
one(4.32)

Yield: 71% as greenish yellowowder Mp 238242 °C

IH NMR (400 MHz, DMSQds) U  Drls.NHR 7.521 7.47(m, 2H), 7.44i 7.33 (m, 6H),
7.11 (dd,J=9.0, 25 Hz, 1H), 7.07s, 2H), 5.14 (s, 2H), 4.05 (s, 2H), 3.90 (s, 6H), 3.73 (s, 3H).
13C NMR (100 MHz, DMSQds) 2615, 56.5, 60.6, 70.2, 103.8, 107.2, 108.4, 115.0 11923
128.2128.9131.1,131.3137.8§ 139.3 139.5139.9 141.4 153.5 153.8 182.2

HRESIMS: m/z [M + H]" calculated for @gH26NOs 456.1812: found 456.1668

FT-IR (ATR, cmi%): 3187, 1670

(2E)-2-(3-pyridylmethylene)-1,4-dihydrocyclopentalblindol-3-one (4.33)

Yield: 85% asyellow powder Mp 282286 °C

IH NMR (400 MHz, DMSQds) U  brls.N®H% 8.94 (d,J = 1.7Hz, 1H), 8.59 (dd) = 4.8,
1.3 Hz, 1H), 8.19 (dt] = 8.0, 18 Hz, 1H), 7.78 (dJ = 8.1Hz, 1H),7.52 (dd,J = 8.0, 4.7Hz, 1H),
7.47 (d,J=8.4Hz, 1H) 7.43i 7.35(m, 2H), 7.16 (t,J = 7.5Hz, 1H), 4.08 (s, 2H)

13C NMR (100 MHz, DMSQds) U 18 1. 8, 1441151%42.98 140.81 540.6, 137.1, 131.5,
127.6, 127.6, 124.4, BN, 122.2, 120.9, 114.2, 26.7

HRESIMS: m/z [M + H]" calculated for €&H13N20 261.1029: found 261.1215

FT-IR (ATR, cnm?): 3115, 1682
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(2E)-7-methyl-2-(3-pyridylme thylene)-1,4-dihydrocyclopentalblindol -3-one (4.33)

Yield: 80% aslight yellowpowder Mp 262265 °C

'H NMR (400 MHz, DMSQds) U  brls.N&H}, 8.93 (d,J = 1.6Hz, 1H), 8.59 (ddJ = 4.9,
1.3Hz, 1H), 8.17 (dt) = 8.1, 1.7THz, 1H), 7.56 7.49 (m, 2H), 7.41 7.34(m, 2H), 7.22 (ddJ =
8.4, 1.0Hz, 1H), 4.04 (s, 2H), 2.40 (s, 3H).

13C NMR (100 MHz,DMSQds) U4 181. 7, 151. 7, 150. 0, 143.

129.6, 129.5, 127,424.4123.2, 121.4, 113.9, 26.7 21.5
HRESIMS: m/z [M + H]" calculated for @H1sN2O 275.1186: found 275.1184
FT-IR (ATR, cm%): 3042, 1682

(2E)-2-(3-pyridylmethylene)-7-(trifluor omethyl)-1,4-dihydrocyclopentalblindol-3-one
(4.3%)

Yield: 94% asblack powder Mp >310 °C

IH NMR (400 MHz, DMSQOds) U  8J.=9.2Hz,(1H), 8.60 (ddJ = 4.8, 1.0Hz, 1H), 8.23 (s,
1H), 8.16 (dtJ = 8.0, 1.6Hz, 1H),7.681 7.60(m, 2H), 7.53 (dd) = 8.1, 4.9Hz, 1H), 7.43 (s,
1H), 4.12 (s, 2H)

3C NMR (100 MHz,DMSQGds) U 182. 1, 151. 8, 150. 3, 145.

128.4,126.9, 124.4, 123.3,22, 121.7, 120.2, 115.2, 26.8
HRESIMS: m/z [M + H]" calculated for @H12FsN20 329.0903: found 329.1095
FT-IR (ATR, cm?): 312Q 1685
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(2E)-7-methoxy-2-(3-pyridylme thylene)-1,4-dihydrocyclopentalblindol -3-one (4.33d)

Yield: 50% asdark grey powderMp 255258 °C

IH NMR (400 MHz, DMSQds) U 1 1-HB®93 (dd5 1.6Nz, 1H), 8.59 (dd)=4.8, 1.1
Hz, 1H), 8.17 (dtJ = 8.0, 17 Hz, 1H), 7.52 (ddJ = 8.1, 48 Hz, 1H), 7.4Q 7.35(m, 2H), 7.24
(d,J=2.3 Hz, 1H), 7.04 (ddl = 9.0, 2.5Hz, 1H), 4.05 (s, 2H), 3.80 (s, 3H)

13C NMR (100 MHz,DMSQds) U4 181. 6, 154. 4, 139.8 1385,137105 0 .

131.5, 127.4, 124,423.2, 19.1, 115.0,102.2, 55.8, 26.8
HRESIMS: m/z [M + H]" calculated for @H1sN202 291.1135: found 291.1107
FT-IR (ATR, cm%): 3047, 1685

(2E)-6, 7--dioxolo-2-(3-pyridylmethylene)-1,4-dihydrocyclopentalbjindol -3-one (4.33%)

Yield: 47% as dark greepowder Mp >310 °C

IH NMR (400 MHz, DMSQds) U 1 1-HB&90 (dd5 1.6Mz, 1H), 8.57 (dd] = 4.8, 1.2
Hz, 1H), 813 (dt,J = 8.08, 1.68 Hz, 1H), 7.587.47(m, 1H), 7.32 (s, 1H), 7.18 (s, 1H), 6.91 (s,
1H), 6.06 (s, 2H), 3.97 (s, 2H)

13C NMR (100 MHz,DMSQds) 4 180. 0, 151. 6, 149. 8, 149.

136.9, 131.6, 129.4, 126.6, 124.4, 117.0, 101.7, 28.3,
HRESIMS: m/z [M + H]" calculated for @H13N203 305.0927: found 305.0862
FT-IR (ATR, cnm'): 3162, 166G
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(2E)-7-fluoro-2-(3-pyridylmethylene)-1,4-dihydrocyclopentablindol-3-one (4.33)

Yield: 76% asgreensh yellowpowder Mp 305308 °C

The H and 13C NMR data were recorded for the hydrochloride salt of 4.38

IH NMR (400 MHz, DMSGd6) 12.18 (s, NH), 9.19 (s, 18, 8.86 (d,J = 5.3Hz, 1H), 8.76 (d,
J=8.2Hz, 1H) 8.05 (ddJ = 8.4, 5.5Hz, 1H), 7.561 7.47(m, 3H), 7.26 (td,J = 9.3, 2.5Hz, 1H)
4.09 (s, 2H)

13C NMR (100 MHz,DMSGd6) U0 181. 3, 158. 8, 156. 5, 145.

134.2,127.2,125.3, 122.8, 116.8, 115.7, 106.6, 26.5
HRESIMS: m/z [M + H]* calculated for €&H12FN2O 279.0935: found 279.0960
FT-IR (ATR, cm%): 3060, 1678

(2E)-7-chloro-2-(3-pyridylmethylene)-1,4-dihydrocyclopentalbjindol-3-one (4.33)

Yield: 90% asdark greypowder Mp 307310 °C

The 'H and 3C NMR data were recorded for the hydrochloride salt of 4.38

IH NMR (400 MHz, DMSQds) 12.30 (s, NH), 9.19 (s, 1H), 8.86 (dl = 5.4Hz, 1H), 8.74 (d,
J=8.3 Hz, 1H), 8.05 (dd] = 8.6, 5.5 Hz, 1H), 7.84 (d,= 1.5Hz, 1H), 7.54 7.47(m, 2H), 7.38
(dd,J = 88, 2.0Hz, 1H), 4.11 (s, 2H)

13C NMR (100 MHz,DMSQds) U 181 . 4, 145. 2, 144. 8, 144.

127.8,127.1, 125, 123.7, 121.3, 116.0, 26.5
HRESIMS: m/z [M + H]" calculated for &H12CIN20O 295.0640: foun@95.0593
FT-IR (ATR, cmi®): 3044, 1683

Page]| 128



(2E)-5-bromo-2-(3-pyridylmethylene)-1,4-dihydrocyclopentalbjindol -3-one (4.33)

Yield: 87% asdark brownpowder Mp >310 °C

The H and 13C NMR data were recorded for the hydrochloride salt of 4.38

IH NMR (400 MHz, DMSQds) 12.29 (s, NH), 9.17 (s, 1H), 8.83 (dl = 5.2Hz, 1H), 8.70 (d,
J=8.2 Hz, 1H), 7.98 (dd] = 8.0, 5.4Hz, 1H), 7.82 (dJ = 7.9Hz, 1H), 7.64 (d) = 7.6Hz, 1H),
7.53 (s, 1H), 7.14 (1 = 79 Hz, 1H) 4.16 (s, 2H)

13C NMR (100 MHz, DMSQds) 181.4, 145.8, 144.8, 144.2, 143.2, 142.4, 141.7, 14133813
130.3, 126.8, 125.9, 124.622.4, 121.7, 106.4, 26.6

HRESIMS: m/z [M + H]" calculated for €&H12BrN2O 339.0134: found 339.0176

FT-IR (ATR, cn}): 3071, 1694

(2E)-7-bromo-2-(3-pyridylmethylene)-1,4-dihydrocyclopentalblindol-3-one (4.33).

Yield: 78% asblack powder Mp 300-305 °C

The 'H and 3C NMR data were recorded for the hydrochloride salt of 4.3B

IH NMR (400 MHz, DMSQOds) U 1 2-HR B17 (s,s1H), 884 (d = 4.3Hz, 1H), 8.71 4,
J=6.9 Hz, 1B, 8.067 7.96(m, 2H), 7.55i 7.42(m, 3H), 4.11 (s, 2H)

13C NMR (100 MHz,DMSQds) U 181 . 4, 145. 3, 145. 1, 143.

130.2, 126.9,35.7, 124.5, 116.4, 113.4, 26.5
HRESIMS: m/z [M + H]* calculated for @H12BrN20O 339.0134: found 339.0176
FT-IR (ATR, cntl): 3040, 1685
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(2E)-5-bromo-7-methyl-2-(3-pyridylmethylene)-1,4-dihydrocyclopentalbjindol -3-one (4.33)

Yield: 84% asbrownish greypowder Mp 305308 °C

The 'H NMR data wasrecorded for the hydrochloride salt of 4.33

IH NMR (400 MHz, DMSQds) U 1 RI-H)] B14 (s,s1H), 8.81 (s, 1H), 8.54 (k= 8.1Hz,
1H), 7.85 (s, 1H), 7.58 (s, 1H), 7.5128]), 4.11 (s, 2H), 2.42 (s, 3H)

We were unable to record th¥& chemical shifts due to weakC, HSQC and HMBC NMR that
resulted from poosolubility in NMR solvents.

HRESIMS: m/z [M + H]" calculated for @H14BrN2O 355.0270: found 355.0230

FT-IR (ATR, cni): 2895, 1695

(2E)-7-bromo-5-chloro-2-(3-pyridylme thylene)-1,4-dihydrocyclopenta[b]indol -3-one (4.3%)

Yield: 82% as dark yellovpowder Mp >310 °C.

