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ABSTRACT

This study described in this work examines the mi@kfor derivatives of the potent
PP1 (1Go 9.0 uM) and PP2A (1§ 3.0uM) inhibitor, norcantharidin, the demethylated
cantharidin analogue, and their protein phosphaidmigition, namely PP1 and PP2A

and their cytotoxicity across a range of human eaaell lines.

A variety of derivatives were examined, paying ioatar attention to modifications
to the anhydride moiety. These included a seriesingf opened and ring closed
cantharimides, a series ofhydroxylactams, a series of lactone analogues and

derivatives, and a series of heteroatom substinatbgues.

Of the analogues developed, the ring opened agdclised cantharimides displayed
moderate to excellent activity, in cases, an impnaent over the lead compound
norcantharidin was observed. The ring closed dddie¢gd bis-analogue6d) was

the most potent analogue displaying M potent dyities against all the cell lines
examined. Of the ring opened analogues, the mdmhanalogues proved most

active.

Vit
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Chapter 1

I ntroduction

1.1 TheRoleof Protein Phosphatases

The reversible phosphorylation of regulatory andicdural proteins is fundamental to the
regulation of many cellular functions. Approximatedne third of intracellular proteins are
reversibly phosphorylated [1] [2] [3] [4]- A proteés phosphorylation level is tightly regulated
by two families of enzymes; Protein Kinases (PKykich are responsible for phosphorylation,

and Protein Phosphatases (PP)s which are respofwillephosphorylation.

The phosphorylation process has been simply dextal a biological ‘on/off switch’, with PK
responsible for the on, and PP responsible foothghase of the cycle [5] [6]. However, the
delicate balance between PKs and PPs activity allte phosphorylation level of a specific
protein to be adjusted, imparting ‘rheostat likentrol in key cellular events, including; cell

proliferation, gene expression, neurotransmissiehiular signalling and apoptosis [2] [3] [4].

Reversible phosphorylation involves the PKs catdyphosphorylation of an amino acid
residue of a specific intercellular protein, typigaserine/threonine and tyrosine, using
Adenosine Triphosphate (ATP) as the phosphoryl df2ld6]. Dephosphorylation is catalyzed
by PPs [6]. The phosphorylation/dephosphorylatipclecis shown irFigure 1.1. The balance
between PPs and PKs activity is tightly controlledvivo by extracellular and intracellular
signals including hormones, growth factors and bwites, and also regulated by secondary
proteins known as the Endogenous Protein Inhib{{eRd) [1]. EPIs have evolved to selectively
regulate specific PP or PK activity [6]. The adivof both PKs, PPs, and EPIs is also believed
to be regulated by protein phosphorylation, furttiederlining the importance and complexity

of the reversible phosphorylation process [7] [8].
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Figure 1.1: Basic Mechanism for the Reversible Phosphorylation.

The phosphorylation level of a specific protein bagn shown to have a profound effect on a
protein’s activity and properties, resulting in ogas in protein conformation and,
consequently, protein-protein interactions. Thengeain protein activity can be manifested by
initiation or disruption of protein-protein intetfans, protein-ligand interactions, the
stabilization or marking of proteins for destruaticor by facilitating or inhibiting cellular
movement [4] [6]. It is known that the deregulatminprotein phosphorylation can be the cause
or consequence of a disease or disorder, includagger, HIV AIDS, diabetes and Alzheimer’s
disease [9]. Therefore there is a definite needifergeneration of PK and PP inhibitors for
therapeutic use. A selected list illustrating dsseastates occurring from abnormal

phosphorylation and the responsible PP or PK isrgimTable 1.1.

Table 1.1: Disease caused by Mutations in Kinases and Platesgés.

Disease/disor der Kinase/Phosphatase
Insulin signalling pathway 1B tyrosine phosphatase
X-linked myotubular myopathy MTM1 tyrosine phos s
Cystic Fibrosis 2C serine/threonine phosphatase
Myotonic muscular dystrophy Myotonin protein kinase
X-linked agammaglobulinaemia Bruton tyrosine kinase
Hirschsprungis disease RET2 kinase
Chronic myelogenous leukaemia Abelson tyrosinedena
Leprechanism, diabetes Insulin receptor kinase

Data taken from [9], [10].
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In the past two decades cellular signalling rededras focused on the development of PK
inhibitors. This is in part due to the fact thatPéut number PPs three to one, but also due to
the original belief that PKs were more highly regatl, and consequently of greater importance
in the original pathway [11]. Until recently PPsrex¢hought of as house keeping enzymes, with
their sole role to reactivate the related kinade®q.[Analysis of the human genome has shown
ca. 500 protein kinases and 170 protein phosphatdsessich only 100 phosphatases have been
identified [9]. Therefore, as PPs comprie 3% of the human genome, it is now becoming
apparent that PP and PK are of equal importantkeirphosphorylation process, and hence a
need for the generation of inhibitors of PP acti{&] [6].

1.2 Serine/Threonine Protein Phosphatases

1.2.1 Classification of Serine/Threonine Proteiofihatases

Unlike PKs, which have evolved from a single prigialr gene, PPs are a diverse group of
enzymes encoded by three major gene families [BBE are defined on the basis of their
biological characteristics, substrate specificitgatalytic subunit, and inhibitor studies.
Accordingly, the PPs have been subdivided intoethmain families: the Phosphor-Protein
Phosphatase (PPP) and Protein Phosphatase Magndspemdant (PPM) families of the
serine/threonine specific PPs, and the Protein SiyeoPhosphatase (PTPs) superfamily of the
tyrosine and dual specific PPs which are not dseddurther in this study [8] [10] [11] [14]
[15]. Within each PP family, the catalytic domaiase highly conserved, and substrate
specificity is determined by regulatory subunit6][1Since the catalytic domain of each PP is
associated with different regulatory subunits prmly specific holoenzymes, the number of

functional phosphatases is comparable to the nuofdénases [13].