The 'H NMR data was recorded for the hydrochloride salt of 4.38

'H NMR (400 MHz, DMSQds) 12.68(s, NH), 9.18(s, 1H),8.891 8.84 (m, 1H)8.761 8.72
(m, 1H), 8.077 8.02(m, 2H), 7.71 ¢,J = 1.7 Hz,1H), 7.57 §,1H), 4.15 (s2H)

We were unable to record th¥& chemical shifts due to wedkC, HSQC and HMBC NMR that
resulted from poor solubility in NMR solvents.

HRESIMS: m/z [M + H]" calculated for @&H1:CIBrN2O 374.9724 found 374.9755

FT-IR (ATR, cn?): 2951, 1686
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(2E)-7-benzyloxy-2-(3-pyridylmethylene)-1,4-dihydrocyclopentalbjindol -3-one (4.33).

Yield: 64% as dark greepowder Mp 255259 °C

IH NMR (400 MHz, DMSQds) U  bris.N&5 8.94 (dJ = 1.7Hz, 1H), 8.59 (dd) = 4.9,

1.3Hz, 1H), 8.17 (dJ = 8.1Hz, 1H), 7.55 7.45 (m, 5H), 7.44 7.30 (m, 4H), 7.13 (dd] = 9.0,

2.4Hz, 1H), 5.14 (s, 2H), 4.05,(&H)

13C NMR (100 MHz,DMSOGd¢) 4 181.6, 153.5, 151.8, 150. 0,
131.5, 128.9, 128.2, 128.127.5, 124.4, 123.2, 119.5, 115.1, 103.81709.1, 26.8

HRESIMS: m/z [M + H]" calculated for @H19N20O, 367.1448: found 367.1400

FT-IR (ATR, cnm?): 3174, 1665

4.4.5 Biological assay

4.4 51 Cell cultures

HeLa(ATCC CCL-2) and MDA-MB-231(ATCCHTB-26)c el I | i nes were cul tu
Modified Eagle Medium (DMEM) containing 10% (v/v) foetal bovine serum (FBS), 1 mM L
glutamine, 100 U/mL penicillin, 100 eg/ mL str

PSA). The LC70(ATCC CRL-2315)cell line was cultured in RPML640 containing 10% (v/v)
FBS, 1 mM Lglutamine, 1% (v/v) PSA and 0.2% (v/v) sodium bicarbonate. NIG#--12A
(ATCC CRL-10782)cell line was maintained in DMEM/E2 (Ham) (1:1), 10% (v/v) FBS, 1%
(viv) PSA 20 ng/ml human epidermal growth factor, 0.3 U insulin, 100 ng/ml cholera toxin and

500 ng/ml hydrocortisone. All cell lines were maintained at 37°C in 9% CO

4.4.52 Antiproliferative assay

See section 3.4.5.2
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4.4.6 Molecular docking

A computerassisted docking was conducteging the tubulin crystal structure (PDB ID: 1SA0
(Ravelli et al, 2004) retrieved online from the RCSB Protein Data Bank

(https://www.rcsb.org/structure/AISAR Docking simulations wereconductedusing Molecular

Operating Environment (MOBpftware version 2015.10. Pritar docking of the test compounds,

the receptor protein was checked for missing atoms, hydrogen and partial charges. These were
added byprotonaing 3D application in MOEpH was adjusted 0.4 while other parameters were

kept at default. The eorystallized ligand2-mercapten-[1,2,3,10tetramethoxy9-o0x0-5,6,7,9
tetrahydrebenzo[a]heptaleii-ylJacetamidewas identified in the protein ceptor (PDB ID:

1SA0) and redocked with refinement set to induced fit. This was done to determine the accuracy
of the docking protocol, the besinked RMSD value was 1.1 from the positionof the co
crystallized ligand was selected. Generg®WSD valies smaller than 2.0 Adicates that the

docking protocol is capable of accurately predicting the binding orientation ob-trgstallized

ligand. Hence, the protocols were consideseitiable for the docking of inhibitors into the aetiv

site model of wbulin. Ligands (compounds) were constructed using BIOVIA Draw 2017 R2
academicersions of t war e, saved as fimol filed. The | i ga

and energy minimized using the MMFF94 force field and set up to run in induced fit reflnemen
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Chapter 5

Synthesis and antiproliferative activity d
prenylated diketopiperazine,barbituric acid
and purine derivatives asanalogues of

sargaquinoic acid and potential Hsp90

Inhibitors
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51 Introduction

Natural products have been significant in the discovery of chemotherapeutic agents, not only have
they served as drugs balso as leads in the development of more effective-sgnihetic or
synthetic anticancer drugs (Newman et al., 203 & Satyalakshmi, 2012). Usually, structural
optimization of natural leads is achieved from the knowledge of the straattivéty relaionships
obtained through the synthesis of improved derivatives or analogues (Das & SatyalakR&@mi,
Hsp90 became a promising target for anticancer drug development following the discovery of
binding interactions of geldanamycin and novobiocin tdi&@90 compleXWhitesell et al.1994

Marcu et al.200(a; Marcuet al., 2000h Despite the fact that these compounds were not suitable
for clinical use(Supko et al 1995; Burlison et al., 2006), their novel mechani$mction created

a newavenue for researchers to explore. In addition, they continue to inspire the design and
synthesis ofnticancer drug candidates thatve the potential for clinical evaluation.

Sargaquinoic acid (SQA) is a tetraprenylated toluquinone natural product, originally isolated from
a brown seaweeflargassunserratifoliumby Kusumi and colleagues (1979). Subsequently, it has
been reported in otheBargassim species includingS. thunberg (Seo et al., 2004) an8.
sagamianunChoi, et al., 2007)Also, SQA has been isolated from terrestrial plants used in herbal
remedies such as fruits ¢fyanthera juruensigSilva et al., 2001)and seeds ofPycnanthus
angolensigSimon et al., 2008). Organic extracts from organisms producing SQA and derivatives
have also been reported to show a range of biological activ@itest(al., 2016Lim et al., 2019).

SQA as a single entity has demonstrated neuroproteclisang & Kameé 2004), and potent
butyrylcholinesterasmhibition of 26 nM with good selectivity, thus making it a promising drug
candidate foAl z h e i me r(@hei, etdal., 83007. S@A is also well known for its antioxidant
properties (Ham et al., 2010), and several reports have shown #Haflamimatory properties
(Kang et al.,2013 Joung et al., 2015; Gwon et al., 200 et al., 2016)Furthermore, SQA
displayed weak cytotoxicity and induced apoptosis in human keratincefjagldur et al., 2008)

and was also reported to exhibit sometamburactivity (Reddy & Urban2009)

During the screening of the South African marine algae for bioactive compadiiiotlsyan and
colleagues (2008) isolated SQA along with other compounds from an endemic South African
seaweedargassunmeterophyllumrhis compound was reported to exhibit weak antiplasmodial
activity (Afolayan et al., 2008)De la Mae andcolleagus (2012) showethat SQAexhibited

weak cytotoxicity against MDAB-231 and MCF7 cells, and the mechanism of action against
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MDA-MB-231 cells was demonstrated to be through the induction of apoptosis. This process was

further confirmed by assessnieof the degreef expression of thantirapoptotic proteirBcl-2

and areduction in the amount of this regulatory protein was recomdieth(Mae et al., 2012).

5.1.1 Interaction of sargaquinoic acid with Hsp90

Moyo (2013) explored the interaction ®QA with Hsp90 and showed that its modulation patterns
are more related to novobiocin and that it could disrupt the Hbsj@Ointeraction. Adose
dependent reduction in the amount opBIB associating with Hop is observed for SQA in a way
similar to novobocin. On the other hand, geldanamydid not affectHsp90Hop interaction as
the level of Hsp90 remains constant despiteeasing theancentrations of geldanamycinigkre

5.1) (Moyo, 2013).

Figure 5.1

GA(EM) Protein+beads Protein input
DMSO 001 0.1 1 Hop Hsp90 Hop Hsp90
— — — : s [Hsp90p
GA — — H
0
. o P
NOV (uM) Proteintbeads Protein input
DMSO 001 01 1 Hop Hsp90 Hop Hsp90
[ — — 150908

NOV

Data showing theesults of a putdown assay testing the interaction between

Hsp90 and HogMoyo, 2013)

Page|139



5.12 Aim of this study

Sargaquinoic acid didat display significant cytotoxiproperties however, the overview above
revealed its ability to inhibit the function of Hsp90 and thus provided a reason to explore its
synthetic analoguedt was anticipated thadliketopiperazine, barbituric acid anldeophylline
scaffoldswill offer a new dimensin towardgpotentialy improving the antiproliferative properties

of SQA analogues while maintaining theiteraction withHsp90.

Hence, the aim of this study is to design agdthesizea series of SQAnalogus based on the
threescaffolds ad to evaluge their antiproliferative activitieand ability to inhibit the function of
Hsp90.

5.2 Results and discussion

5.2.1 Rationale for the synthesisof diketopiperazine, barbituric acid and theophylline

derivatives

In medicinal chemistry, the quinone scaff@dd/ery common in nature with a range of biological
activities El-Najjaret al., 2011). However, it has also been identified panassay interference
compound(PAINS) (Bisson et al., 2016) due to its ability to actadslichael acceptors and its
redox activity Bolton & Dunlap, 2017). These mechanisms may lead to cellular damage due to
the alkylation of important biomolecules or production reactive oxygen spBaksr( & Dunlap,
2017).

4

| N
O O (0] (0]
/U\N)W H\NW ~N | N;M
K[(N\H Oyl\l\ll (¢} O)\lil {
H

N

0]

Figure 5.2  The design of sargaquinoic acid analogues
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Therefore, we considered replacing the quinone moiety in SQAdWgtopiperazingbarbiturate
and theophyllinescaffolds assosteres of the quinone groupgiire 5.2)while shortening the
prenyl chainShortening the chain was considebetause it is more accessible compared to SQA
that contains a carboxyl group on its chamaddition,the prenyl dain present imovobiocin
(2.32 and its derivative DHNZ.35) is necessary for the activifBurlison et al., 2006)We also
investigatedreplacing the prenyl side chaimgth selectedaromatic moieties to examirtaer

biological activities.

5.2.2 Synthesis of diketopiperazine, barbituric acid and theophyllineanalogues

The synthes of the diketopiperazine derivativéScheme 5.1ytarted with acetylation of the
commercially available glycinanhydride $.1) with acetic anhydride undeeflux to oltain 1,4
diacetylpiperazine,5-dione 6.2) in excellentyield (Sasikumaret al., 2016) This was followed
by condensatiof substituted aldehydds3(a-f) with 5.2 at ambienttemperature, under basic
conditions toafford the produat5.4(a-f) (Liao etal., 2014. The mechanism of reaction is a
standard aldol condensatibnt with aloss of an acetyl group, thgeeneral mechanism has been
discussed in chapter #he compound were obtained in yields rangirigpm 6697 % except for
5.4eand5.4f with 18 and 37% vyield respectively.
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Scheme 5.1 Synthesis of dacetyt3-arylidenepiperazine2,5-dione derivatives

The condensation of barbituric acid with substituted aldeh{&ldseme 5.2)vas also achieved in

a onestep reaction\(ieira et al.,2011)with yields between 8@nd 99%.
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Scheme 5.2 Synthesis of barbituric acid derivativeia Knoevenagel condensation

The synthesis aheoplylline derivatives was achieved by a nucleophilic substitution reaction of

allyl halides with theophylline in the presence of00zin dry DMF (Scheme 5.3]Bertrand et

al., 2014).The products were obtained by precipitatiormoderate .9 and5.9d) to excelént

(5.9a and5.9c) yields. Wherenecessarycompoundswvere purified by column chromatography

usingEtOAd hexaneas mobile phase
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Schemeb.3  Synthesis of prenylated thegplme derivatives

5.2.3 Physical properties of the synthesized SQAnalogues

In the assessment of the physical properties of the synthesized comgdabts 5.1) no
particular trend was expected in the melting points fordiketopiperazine derivatives.4(a-f)

and the barbiturates.6(a-f). Althoughthe barbiturates showed a higher melting point compared

to thediketopiperazine derivativedn cortrast, the theophylline serié&s9(a-d) demonstrated a
consistent increase in melting points with an increase in the length of the prenyl chain. Compound
5.9d displayed the lowest melting point ranged8f50 °C, thus accounts for its waxy property at

ambienttemperature (28C).
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Table 5.1

Physicalpropertiesof thesynthesizd compounds

O O O ]
/U\NJ\/\R H\N)Y\R \N)ﬁIN;\R
I\n/N‘H o)\w o o )\N N/
o} H I
54 5.6 5.9

Compounds R Appearance Melting Point(°C) Yield (%)
5.4a CeHs Light yellow powder 195198 97
5.4 CeH2(OCHg)s Yellow powder 144148 66
5.4c CsHuN Light yellow powder 193196 71
5.4 CgHsN Yellow powder 246250 69
5.4e CoHs02 Dark yellowpowder 204207 18
5.4f CoHis Light yellow powder 127-131 37
5.6a CsHs White powder 263-266 92
5.8 CeH2(OCHg)3 Yellow powder 274276 99
5.6c CsHuN Off white powder 282286 87
5.6d CsHeN Yellow powder >310 42
5.6e CoHs02 Light yellow powder 278281 88
5.6f CoHis Light yellow powder 164168 90
5.% CeHs Fine whiteneedles 159160 95
5.% C4H7 white crystalline solid 131-133 55
5. CoHis Off white crystalline solid 92-96 98
5.od CiaH24 Light yellow waxy solid 48-50 60

5.2.4 Spectroscopic analysis of the compoursd

Thesynthesizd compounds were all characterizedNiMR, IR and mass spectrometric analysis

A representative compound from each ofstheeries was selected for a shepectroscopic

discussion.
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o 5.4c

Compoundb.4c wasobtained as Aght yellowpowderand a protonated HESIMS ion peak was
recorded ain/z 246.0901consistent with amolecular formulaof Ci2H12N30s. The *H NMR
spectrum (fgure 5.3 displayed eight distinct signals, @t 10.6(s, N-H), 3-pyridyl protons atiy
8.7 (d,1H,J = 2.0Hz), 8.5 (dd,1H,J= 4.8, 1.4Hz), 8.0 (dt,1H, J= 8.0, 1.6Hz), 7.4 (dd,1H,J=
7.9, 4.8Hz), a methine afii 6.9 (s, 1H)methylene afiy 4.4 (s, 2H) and a methyl &t 2.5 (s, 3H)

8 ‘ H-6 I

10 \ DMSO
© H,0 [

| 2.5006—

‘ . : . . . . : . . .
8 6 4 2 [ppm]

e .
SENNE NN S S

Figure 5.3 1H NMR spectrum of compounl4c (400 MHz, DMSGds).

Thel3C NMR spectrum (igure 5.4 showed the expected twelve carbon signals, including signals
atlc 172.3(C-14),164.7(C-2) and161.7 (C5) due to the carbonyl resonances. phesence of

the carbonyl groupvas confirmed by the presence of the infeal band afl688 cm'. The sp
methylene and methyl signals resonatetcat6.2 (G5) and27.2(C-15) respectively, while the

remaining seven carbons signals were within the aromatic region.
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Figure 5.4  3C NMR spectrum of compourfi4c (100 MHz, DMSGds).
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Figure 5.5 HSQCNMR spectrum of compoungi4c (400 MHz, DMSQds).
Figure 5.6 COSY and HMBC correlations of compoubdic.
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In the COSY spectrum,Hi2 resonating aiy 7.45 shows correlations to-HL and H13 atin 8.50

and 7.97 respectivelfFigure 5.6) Similarly, H13 atty 7.97 displayed correlations tc$and H

11 atli4 8.73 and 8.50 respectively. COSY correlations were also observed betwesttih6.94

and NH4 atuy 10.63. The HMBC correlations fromzH atli 4.37 to carbon resonanceslat
172.3, 164.7 and61.7confirmed the position of the carbonyl groups. The assignment of these
functionalities were achieved with these proton correlations to carbb; &t 2.51to C-14 at

Uc 172.3, H7 atUn 6.94to C-2 atlic 164.7 and NH4 atlin 10.63 to G5 atlic 161.7.The HBMC
correlation from protons 19 and H12 resonating ai+ 8.73 and 7.45 respectively confirmed the
assignment of the quaternary carbo @t Uc 129.8.Although a weak HMBC correlation was
observed from NH! atiy 10.63 to G3 atiic 129.1, this asignment was justified as it wime only

unassigned resonanBable 5.2)
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Figure 5.7 1D selective NOESY NMR spectrum of compoundc.
The 1D selective NOESY NMRpectrum presented ingdre 5.7established NOE correlations

from H-7 to H9 and H13 confirming their closeness in space. Correction tedNias not visible

and therefore confirms that this compound hzggaometry.

Page]| 148



Table 5.2  NMR data for compoun8.4c (400 MHz for'H and 100 MHz fot3C, DMSO-ds).

O O
/[k 1 7 13
15714 N™2 7 57 | 12
6 54N\H 9NN 11
9] 10
Position | Uc Un (mult., J, Hz) COSY HMBC
N-1 - -
2 164.7 -
3 129.1 -
NH-4 - 10.63 (s1H) H-7 C-3,C-5, G6
5 161.7 -
6 46.2 4.37 (s2H) - C-14, G5, G2
7 115.5 6.94 (s,1H) NH-4 C-2,G9,C-13
8 129.8 -
9 150.8 8.73 (d,J=2.0 1H) - C-11, G13,CG8, G7
N-10 - -
11 149.3 8.50 (ddJ = 4.8, 1.41H) - C9, G12, G13
12 124.1 7.45 (ddJ=7.9, 4.81H) H-11, H13 C-11,G8
13 136.8 7.97 (dt,J=8.0, 1.6 1H) H-9, H-11 C9, G111, G7
14 172.3 -
15 27.2 2.51 (s,2H) - C-14

The characteristitH NMR chemical shifts and carbon resonances were consistent featietyt
3-ethylidenepiperazine2,5-dioneof this series of compounds. Even though different deuterated
solvents were used, the proton chemical $biftH-15 ranged withiniy 2.737 2.50,(H-6) Uh4.51

i 4.44 and NH4 Un 12.081 8.00 while thefunctionalities were the three most downfield signals
in the 3C-NMR spectrum. Also, these features were in agreement with ther@ufrdata within

the range of 16951674cm™ while the NH ranges between 3292916cm.

Compound5.6e was obtained as a light yellopowder and theHR-ESIMS data showe@
protonatednolecularion peak am/z285.0476M + H]" and established molecular formulaof
C14H9N2Os (calculated for285.0513. The 'H NMR spectrum (Fure 5.8) showed the two
distinctiveamine signalsit i 11.46 (s, NH1) and 1..36 (s, NH3), (IR band at 337&¢m?). This
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was followed by the deshielded methinaia®.72 (d,1H, J = 0.9) H17, an olefinic signal a4
8.43 (s,1H) H-7 and finally are the four aromatic signalsiat8.14 (dd,1H, J = 8.0, 1.5)H-11,
7.89 (td,1H,J=7.9 1.7 H-13, 7.76 (d,1H, J = 8.3)H-14, 7.58 (td,1H, J = 7.6, 1.0 H-12
displaying clear multiplicities.
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N
O)\N3 oo N 13 [ o

DMSO

' j A 5
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10 g 6 4 2 [ppm]

Figure 5.8 1H NMR spectrum of compourtiée (400 MHz, DMSGds).

As expected thé3C NMR spectrum (fure 5.9) revealed the four functionalities resonating
downfield atlic 175.2(C-9), 163.6(C-6), 163.4(C-4) and162.8(C-2) andinfra-red band at 1684
cm! confirmed these functionalitiealthough the unsaturatedCand G17 atlic 144.8and150.6
respectively are both carrying an olefinic protonlTrecorded a higher resonance due to the

electronegative effect of oxygen-{I®) directly bonded it.
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Figure 5.9  3C NMR spectrum of compourisi6e (100 MHz, DMSGds).
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Figure 5.10 HSQC NMR spectrum of compoun8.6e (400 MHz, DMSQds) showing the

aromatic region
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Figure 5.11 COSY and HMBC correlations of compoubdbe.

In the COSY datalH i 'H correlations were established between the aromatic signals &8
(td,J= 7.6, 1.0H- 12), 8.14 (ddJ = 8.0, 1.5H-11), 7.89 (td,J = 7.9 1.7,H-13)and7.76 (d,J =
8.3,H-14) (Figure 5.11) COSY correlation was also observed between &hd H17 signals at
Un 8.43 (s) an®.72 (d,J = 0.9 respectively. HMBC correlations from proton signals af ,H+
11 and H17 confirmed the assignment3resonating alc 175.2,while the other functionalities
atlc 163.4(C-4) and162.8(C-2) were confirmed by correlations fromHand NH3 respectively
(Table 5.3)
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Table 5.3  NMR data for compoun8.6e (400 MHz for'H and 100 MHz fot3C, DMSO-ds).

H\l{l A
U
Position | Uc Uy (mult., J, Hz) COosYy HMBC
NH-1 - 11.46 (s1H) - C5
2 162.8
NH-1 - 11.36 (s1H) - C-2,C5
4 163.4
5 120.1
6 163.6
7 144.8 8.43 (s,1H) H-17 C-4,C-5,C-8,C-9
8 117.7
9 175.2
10 123.5
11 126.1 8.14 (ddJ = 8.0, 1.51H) H-12 C-9,C-13,C-15
12 127.1 7.58 (td,J=7.6, 1.0,1H) H-11, H13, H14 | C-10,C-11,C-13,C-14,C-15
13 135.6 7.89 (td,J=7.9, 1.71H) H-11 11, 15
14 119.3 7.76 (d,J=8.3,1H) H-13 C-9,C-10,C-12,C-15
15 155.8
O-16
17 150.6 9.72 (d,J=0.85,1H) H-7 C-7,C-8,C-9,C-15,

In general, the characteristfeatures of the barbituratés6(@-f) were consistent. The proton
signals for NH1 and NH3 ranged betweeiy 11.407 11.09 while the carbonyl resonances were
within Uc 167.17 150.8. These were consistent with the infrd data which were 33713207
cmt for the amine and 17521718 cmtfor thecarbonylfunctionalities. Although the NH signals
were not visible in theH NMR data for compounds.8¢ the HRESIMS data displayed a
protonated molecular ion peai/z of 218.0536 calculated forCio0HsN3Os, thus confirmed the

compound
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Compound5.9d was obtained as a light yellow waxy solldR-ESIMS presentedh protonated
molecular ion peak ah/z385.2635M+H]* which is in agreement with a molecular formula of
C22H33N4O, (calculated for385.2606. The *H NMR spectrum (FBure 5.12) exhibited the
characteristic olefinic, methylene and methyl resonances of a prenyl system. The most downfield
signal attin 7.52 (s,H-8) is due to the deshielding effect of nitrogen groups at positions 7 and 9,
followed by olefinic proton atih 5.42(t, H-11). The remaining two olefinic protonstb andH-

19 appeared to overlap aresonated aif+ 5.05. The methylene; 13, H-14, H-17 and H-18
appeared in a cluster upfield while>-H0 at U4 4.91(d) was more downfield field due to
electronegative effect of M. Also prominent are thg,3-dimethyl signals atiy 3.56 (s,Hz-26)

anduy 3.39 (sHs-25) while H-24 and H-23 resonated &t 1.77(s) and..66(s) respectively. The
two-terminal methyl signalsf the prenyl chain (k21 and H-22) appeared as a singlelatl.56

and integrated to approximately six protons but the intensity of this peak is about the same level

as H-25 and H-26 which was expected to almost double.

24 23 22 H-26
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Figure 5.12 1H NMR spectrum of compounl9d (400 MHz,CDCls).
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The®*C NMR spectrum (fgure5.13 presented all the anticipated signals, the two functionalities
were visible afic 155.3 (G6) and151.7(C-2). In confirmation of that is the Infreed band at695
cml. The methyl and methylene3dpybridized carbon moieties were all evident upfield ranging
betweertic 45.01 16.0 while the sphybridized carbons were all downfield.
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Figure 5.13 3C NMR spectrum of compourl9d (100 MHz, CDCls).
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Figure 5.14 HSQCNMR spectrum of compounslad (400 MHz,CDClz) showing some of the

1H 1 13C correlations.
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Figure 5.15 COSY and HMBC correlations of compoubcd.

The COSY NMR experiment showed correlations betweeh(Hattn 4.91 (d,J = 7.2 to protons
resonating aiin 7.52 (s, H8),5.42 (t,J = 7.2 H-11) and 1.77(313-24). The overlapping signals

at U+ (5.05 m) assigned H5 and H19 correlated to protons @t 1.65 (s,H3-23) andin 1.56(s,
Hs-21, and H-22). The HMBC correlations from-8 atly 7.52 to G10 atilic 44.5and H10 atln

to G5 atilc 107.0 confirmed the attachment of the prenyl chain to the purine ring. HMBC
correlation from H-25 atlny 3.39confirmed the assignment of the83:arbonyl group aic 155.3
while Hs-26 atti 3.56confirmed the second carbonyl groug2@tic 151.7
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Table 5.4  NMR data for compoun8.9d (400 MHz for'H and 100 MHz fot3C, CDCEB).
24 23
o O ;10 o 18
SNe~S-N 21
)& 4l N/>8
07N Y
26
Position | Uc Un (mult., J, Hz) COSsY HMBC
N-1 - - - -
2 151.7 | - - -
N-3 - - - -
4 1488 | - - -
5 107.0 |- - -
6 155.3 | - - -
N-7 - - - -
8 140.2 | 7.52 (s, 1H) H-10 C-4, G5, G6, G10
N-9 - - - -
10 445 4.91(dJ=7.2 2H) H-8, H11, H24 | C-5, G8, G11, G12
11 1174 | 5.42 (tJ=7.2, 1H) H-10, H-24 C-10, G13, G24
12 1433 | - - -
13 39.4 2.11 (m,2H) - C-11, G12, G14, G24
14 26.1 2.11 (m,2H) C-13, G15, G17
15 124.2 | 5.05 (m,1H) H-23 C-14, G17
16 1314 |- - -
17 39.7 1.94 (m,2H) - C-15, G18, G20
18 26.7 2.01 (m,2H) H-23 C-15, G16, G17, G20
19 123.3 | 5.05 (m,1H) H-21, H-22 C-20, G21
20 1358 | - - -
21 16.0 1.56(s, 3H) - C-19, G20
22 17.7 1.56 (s,3H) - C-19,G 20
23 25.7 1.66(s, 3H) H-15, H18 C-15, G16, G17
24 16.5 1.77 (s3H) H-10 C-11, G12, G13
25 28.0 3.39 (s,3H) - C-2,G6
26 29.7 3.56 (s,3H) - C2C4
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Although the tweterminal methyl groups at positions 21 and 22 appeared to be in the same
chemical environment from the proton data (Figbire?, the HSQC and HMBC data suggest
otherwise. The HSQC data (Figusel4) displayed'H i 13C correlations froniiy 1.56 tolic 16.0
and17.7. Similarly, HMBC correlations were observed frorlH atin 5.05 to these two carbon

resonances (Table 5.4).

5.2.5 Biological evaluation
5.2.5.1In vitro antiproliferative studies

The synthesizd compounds werevaluated for activity against HCC70 breast cancer cells at a
single point concentration of 25 M The theophylline seriégs9(@-d) (Table 5.5) appeared to have
the highest activity followed by the diketopiperazines sesidg-f), although the best actiy

was recorded fogeranyl diketopiperazing.4f. Comparing the diketopiperazingsi(a-f) and the
barbituratess.6(@-f) since both series had the same substitutions on their scddféridylidene
diketopiperazines.4a and geranyl diketopiperazing.4f displayed notably better activity over
benzylidenébarbituricacid5.6a andgeranylbarbituricacid5.6f respectively.
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Table 5.5

viabi | i tsythesizd lcanpandse

Percentage cell
against HCC70 cancer cells
0 O 0
seallib ol et
H(Nm O)\“.‘ 5 A

o) H |

5.4 5.6 5.9

Compounds R % Viability at 25(c NP

5.4a CeHs 43.91 + 0.87
5.4b CeH2(OCHs)s 90.55 + 4.87
5.4c CsHaN 83.28 + 4.53
5.4d CsHsN 98.66 + 1.34
5.4e CoHs0> 97.70+2.41
5.4 CoHis 37.28+0.9
5.6a CeHs 93.47 + 6.84
5.60 CeH2(OCHa)s 75.57 £5.76
5.6c CsHaN 96.79 + 4.09
5.6d CsHeN 66.51 + 0.75
5.6e CoHsO» 88.15 + 2.49
5.6f CoHis 72.94 +1.30
5.9 CeHs 46.65 + 1.58
5.% C4H7 81.87 +4.27
5.9 CoHis 64.78 + 1.03
5.9d CiaH24 43.82+1.9

a Cell viability relative to DMSO (%) + standard error against HCCéls. The compounds selected for further

studies were highlighted.

To determine the 1§ values, compoursb.4f, 5.6f, 5.9a, 5.9b, 5®and5.9d were selected for
furtherbiological evaluation. Even though geranyl barbitagtd 5.6f was not the most active in
its group, it was selected due to its geranyl sidain. The fourpurine denatives were also

selected to examine ttieend n antiproliferativepropertiesandthe effect ofincrease idength of

theprenyl side chain on thigaffold.
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The activity ofthe selecte@ompounds were further investigatagainst three cancer cell lines;
HelLa, MDA-MB-231,HCC70andMCF-12A normal cell§{ Table 5.6). In general, the compounds
were nonrtoxic to normamammary epithelial cellsxcept purine geranglod thatdisplayed weak
antiproliferativeactivity. Comparedo SQA and the positive contrphclitaxel, these compounds
exhibited some discrimitian between normal cells and cancdiscé he praylated compounds
geranyldiketopiperazineé.4f manifested weak antiproliferative activigainst the three cancer
cells while geranyl barbituric ackl6f displayeda weak antiproliferativeactivity aganst HCC70
cells only. The compounds selected from the diketopiperazine derivatives and barbituradés did n
display improved antiproliferative activitpver SQA. Although the prenyl purine5.% was
selective to HelLa cells, dnly displayed weak antiproliferative activityith 1Cso value of 75.1
eM. On the ot her 5% wasbtjustgselactventy HelLapcells bignashowed
goodactivity with an 1Govalue of 6.6 M(Figure 5.16)

Geranyl puriné.9d exhibitedthe most potent activity against HelLa cells, exhibiting apu@lue

of 1l4¢e M and moder at e s(figurernbsl®). Thel G&dEhPllinec derivatives
compound.9c and5.9d showed improvementver SQA in terms o&ntiproliferative activityand
selectivity. In addition, compourtsiSa was nortoxic to all the cell lines and it is the only selected
compound without a prenyl chain. This suggests that the prenyl side chain has scimeneffe
antiproliferative activity Furthernore, an increase in antiproliferative activtyas observed with
an increase in the length of the prenyl chain. In support of bsereation, it was also reported
that the prenyl side chain of derrubof2e36), a natural product natural Hsp90 inhibitor is also

necessary for the activity (Hastings et al., 2008).
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Table 5.6 ICs0 values of the selectembmpounds

O O O 0
geallioolb
Kn/N\H O)\N o O)\N N/
o} H |
54 5.6 5.9
Compounds R Cool & M)
Hela MDA-MB-231 | HCC70 MCF-12A
5.4f CoHis 70.4+ 4.78 71.2+2.81 80.5+£ 2.95 NT
5.6f CoHis NT NT 728 +1.81 NT
5.9 CeHs NT NT NT NT
5% C4H7 75.1+ 9.83 NT NT NT
5.9 CoH1s 6.6+ 1.36 NT NT NT
5. CidHaz4 14+1.32 79.5+ 89.74 42.1+1.11 67.3+2.24
SQA - 27.5+2.14 14,7+ 2.81 NT 32.8+£3.91
Paclitaxel (nM) | - 722+ 1.11 2.2+1.06 34+1.01 6.0+1.16

a|Cso values were indicated as mean * standard efach data represerttzree different experiments performied

triplicate and G values greater tha260¢ M weecoded as nottoxic (NT).
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Hela HCC70
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Figure 5.16 Nonrtlinear regression curves for the antiproliferative activities of compé.e@al

against the cell linesCsovaluesgr e at er t han dedadnodovic wer e recor
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Figure 5.17 Nonrtlinear regression curves for the antiproliferative activities of comp&u@ui

against the cell lines.

5.2.521n silico predictions of the physicochemical and drugikeness properties

The computednolecular properéis of thesynthesizd compound presented in Table 5were
obtained online from the  Molinspiration Cheminformatics server

(http://www.molinspiration.com/cepin/propertied In the evaluation of the predicted pareters,

compounds in both diketopiperazire4 and barbituric acid5.6 series recorded mogP

(octanol/water partition a@fficient) values of <1 which is hydrophilic except for geranyl
diketopiperazin®.4f and geranyl barbituric actl6f that recoded less hydrophilic values of 2.64
and 2.22 respectively. The purine sefe&exhibitedan almost uniform increase in miLogP values
with increase in prenyl chailength showing an increase in lipophilicity, this trend is also

consistent with the 165 values recated against HelLa cells as shown ialdle 5.6. Although the
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values were all within the required linfitmi L o g, B val® o&B7 was obtained fdarnesyl
purine5.9d which is slightly highethan the accepted limit of Bespite the logHmit violation
displayed by5.9d, it was within the acceptable limifor the total numberof violations not
exceeding one according tbipinski's mles of five. This is an indication of goodral
bioavailability (Lipinski et al., 1997 Regarding the topological polar surface area (TPSA) and
other parametensecessary for drug absorptjahe values obtained showed that the compounds

arewithin the recommended lim{fable 5.7)Ertl et al., 2000Verma, 2012)
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Table 5.7 In silico physicochemical properties and d#ikeness of thesynthesizd compounds

O O ) 0O
SIS AN G s
HrN\H O)\’\.‘ o O)\N \
o) H |
54 5.6 59

Compounds R miLogP | TPSA | MW n-ON | n-OHNH | n-violations | n-ROTB | MV

5.4a CeHs 0.95 66.48 | 244.25|5 1 0 1 216.12
5.4b CsH2(OCHg)s | 0.58 94.18 | 334.33| 8 1 0 4 292.75
5.4c CsHaN -0.46 79.37 | 24524 |6 1 0 1 211.96
5.4 CsHeN 0.92 82.27 |283.29|6 2 0 1 245.1
5.4e CoHs0; 0.58 96.69 | 312.28 |7 1 0 1 260.66
5.4f CoH1s 2.64 66.48 | 290.36 | 5 1 0 4 282.83
5.6a CeHs 0.29 82.8 216.2 |5 2 0 1 182.37
5.60 CeH2(OCHgs)3 | -0.08 1105 | 306.27 | 8 2 0 4 259.01
5.6c CsHaN -0.94 95.69 |217.18 |6 2 0 1 178.22
5.6d CsHeN 0.44 98.59 | 255.23|6 3 0 1 211.35
5.6e CoHsO- 0.1 113.01| 284.23 | 7 2 0 1 226.92
5.6f CoHis 2.22 82.8 262.31 | 5 2 0 4 249.09
5.9 CeHs 1.66 61.84 | 270.29 |6 0 0 2 239.28
5.% CiH7 1.74 61.84 |248.29 |6 0 0 2 228.41
5.9 CoHss 3.58 61.84 | 3164 |6 0 0 5 305.99
5.9 CiaH24 5.43 61.84 | 384.52 |6 0 1 8 383.57

aThe parameters were determined using Molinspiration cheminformatics softWhedogarithm of the partition coefficient betweencetanol and water (miLogP
O 5Topological polar surface area (TPSA < 160 Wlolecular weight (MW < 500% The number of hydigen bond acceptors B A O f TheDnymber
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of hydrogen bond donors{4 B D & THe humber of violations (m i o | a t i" Bha sumi@r ol rytatabkonds
(n-ROTB).! Molecular volume (MV).

5.2.5.3Hsp90 docking studies

The molecular dockingstliies were conducted to investigtte binding affinities and interactions

of the selected compounds with thetédminal domain of Hsp90. These sargaquinoic acid
analogues were designed to target tHerginal domainhowever, the crystal structure of the C
terminal domain is currently @vailable in literature because it has not been resolved. Hence, the
N-terminal binding site was selected for this study. Hsp90 geldanamycin binding site co
crystallized with geldanamycin (PDB ID: 1YET) (Stebbins et al., 1997) selected for this study was
obtained online from the RCSB Protein Data Bén#tps://www.rcsb.org/structure/1YETThe

dockingsimulations were performed using tHelecuar Operating Environment (MOE016.08
software. The receptor protein was prepared for docking by adding missing atoms and residues,
and the cecrystallized ligand; geldanamycin was redocked into the active site to validate the
method. The bestinked RMSD value obtained was 048om the paitionof the cocrystallized

which was lower than the threshold value ok 2hus confirming that the docking protocol was

suitable for the predictions.

Table 5.8 The binding energies and intermolecular interactions of the compounds

O O @) )
N V
k"/ “H O)\l}l 0 O)\N N
o} H |
54 5.6 5.9
Compounds R Binding energy| Amino acid residuénvolved | Distance(A) | Type of
(Kcal/mol) in the interaction interaction
5.4 CoH1s -6.518 Thr A184 2.88 H - bonding
Thr B184 3.03 H - bonding
Met A98 3.88 H - bonding
Met A98 3.10 H - bonding
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Asp A93 3.29 H - bonding
Asn A51 3.03 H - bonding
5.6f CoH1s -6.307 Ser B52 3.29 H - bonding
Thr B184 3.84 "1 H stacking
Asn A51 4.42 " T H stacking
Asn B51 4.42 " T H stacking
5.9 CeHs -6.324 Thr A184 3.84 "1 H stacking
Thr B184 3.24 " T H stacking
Asn A51 3.51 H - bonding
Asn B51 3.08 H - bonding
5.% CsH7 -5.783 Met A98 4.07 " - H stacking
Met B98 2.78 " - H stacking
Thr B184 3.05 H - bonding
5.9 CoHis -7.034 Asn A51 3.25 " - H stacking
Asn B51 3.24 " - H stacking
Thr A184 451 " - H stacking
5.9d CiaH24 -7.831 Asn A51 3.05 "1 H stacking
Lys B58 2.42 H'1 bonding
Thr B184 3.55 H'1 bonding
SQA - -7.745 Gly 135 4.07 "1 H stacking
Asn 51 3.07 H 7 bonding
DMAG - -8.597 Asp A54 3.10 H 1 bonding
Asp B54 3.03 H 7 bonding
Lys A58 2.95 H 7 bonding
Lys B58 3.05 H 7 bonding
Geldanamycin | - -8.008 Lys A112 3.09 H 1 bonding
Lys B112 3.35 H 1 bonding
Lys A58 2.84 H 1 bonding
Lys B58 2.82 H 1 bonding
Thr A184 2.78 H 1 bonding
Thr B184 2.78 H 1 bonding

The dockimg results presented iralble 5.8demongtatedthat the test compounds do have affinity
for Hsp90 with god negative binding energies. Th®st potentompound.ad recorded the best
binding energy 0f7.831Kcal/mol hence a better affinity compared to SQA that gave a value of
7.745Kcal/mol. Although the established-términal binders geldanamycin and DMAG recorded
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superior binding egrgies. All the compounds digiledat least one H bonding or i H stacking
interaction with an amino acid residue within the active site. An improvement in binding energies
showed by the decrease in energy values was observed with increasing prenyl chain among
compound 5.9, 5.9c and 5.9d. This trend isconsistent withan increase inantiproliferative
activity against HeLa cells frorh.% to 5.9d presenged in Table 5.6. Compounds4f, 5.6, 5.9,

5.% and5.9d showed an H bonding or" i H stackingnteraction with Thr B184. Geldanamycin

also showed H bonding interaction with this amino acid residua C=0 group, but this
interaction wawia the ringin the compounds earlier mentionégiomparing the interactions of
SQA with the test compounds, 8@isplayed Hi bonding interaction with Asn 5dia the C=0

on the quinone rin@Figure 5.18, compound5.4f and5.9%a (Figure 5.19also showed H bonding
interactionvia the C=0 on the respective ring timeir structure. While compounds6f (Figure

5.19, 5.9c and5.9d (Figure 5.20 showed i H stackinginteraction with Asn AS5Viathe ring in

their structures.

Figure 5.18 3D and 2Dshowing the binding interactions 8QA with Hsp90 geldanamycin
binding domain, the compounds are coloured yellow in the active site.
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Figure 5.19 3D and 2Dshowing the binding interactions 6f4f (top), 5.6f (middle) and5.%

(bottom) with Hsp90 geldanamyebinding domain, the compounds are coloured yellow in the
active site.
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Figure 5.20 3D and 2Dshowing the binding interactions 6fSc (top) and5.9d (bottom) with

Hsp90 geldanamycihinding domain, the compounds are coloured yellow in the active site.

The molecular docking studies revealed that the test compounds bind and interact with Hsp90 but
we could not ascertain whether these compounds worgldttthe Gterminal domain of Hsp90.
On this account, the Hsp90 inhibition assay was carried out to access the degradation of client

protein and expression level of Hsp70.

5.2.5.4Hsp90client protein degradation assay

Six compounds selected for d€Cvalue determination against the cancer cell lines were all
subjected to Hsp90 client protein degradation assay. These compounds provided representation for
the three scaffolds as well asddferent degree of antiproliferative activityfhis was done to

estabish a correlation between antiproliferative activignd Hsp90 inhibition through client
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protein degradation. Comparisons were made among the test compounds, SQA and a known
Hsp90N-terminal domain inhibitor; 2DMAG (2.26).

Hsp90 Nterminal inhibitors are characterized by overexpression of Hsp70 and this has been
attributed to Hsp90 drug resistance, hence their failure as clinical anticancer drugs (McCollum et
al.,2006).N-terminal inhibitors result in activation of theatshock transcription factor 1 (HSF1)

that induces praurvival response and increased cellular levels of chaperone Hsp70 and Hsp27,

as such cancer cells are protected from apoptosis (Neckers & Work0iR), Silencing the
expression of Hsp70 was demont#th to support proteasondegradation of Hsp90 client

proteins. Furthermore, G1 ce&lycle arrestas well as extensive apoptosig&s reported in a few

cancer cell lines (Powers et a2008. The molecular chaperone (Hsp90) occurs as several
isoforms inh u ma n s , although Hsp90U and Hsp90H are
induci ble isoform and functions com@Ro0l®t el y d
Interestingly, only compounsl9dal most compl etely abol (Fglved t he
5.21). A clear expression of this isoform was observed and the level did not appear to have changed

for the rest of the test compounds including the positive contrBIMAG (2.26).

SQA 54f 56f 59a 59 59c 59d DMAG DMSO

— —  —— —— w— -  HSPOOU
ap e e G5 o S @ | CDK4
S P Hsp70/Hsc70
AP s P G HOP/STIP1
Figure 5.21 Western blot analyses showing bands fbs p 9 0 U, CDK4, Hsp70/ |

HOP/STIP1 upon treatment with the set of compounds.

CDK4 is one of the clients of Hsp90 aitds used as a marker of Hsp90 inhibition as it should
decrease with Hsp90 inhibitiohikewise, Hsp70 is also used in this principle as its level should

remain the same and no increment in its expression. Compo8mdhowed no reduction in the
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level of CDK4 but a large increase in Hsp70 concentration. A minor loss of CDK4 was observed
for compoundb.6f, however, a significantly high concentration level of Hsp70 was displayed.
Compound$.%a and5.9c manifested inhibition activity similar to IBMAG with a loss in CDK4

and an increase in Hsp70 concentration. Compd&uédl exhibited the mst promising activity

with a complete loss in the expression level of CDK4 and Hsp70 concentitare 5.2). The
inhibition activities were obtained in this ordé9d > 5.9c > 5.9a > 5.6f, compound 5.4f and

5.% did not show a major response compared tdMAG. This result suggests that there was

no induction of the heat shock response leading to the overexpression of Hsp70. This is a great
improvement over SQA which also showed loss of CDK4 but Hsp70 concentrathained the

same. Compoun8.2d exhibiting the most potent antiproliferative activiywd Hsp90 inhibition
established a correlation between these two conceptehsuggest that the antiproliferative
activity is due to Hsp90 inhibition. The induatiof prasurvival heat shock response leading to
resistance is a major shortcoming of théelminal domain inhibitors (Vaughan et al., 2010). On

the contrary, the @erminal domain inhibitors do not induce heat shock response but degradation
of Hsp70 andHsp90 has been reported for these molecules (Shelton et al., 2009). Thus, it can be
inferred that compoun®.9d is a binder ofthe Hsp90 Gterminus due to the characteristics

manifested.

5.9d (1 )

5 10 20 30 40 50 60 70 80 DMAGDMSO

BrT—— — e | HSPOOU

e — | HSP 90D

o ——— — — ¥ | HistONE
A —— H3
Figure 522 Western blot analysis of tliitosed e pendent i nhi bition of Hs

The significant reduction in expression &fsp9@J s h orwBglire 5.21 prompted an
investigation intca dosedependent western blot analysis of compobrad. A dosedependent

reduction inthe concentration disp90) was di spl ay e tbvelsinteatatdMDA- i N Hs |
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MB-231 cell lysates (Fure 522). This suggests a higher affinity for the strasducible

extracellular isoform Hsp90U and a potentiall

53 Conclusion

A series ofthree different scaffolds were synthesized as analogues of a natural product;
sargaquinoic acid (SQA).&8ed on the initial cell viabilitycreening, six compounds were selected
from these groups of compounds fosd®@alue determinatio against three diérentcarcinoma

cell lines. Compoursl5.9c and5.9d manifestedhe most potent antiproliferativativity with an

ICs0 value of 6.6 and 1.4 Mrespectively. This represents a significant improvement over SQA
with a 4fold and 26fold increase in activity against HeLa cells respectively, as well as remarkable
selectivity for cancer cells. Furthermore, western blot analyses revealed that corbgalind
inhibited the function of Hsp90 through the degradation of client protein and lack induction of heat
shock response which has been detrimental to tterminal inhibitors. In addition, a selective

dosedependent r educt icompouads.odtdbaveaydptdmising.g ge st s

5.4  General experimentaldetails
5.4.1 Materials

See section 3.4.for materials specification and charat@tation.Dimethylformamidg DMF) was

obtaned from Sigma Aldrich and driemer molecular gives.

5.4.2 Synthesis of ]4-diacetylpiperazine-2,5-dione (5.2

To a tweneck round bottom flask equipped with a condensexr added glycine anhydrid2g(31
mmol) and acetic anhydride (¥8L), heated ad stirred under reflux for i@ while using TLC to
monitor the completion ahereaction. The@vent was removed by rotary evaporation to obtain
a light brown solid, it wathenpurified by silica gel colum chromatography with EtOAltexane

(4:2) to afford a white crystalline solid.
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5.4.3 General protocol for synthesis of (tacetyl3-arylidene-piperazine-2,5-dione)

derivatives 5.4(a-f)

To a mixture of 1,4iacetylpiperazin®,5-dione (1.5mmol), substituted aligde (1.7mmol) and

dry DMF (2mL) was adde@<CQOs (1.5mmol), hereaction was stied atambienttemperature

for 5h and product formation was monitored by TLC. After the reaction was judged complete, the
product mixture was poured onto crushed ice and allowed to waamlenttemperatureThe

precipitate wasvashedhoroughly with water anfiltered, anddried overnight in the fumehood

5.4.4 General procedure for the preparation of barbiturates 5.6(a-f)

To barbituric acid (Immol) in a poly top vial was added 5ml of water and heated to dissolution, a
solution of 12mmol ofaldehyde in 1mlof 95%EtOHwas added. The reactiamxturewas heated
for afew minutes until precipitation was observed, it was then removed from heat and stirred at

ambienttemperature for 3tins. The suspension whlered, washed with water alMeOH.

5.4.5 General procedurefor the synthesis of compound 5(8-d)

To a poly bp vial wasadded dry DMF (3m), theophylline (Lmmol), KCOz (2 mmol), and allyl
bromide (2mmol). The reaction mixture was stirredrabienttemperaturdor 12 h Water (6ml)
was added and the reactimixture was cooled in ice forl2 The precipitate foned was filtered,

washed with water (5h) and dried to obtain theroduct.

5.4.6 Compounds

1,4-diacetylpiperazing,5-dione(5.2)

O O
PN
Ny
O O
Yield: 97% as white solid. Mp 9598 °C
'HNMR (400MHz,CDC}) U 4.59 (s, 2H), 2.58 (s, 3H)
13C NMR (100 MHz, CDC#) 110.8, 165.9, 47.2, 26.8

Pagel|l74



(32)-1-acetyl3-benzylidene-piperazine-2,5-dione (5.4)
O O

A
Y

@)

Yield: 97% aslight yellowpowder Mp 195199 °C

'H NMR (400 MHz, CDC}) 8.00(br s N-H), 7.501 7.44 (m, 2H), 7.42 7.37 (m, 3H), 7.18 (s,
1H),4.51 (s, 2H), 2.65 (s, 3H)

13C NMR (100 MHz, CDC$) 1#@2.5, 162.7, 160.0, 132.5, 129.6, 129.4, 128.6, 128.4, 125.7,
120.0, 116.8, 46.1, 27.2

HRESIMS: m/z [M + H]" calculated foiC13H13N203 245.0927 found 245.0906

FT-IR (ATR, cm?): 3212, 1700

(32)-1-acetyl3-[(3,4,5trimethoxyphenyl)methylene]piperazine2,5-dione (5.4b)

Yield: 66% asyellow powder Mp 144-148°C

'H NMR (400 MHz, CDC}) 89 (br s N-H), 7.09 (s, 1H), 6.57 (s, 2H), 4.51 (s, 2H), 3.88 (s,
3H), 3.86 (s, 6H)2.65 (s, 3H)

13C NMR (100 MHz, CDC#) 1@2.5, 162.7, 160.0, 154.0, 154.0, 139.0, 127.9, 125.4, 120.2,
117.0, 105.7105.6, 61.0, 56.3, 46.1, 27.2

HRESIMS: m/z [M + H]" calculated foiC16H19N20s 335.1244 found335.1279

FT-IR (ATR, cmi%): 3291, 1696
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(32)-1-acetyl3-(3-pyridyl methylene)piperazine2,5-dione (5.4c)
O O

/lkN N |
S{N\H SN
o)
Yield: 71% aslight yellow powder Mp 193-196°C
'H NMR (400 MHz, DMSQds) U 3 (5,0NH% 8.73(d,J=2.0Hz, 1H), 8.®(dd,J=4.8,1.4
Hz, 1H), 7.97(dt,J = 8.0, 1.6Hz, 1H), 7.4 (dd,J= 7.9, 4.8Hz, 1H), 6.A (s, 1H), 4.37(s, 2H),
2.51 (s, 3H)
13C NMR (100 MHz, DMSQds) 112.3, 164.7, 161.7, 150.8, 149.3, 136.8, 1228,1, 124.1,
115.5, 46.2, 27.2
HRESIMS: m/z [M + H]" calculated foIC12H12N303 246.0880 found 246.0901
FT-IR (ATR, cm'): 3037, 1688

(32)-1-acetyl3-(3H-indol-3-ylmethylene)piperazine2,5-dione (5.4d)
O O
ANJI\/\E@
S(N N

Yield: 6% asyellow powder Mp 246-250°C

'H NMR (400 MHz, DMSQds) U 1 0, N} 8.361b8c32 (1%, 1H), 8.22 (s, 1H), 7.67 (d,

= 7.1 Hz, 1H), 7.42 7.38 (m, 1H), 7.36 7.31(m, 1H), 6.86 (s, 1H), 4.06 (d,= 1.8Hz, 2H),

2.73 (s, 3H)

13C NMR (100 MHz, DMSQds) 110.2, 165.2, 159.9, 135.0, 130.2, 127.5, 126.8, 125.8, 124.3,
119.2,116.4, 113.6, 104.0, 45.3, 24.4

HRESIMS: m/z [M + H]" calculated foIC1sH14N3Os 284.1036 found 284.1027

FT-IR (ATR, cni): 3205, 1699

(832)-1-acetyl3-[(4-oxochromen3-yl)methylene]piperazine2,5-dione (5.4e)
Following the general procedu(Section5.4.3, the producimixture was extractedwice with

EtOAc. The combind organic layers wergvashed with water and then satedhtorinebefore
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drying overNaSQy and further reduced to dryness under reduced pre§heerude wa further
purified by columrchromatography witkEtOAChexang1:1), andthe titled product was obtained
as a dark yellowpowder Yield: 18%; Mp 204207 °C.

O O 0]
geass
S{N\H 0]
)

IH NMR (400 MHz, CDC}) U (br2 N-61)8.33 (ddJ = 8.1, 1.4Hz, 1H), 8.19 (s, 1H), 7.78
(t, J=7.77 Hz, 1H), 7.54 7.48(m, 2H), 6.59 (s, #), 4.47 (s, 2H), 2.63 (s, 3H)

13C NMR (100 MHz, CDC}) 1@7.3, 172.7, 162.0, 160.4, 159.8, 154.85.0, 128.1, 126.9,
126.5, 123.5,20.5, 118.0, 110.0, 46.5, 27.3

HRESIMS: m/z [M + H]* calculated foIC16H13N20s 313.0825 found 313.0798

FT-IR (ATR, cnil): 2922, 1678

(32)-1-acetyl3-[(2E)-3,7-dimethylocta-2,6-dienylidene]piperazine 2,5-dione (5.4f)
The crude was purified bgolumn chromatography witBtOAc/hexane(3:7), the titled product
obtained was obtainebalight yellow powder Yield: 37%; Mp 127-131°C.
O O
/MN)K/\)\/\)\
N.

H
@)

IH NMR (400 MHz, CDC}) & 9 , NMHB), 7.05(dd,) 512.4, 3.4Hz, 1H), 6.15 (d) = 12.5

Hz, 1H), 5.10 (br s1H),4.44 (s, 2H), 2.61(s, 3H), 2.262.11(m, 4H), 1.94 (s, B), 1.69(s, 3H),
1.62 (s, 3H)

13C NMR (100 MHz, CDC}) 17R.6, 163.9160.7, 152.2, 132.6,123.1, 122.3, 118.2, 116.5, 46.0,
40.8 27.1, 26.4, 25.7, 25.1, 17.8

HRESIMS: m/z [M + H]* calculated folC16H23N203 291.1710found 291.1703

FT-IR (ATR, cnil): 2916, 1706
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5-benzylideneh&ahydropyrimidine -2,4,6trione (5.6a)

Yield: 92% aswhite powder Mp 263-266°C.

'H NMR (400 MHz, DMSQds) U  5,IN\HY D1.24(s, N-H), 8.28 (s, 1H), 8.07 (d1= 7.3
Hz, 2H), 7.53 (tJ = 7.4Hz, 1H), 7.47 (tJ = 7.7Hz, 2H)

13C NMR (100 MHz, DMSGds) 168.9, 162.1, 155.1, 150.7, 183133.1, 132.7, 128.5, 119.6.
HRESIMS: m/z [M + H]" calculated foIC11HsN203 217.0614 found 217.0605

FT-IR (ATR, cm%): 3208, 1738

5-[(3,4,5trimethoxyphenyl)methylene]hexahydropyrimidine -2,4,6trione (5.6b)

O |
H Ao o)
O)\l}l o) o~
H o)

Yield: 9% asyellow powder Mp 274276°C

'H NMR (400 MHz, DMSQdg) i 1 1 . 3Hp, 1128 (s, NM), 8.26 (s, 1H), 7.84(2H), 3.82
(s, 6H), 3.79(s, 3H)

13C NMR (100 MHz, DMSQde) Ui 164.2, 162.6, 155.4,52.4, 150.6, 142.428.0, 117.8, 113.1,
60.8, 56.5

HRESIMS: m/z [M + H]* calculated foIC14H15N20s 307.0931 found 307.0953

FT-IR (ATR, cn?): 3234, 1752

5-(3-pyridylmethylene)hexahydropyrimidine -2,4,6trione (5.6¢)

o)

H\N = /l

O)\l}l o SN
H

Yield: 87% asoff white powder Mp 282286°C
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IH NMR (400 MHz, DMSOds) & 8J=6.5Hz(1H), 8.44 (s, 1H), 8.20 (d= 8.2 Hz, 1H),
7.9(t, J=7.1Hz, 1H), 6.14 (s, 1H)

13C NMR (100 MHz, DMSGds) 165.0, 151.1, 146.0, 145.0, 140.8912, 126.8, 123.6, 89.5,
554

HRESIMS: m/z [M + H]" calculated foIC10HsN3z03 218.0566 found218.0536

FT-IR (ATR, cni?): 2989, 1704

5-(1H-indol-3-yImethylene)hexahydropyrimidine -2,4,6trione (5.6d)

o)

Ho A A

O)\l}l o) N\H
H

Yield: 42% asyellow powder Mp >300°C

IH NMR (400 MHz, DMSQds) 12173 (s, NH), 11.12 (s, NH), 11.03(s, N-H), 9.51 (dJ= 3.4
Hz, 1H) 8.72 (s, 1H), 7.907.85(m, 1H),7.62i 7.56 (m, 1H), 7.34 7.29(m, 2H)

13C NMR (100 MHz, DMSGds) 165.0 163.7 150.9, 144.2, 140.2 136.9, 129.6, 124.22123
118.1, 113.6, 111.9, 109.1

HRESIMS: m/z [M + H]* calculatedor C13H10N303 256.0723 found 256.0709

FT-IR (ATR, cnil): 3277, 1718

1,3-diamino-5-[(4-oxochromen3-yl)methylene]hexahydropyrimidine -2,4,6trione (5.6e)

o) o)
o)\r}l o0 o
H

Yield: 88% aslight yellow powder Mp 278-281°C

IH NMR (400 MHz, DMSQOds) U 1 1-H)} B1.3§ (SN-H), 8.72 (d,J = 0.9Hz, 1H), 8.43

(s, 1H),8.14 (dd,J = 8.0, 1.5Hz, 1H), 7.89 (tdJ = 7.9, 1.7 Hz, 1H), 7.76 (d,= 8.3Hz, 1H),7.58
(td,J=7.6, 1.0Hz, 1H)

13C NMR (100 MHz, DMSQds) 115.2, 163.6, 163.4, 162.8, 155.8, 150.6, 144.8, 135.6, 127.1,
126.1, 123.5, 120.1, 119.3, 117.7
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HRESIMS: m/z [M + H]" calculatedor C14H9N20s 285.0512 found285.0476
FT-IR (ATR, cm%): 3371, 1749

5-[(2E)-3,7-dimethylocta-2,6-dienylidene]hexahydropyrimidine -2,4,6trione (5.6)

O
H\N NS =
O)\l}l O

H

Yield: 90% aslight yellow powder Mp 164-168°C.

IH NMR (400 MHz, DMSQds) U 1 1-H)119.09(ss NH), 8109 (dd, 20.40, 12.59 Hz, 1H),
7.62 (dd, 12.8, 3.57 Hz, 1H), 5.0em, 1H), 2.18 (m, 2H), 2.06 (m, 2H), 1.65 (8)31.59 (s, 3H),
1.56 (s, 3H)

13C NMR (100 MHz, DMSQds) 16i7.1, 164.1, 150.8, 149.3, 133.2, 132.3, 123.5, 122.6,114.3
41.6, 33.1, 26.3, 26.0, 18.2

HRESIMS: m/z [M + H]* calculated foIC14H19N203 263.1397 found 263.1372

FT-IR (ATR, cntl): 3207, 1726

7-benzyt1,3-dimethyl-purine-2,6-dione (6.9a)
0
N N
Y0
0 ITJ N

Yield: 95% asfine white needlesMp 159160°C

'HNMR (400 MHz,CDC$) U 7. 56 1(7L8Q(m,5H),)5.50 (3, 2H3, B.58 (s, 3+8.40
(s, 3H)

13C NMR (100 MHz, CDC#) 1%6.3, 151.7, 148.9 140.9, 135.3, 129.1, 12828,0 107.0, 50.3,
29.8, 28.0

HRESIMS: m/z [M + H]" calculated foIC14H15N4O2 271.1197 found271.1190

FT-IR (ATR, cmi%): 3105, 1701
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1,3-dimethyl-7-(3-methylbut-2-enyl)purine-2,6-dione (5.%)
Thecrude was purified by columechromatography with EtOAbexaneg1:1). The titled product
obtained was obtaineasa white crystalline solidYield: 55%, Mp 131-133°C.

O
\NJHIN;\)\
o)\rr N

'H NMR (400 MHz,CDC$) U 7 . 522 (it,)=,7.4,1.8Hy, 1H), 4.90( dJ = 7.2Hz, 2H),
3.57 (s, B), 3.40 (s, 3H), 1.78 (s, 6H)

13C NMR (100 MHz, CDC4) 155.3, 151.7, 148.8, 140.2, 139.7, 117.7, 00%4.6, 29.7, 28.0,
25.7,18.1

HRESIMS: m/z [M + H]* calculaedfor C12H17N4O2 249.1353 found 249.1312

FT-IR (ATR, cnm?): 3120, 1702

7-[(2E)-3,7-dimethylocta-2,6-dienyl]-1,3-dimethyl-purine-2,6-dione (5.9)
Thecrude was purified by columchromatography witetOAc/hexanes (1:1)Y he titled product
obtained was obtained as an off white crystalline saikidd: 98%, Mp 92-96 °C.

i /\)\/\)\
~ NTNF ¥
o)\)r?I N/>

IH NMR (400 MHz, CDC}) 782 (s, 1H), 5.43 (] = 7.3Hz, 1H), 5.0% 5.00(m, 1H), 4.92 (d,
J=7.3Hz, 2H),3.58 (s, 3H), 3.40 (s, 3H), 2.12.07(m, 4H), 1.77 (s3H), 1.66 (s, 3H), 1.58 (s,

3H)

13C NMR (100 MHz, CDC}) 1%b.3, 151.7, 148.8, 143.4, 140.2, 132.2, 123.5, 117.4, 107.1, 44.5,
39.4,29.828.0, 26.1, 25.7, 17.7, 16.5

HRESIMS: m/z [M + H]" calculatedC17H25N402 317.1980 found317.1902

FT-IR (ATR, cntl): 3099, 1696
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1,3-dimethyl-7-[(2E,6E)-3,7,1trimethyldodeca-2,6,10trienyl]purine -2,6-dione (5.9d)
The crude was pified by columnchromatography witetOAc/hexanes (1:1) he titled product
obtained was obtained as a light yellow liquid that solidified into a waxy.akdd: 60%, Mp

48-50°C.
L A
= = =
\N N
;\JI/>
0 ITJ N

IH NMR (400 MHz, CDC}) U 7 . )5%42 (t,.5=,7.2HzHlH), 5.10- 5.00(m, 2H), 4.91 (d,
J=7.2Hz, 2H), 3.56 (s, 3H), 3.39 (s, 3H2.16i 2.06(m, 4H), 2.05/ 1.98 (m, 2H), 1.98 190

(m, 2H), 1.77(s, B), 1.65 (s, 3H), 1.56 (s, 6H)

13C NMR (100 MHz, CDC#) 185.3, 151.7, 148.8, 143.3, 140.2, 135.8, 131.4, 124.2, 123.3,
117.4,107.0, 44.5, 39.7, 39.4, 29.7, 28.0, 26.7, 26.1, 25.7, 17.716@5,

HRESIMS: m/z [M + H]" calculated foIC22H33N402 385.2606 found 385.2635

FT-IR (ATR, cm%): 3097, 1695

5.4.7 Biological Assays
5.4.7.1Cell cultures

See sectiod.4.51

5.4.7.2 Antiproliferative assay

See section 3.4.5.2

5.4.7.3Western blot assay

A gener al protocol used in Prof. Adriandhne

colleaguesZ014)

5.4.8 Molecular docking

Seesection4.4.6
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6.1 General summary

The cesign and synthesis of natural product analogues or natural pinspiced small molecules

in cancer chemotherapy remain relevant in the quest for improved anticancer drugs. With a
continuous effort to improve the selectivity of anticancer drugs thrihegtliscrimination between
cancerous and normal cells, this has increased focus on targeting certain flieataresmportant

to cancer for its malignancy. This research project aimed to design and synthesszaffields

as antiproliferative agentbat could target mitosis and the function leéat shock protein 90
(Hsp90Q. Six objectives were set to achieve this goal and they were accomplished, overall, this

research was successful.

In this thesis, we reported on the synthesis and antiproliferasiggvity of the
cyclopentalp]indoles (chapter 3). Thiscyclopentaflindole scaffold has been found in some
natural products while the indole motif has been reported for a vast range of biological activity.
The most active compound from ttyclopentaplindole series wa8.32k (R =7-Br,5-Cl) with an
ICsovalue of 6. M angt HICC70 breast cancer cells.

Furthermore, we explode the synthesis and antiproliferative activity dfie arylidene
cyclopentalp]indol-3-ones (dhapter 4)via ClaiserSchmidt condensation of substituted aromatic
aldehydes with the synthesizeyclopentaplindoles in ¢apter 3. The rationale behind this was
intended to improve the antiproliferative activity, the affinity for tubulin and solubility by the
formation of their hydrochloride salts. Molecular docking studies established that these
compounds could bind and interact with the colchitut®ilin domain but the good docking scores
obtained did notorrelatewith the 1G valuesobtained This implied tfat the single point cell
viability screening employed did not provide the best screening assessment of the compounds
selected for further studie$Ve suspect that changes in testing conditions or stability of the

compounds could be responsible for this intstescy.

The unsubstitutedyclopentap)indole 3.32a (R = H) with an IGo value of147.7¢ M agai nst
HCC70 breast cancer cells reported inapter 3 recorded higher improvement in activity for its

aldol product; pyridyl substitutezyclopentaplindol-3-one4.33a(R = H)in chapter 4. It displayed

the most ptent and selectivantiproliferative activityagainstHCC70 cellswith anlCso value of
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10.2 ¢ M. I n contrast, t hat wbeomo5-almlore  sulistitiueed c a s e

cyclopentalp]indole 3.32k (R =7-Br,5-Cl), which was the most active compound imapter 3 but

the aldolproducts fell short at inhibiting proliferati@yainsthree @) cancer cell lines. The phenyl
substituted4.31k (R =7-Br,5-Cl) and 3,4,5rimethoxypheny| substituted. 32k (R = 7-Br,5-Cl)
cyclopentalp]indol-3-ones only showed moderate to ntoxic activity across the threamcer cell

lines while activity was lost completely for the@yridyl substitutedcyclopentalp]indol-3-ones
4.33k (R = 7-Br,5-Cl), which is contrary to the docking results. Besides, solubilitgimethyl
sulphoxide(DMSO) wasstill a problem for some of the compounds such.88j, 4.31k 4.32k
and4.33k This could have impacted the biological results although it is only a possibility as it

was not a general trend for all the compounds.

The design and synthesis of prenylasadgaquinoiacid analogues wagported in bapter 5.
Sargaquinoic acid (SQAisolated from brown algagas reported to inhibit the function of Hsp90.
However, it was not very potent against B1-MB cells, at the sae time it was also active
againstnon-cancerous MCHZ2A cells. Therefore, we set out to develop neeaffolds as
antiproliferative agents and potential Hsp90 inhibitgksseries of diketopiperazine, barbituric
acid and purine derivatives were synthesized as analogues of sargaquiniobegglamy! purine

5.9 and farnesyl purin®.9d showed the most potent cell proliferation inhibitiaativity against

HeLa cells with an 16, value of 6.6 and 1.4 Mrespectively A molecular docking study was
carried out using the eorystal N-terminal domain of Hsp90, this is because thecrystal
structure of the @erminal domain has not been resolved. The results revealed that these
compounds could bind and interact with the Hsp90 but it was impossible to assume that they would
target theC-terminal end without additional investigation. Henaewestern blot analysis was
performedand it showed the degradation of Hsp90 client protein CDK4 without inducing the
expression of Hsp70. Overexpression of Hsp70 has been a major drawback feteth@nsl
targeting Hsp90 inhibitors which has led to resistance. This implies that the farnesyl5@dine

is targeting the @erminal domain of Hsp90 and the datependent degradation of Hsp90 of this
compound suggest a uniqgue mechanism of action woréstigating.

In conclusion, we developed a series of compounds targeting tubulin polymerization and

documented a selective compourd33awith good antiproliferativeactivity. Also, a potent
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sargaquinoic acid analoguthe farnesyl purinés.9d was also documented which showed a
significant affinity forHsp9® and i n hi b ioftHep80 withowe induaing thedait shatk

response.

6.2  Limitation of the study

Due to a large number of samples, it was not possibl@etermine G values forall the
compounds against the threancer cell lines and the normal cekported but a single point
concentration testingvas adopted ni selectim of compounds for further antiproliferative
investigation

Thein vitro assessment dtibulin polymerizationcould havesupported the molecular docking

studies

6.3 Recommendation for future study

Althoughthe aim and objectives of this studiere achievedit also provided a new perspective

for future studies. A further mdiation of this arylidenecyclopentaplindol-3-ones can be
explored which could also address the solubility problem with some of the compounds. This can
be achievedia a onepot Mannich reaction of theyclopentap]indole 3.32, aromatic aldehyde
andan ami ne -ammokétane. m a b

Some compounds reported in this study weretoait to both cancerous and normal cells, they
also displayed good pharmacokinetic scores. These compounds could serve as leads in exploring
other biological targets such astianalarial or neurodegeneration.

In view of the doselependent nhi bi t i o rwhich fvas Hrtigpatédlto be a unique
mechanism of actiomBiotinylation of compoun.9d can be usetb aid the identification of target
protein responsible for the bigal activity. This maybe achieved by reacting this compound
with a hydrazne-functionalized biotin to form a biotinylated produ&ubsequently, protein
interaction studies can be conducted to identify the target protein.
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Chapter 3

Cyclopentalbjindole derivatives 3.32(al)

Figure S3.1:COSY NMRspectrunof compound3.32a
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Figure S3.3 IR spectrum of compoungl32a
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Figure S3.4:'H NMR spectrum of compoun@l32b (400 MHz, DMSQds)
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Figure S3.6 HRMS spectrum of compourgi32b
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Figure S3.8 'H NMR spectrum of compourl32c(400 MHz, DMSGds)

"YA18-65 CPI3" 1 1 "ClUsers\ADEGOKE\.Documents'NMR files\Chapter 3" i f
F3C I
b ~o0 Lo
N -
\ L
H -
DMSO L
-2
L]
{g E ;0 :
O o
T T T T T T T T T T T T T T T T T T T
12 10 8 5 [ppm]
Figure S3.9 *C NMR spectrum of compourfi32¢(100 MHz, DMSQGds)
"¥A18-65 CPI-3" 2 1 "CiUsers\ADEGOKE\.Documents'NMR files\Chapter 3" i ?
© O = 16 @ P P~ T3 00 B
k- o e — 00 <F O CJ ©J = f= L]
o O—=0 g l=RvEvil [ ] — e
= [ RN ] MOW e d— 3 -
-+ o= Weiei— oW 9 - L
o = <t = IO — — b L=
= ————— -3 o~
o
T T T T T T T T T T T T T T
200 150 100 50

Pagel|l197



Figure S3.10 HRMS of compound.32c
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Figure S3.12 'H NMR spectrum of compour@i32d(400 MHz, DMSGds)
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Figure S3.14 HRMS spectrum of compourki32d
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Figure S3.16 'H NMR spectrum of compouri32e(400 MHz, DMSQds)
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Figure S3.18 HRMS spectrum of compourgi32e
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Figure S3.20 'H NMR spectrum of compour@i32f (400 MHz, DMSQds)
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Figure S3.22 HRMS spectrum of compour®i32f
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Figure S3.24 'H NMR spectrum of compouri32g(400 MHz, DMSGds)
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Figure S3.26:HRMS spectrum of compourki32g
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Figure S3.28 'H NMR spectrum of compour@i32h (400 MHz, DMSGds)
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Figure S3.30 HRMS spectrum of compourki32h
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Figure S3.32 'H NMR spectrum of compour@i32i (400 MHz, DMSGds
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Figure S3.34 HRMS spectrum of compour®i32i
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Figure S3.36 'H NMR spectrum of compour@i32j (400 MHz, DMSQds)
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Figure S3.38 HRMS spectrum of compourki32]
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Figure S3.40 'H NMR spectrum of compour@i32k (400 MHz, DMSGds)
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Figure S3.42 HRMS spectrum of compourgi32k
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Figure S3.44 H spectrum of compour® 321 (400 MHz, DMSQGds)

"¥A18-55 CPI-12" 1 1 "C’\Users‘ADEGOKE'\Documents\NMR files'\Chapter 3" L ?
[
H,O L=
©\/o Lo
N=~o i
N o
o
DMSO [ o
-
J | |
s o léo o S L
@ oS g LI o
— — — — —
12 -] 4 [kpm]
Figure S345: 13C NMR spectrum of compour@i321(100 MHz, DMSQds)
"¥A18-55 CPI-12" 3 1 "C’\Users'‘ADEGOKE'\Documents'NMR files\Chapter 3" L ?
— bl OO 0OOWWL W0 W w J i
o © STOOE Wojwn o o - - =]
o w0 OO NN — — o o ] o L
= - e e e e - ~ - L]
=
o
: — : — —
200 150 100 50 [ppm]

Page]|215



Figure S346: HRMS spectrum of compourgi32|
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Chapter 4

Phenyl substitutedcyclopentap]indol-3-oneseries4.31(al)

Figure S4.1:'H NMR spectrum of compourdi31a(400 MHz, DMSQds)
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Figure S4.3:HRMS spectrum of compounti3la
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Figure S4.5:'H NMR spectrum of compourdi31b (400 MHz, DMSQds)
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Figure S4.7:HRMS spectrum of compourti31b

20190604_CPI_28_p 34 (0.401)

1004

274143 _
523653

249 1243
34363

275.1205
93020
-

394 1774
66051

4102253
/26990

LC-MS (Synatp) Facility

547 2197
34228

Figure S4.8:IR spectrum otompoun.31b

100.0.
98
96

92
90
88
86

82
80
78
76
74
72
70
%T 68
66

62
60
58
56

52
50
48
46

42
40
38.0

CPI-2B

3204.37

1666.69‘

161

16573.8:

494.78

1528.67

4.78

1o 1150

3.05

1312.13 ‘
1252.49

691.63

772.55

4000.0

3600

3200

2800 2400

2000

1800
cm-1

1600

1400 1200 1000 800 650.(

Pagel220



Figure S4.9:'H NMR spectrum of compourdl31c(400 MHz, DMSGds)
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Figure S4.11:HRMS spectrum of compourd31c
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Figure S4.13: COSY NMRspectrum of compoundl.31d
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Figure S4.15 HMBC NMR spectrum of compourdl31d
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Figure S4.17 IR spectrum otompound4.31d
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Figure S4.18: 'H NMR spectrum of compourdi31e(400 MHz, DMSQds)
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Figure S4.20 HRMS spectrum of compourdl31le
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Figure S4.22 'H NMR spectrum of compourdi31f(400 MHz, DMSQds)
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Figure $4.24 HRMS spectrum of compourdl 31f
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Figure S4.26 'H NMR spectrum of compourdi31g(400 MHz, DMSQGds)
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Figure S4.28 HRMS spectrum of compourdl31g
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Figure S4.30 'H NMR spectrum of compourdi31h(400 MHz, DMSGds)
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Figure S4.32 HRMS spectrum of compourdl31h
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Figure S434: 'H NMR spectrum of compourdi31i (400 MHz, DMSGds)
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Figure S4.36 HRMS spectrum of compourdl 31i
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Figure S4.38 'H NMR spectrum of compourdi31j (400 MHz, DMSQds)
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Figure S4.40 HRMS spectrum of compourdl 31j
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Figure S4.42 'H NMR spectrum of compourdi31k (400 MHz, DMSGds)
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Figure S4.44 HMBC NMR spectrum of compourdl31k
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Figure S4.46 IR spectrum otompound4.31k
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Figure S4.47 'H NMR spectrum of compourdi311(400 MHz, DMSGds)
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Figure S4.49 HRMS spectrum of compountd31I

201811

100

29_WC_CPI_12B_p 44 (0.510)

2491283

366.1463

LC-MS (Synatp) Facility

UP, Chemistry Dept.
1: TOF MS ES+
2.76e3

291 1405

3031732

z
3531570
304 1780

|¥\ I I

407 2527 537.2418 667.3322
‘SSE,QME
o

[N
ety

2036318

w

497 2514
~

Lo

614 2707

117,0743 1450653
sl
¥

0 ' .Jl‘JuLuI.IA 4

658.3405
kel "
asispanas

715 3876

[716.3928

777,\39[58

50 100 150 | 200 250 30 400 | 450 | 500 0 ;
20181129_WC_CPI_12B_p 36 (0.423)

100+

300

=] 249 1283

407 2527

366.1463
#0.1291591 1405
e
bl
frier

409.2209
P

124.0865 l
deda Ll | "

537.2418 6s7 ?3?2
L

Y miz
1150
1: TOF MS ES+
1.17ed

1000 1060 1100

7153876

Figure S4.50 IR spectrum otompound4.31I

96.0

95

93
92
91
920 3161.59
89
88
87
86
85
84
%T
83
82
81
80
79
78
77
76
75
74

73] CPI-12B

72.0

1000 1050 1100 1150

1398.90 863.5
947.96
926.33

1524.74

1447.66 124932

1310.89 |
111743

122291 101132

137.6¢

1491.66 996.47

1091.33

815.71]

1676.75|

1624.56 1196.36

684105
769.08

694.

3200 2800 2400 2000 1800

cm-1

4000.0 3600

1600 1400 1200 1000 650.(

Page|242



3,4,5trimethoxyphenyl substituted cyclopentajp]indol-3-oneseries4.32(al)

Figure S4.51 'H NMR spectrum of compourti32a(400 MHz, DMSGds)
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Figure S4.53 HRMS spectrum of compounti32a
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Figure S4.55 'H NMR spectrum of compourdi32b (400 MHz, DMSGds)
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Figure S4.57 HRMS spectrum of compourti32b
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Figure S4.59 'H NMR spectrum of compourdi32¢(400 MHz, DMSQds)
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Figure S4.60 1*C NMR spectrum of compourti32¢(100 MHz, DMSGds)
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