In eukaryotic cells up to 98% of all protein phospfation occurs on the serine/threonine
residues [12]. Initial work on the biochemical déisation of the serine/threonine PPs was
carried out extensively by Cohen in the late 19%3id early 80’'s, with identification of two
main structural types; Type 1 (PP1) which prefeadigt dephosphorylates thg—subunit of
phosphorylase kinase, and Type 2 (PP2) which prefaily dephosphorylates the-subunit

[1] [12] [17] [18]. Type 1 and Type 2 serine/thréus PPs can also be distinguished by their
interaction with the EPIs. That is, Type 1 serim&onine PPs are selectively inhibited by
inhibitor-1 (K™% ICs, = 0.45 nM) and inhibitor-2 £{I™% ICso = 0.8 nM), and Type 2
serine/threonine PPs are selectively inhibited 671 (ICso= 4 nM) and 7% (ICso = 2 nM)

[1]. Type 2 phosphatases are further divided byaldnt cation requirement; PP2A is

spontaneously active in absence of cations, wheRP2B (also known as calcineurin) is"Ca



Chapter 1
Introduction
dependant, and PP2C Kiglependant [12] [18] [19]. Other serine/threonirRsnclude PP4,
PP5, PP6, and PP7 with multiple isoforms of eacéntified [11]. A diagrammatic
representation of the domain organisation of memioérthe serine/threonine phosphatase is

shown inFigure1.2.

Phosphatase Cataly!
Domain

e [

CaM binding

eee [N 1 | ocsx

TPR motife

Figure 1.2: Domain Organization of Protein PhosphatasesarSeérine/Threonine Family.

Figure adapted from [19].

Of the serine/threonine PPs, PP1, 2A, 2B and 2@uatdor the majority of serine/threonine
phosphatase activity [2]. Previous studies haustilated that the primary amino acid sequences
of PP1, PP2A and PP2B are related and show redsonaimology, while PP2C is distinctly
different and derived from a separate gene faniiljhas been shown that the amino acid
sequence of each of their catalytic domains is ljpiglonserved; however there is a clear
difference in the substrate specificity and reguatsubunits associated with each of the
serine/threonine PPs [18]. The differential in dtdis specificity of each catalytic subunit is
largely determined by the regulatory subunits [16has been hypothesised that the regulatory
subunits for a specific catalytic domain also targjee activities to defined subcellular
compartments, and modulate protein specificity;ceethe role of PPs is tightly regulated within

normal cells [18].
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1.2.2 _Protein Phosphatase 1
PP1 consists of a 1:1 complex between a 37 kDdytiataubunit (PP1c) and a number of

different regulatory or targeting subunits (R) [20he activity and substrate specificity of PP1
is a direct response to the interaction of PP1b wifferent R subunits, and is controlled by
hormones, growth factors and cellular metabolibgsfacilitating the interaction with specific

subunits [21]. Thus, the R subunit acts as an isctmodulator, targeting subunits and
substrates, and is responsible for imparting thecifipity associated with each PP1

holoenzyme.

Figure 1.3: PP1 Cerius 2.2 Generated Model

PP1c is a relatively small protein comprisingcaf 300 residues, with high structural homology,
even between phyla, making it one of the most aweskeenzymes discovered [6]. Molecular
cloning studies have illustrated that the eukacyaenomes contains between one (e.g.,
Saccharomyces cerevisae) and eight (e.gArabidopsisthaliana) genes that encode the different
isoforms of PP1c and typically display 90% ovesadiino acid homology [22]. Currently, four
isoforms of PP1c have been identified and are ddvithto three distinct typesp11y (which
includes two splice variants, 1 and 2), anddll of which cannot be differentiated by subsrat
specificity, or by their interaction with differe® subunits [1]. However, the different isoforms
have different subcellular locations, and have w@ryconcentrations, suggesting that a

mechanism for generating isoform-specific complexils specific R subunits may exist [22].
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The different R subunits are generally classifieth i3 groups; activity modulating proteins,
targeting proteins, and specific substrates, wiaigh understood to restrict its activity to its
microenvironment and hence its specificity [22]1R#tivity is believed to be regulated by its
interaction with specific endogenous inhibitorsliring; inhibitor-1 (1", inhibitor-2 (L°73,
dopamine- and cAMP-regulated phosphoprotein of oude weight of 32 kDa (DARPP-32),
nuclear inhibition of protein phosphatase 1 (NIRPC}kinase activated phosphatase of
molecular weight of 17 kDa (CPI17), and ribosonmddilbitor of PP1 (RIPP) [1] [7]. A list of
PP1 regulatory subunits and their inhibition iswhaon Table 1.2.

Table1.2: Composition of PP1 and their Regulatory Subunits

Catalytic Subunit (No. amino acid Regulatory Subunit/Inhibition Ki
residues)
a (300),5 (327),y1 (323),y, (337) 1" 2nM
1,77t 3nM
DARPP-32 1nM
RGL -
GL 100 nM
Gw, -
NIPP1 0.2 nM
RIPP L5, HSP, 20 nM
RBGP, -
p53BP2 1nM
PSF 1,000 nM
CPI17,
sds22 25,000 nM
PPP1R5 100 nM

Inhibition is recorded as inhibition constaKt)(values.

Data taken from [1]

PP1 plays multiple rolems vivo being implicated in the regulation of glycogen atolism in
response to insulin, smooth muscle contractionieggrsynthesis, and as a negative regulator of
the cell cycle [2] [23]. The regulation of thesepesses is achieved by the complexation of
PP1c and their specific substrates. For exampéeP#l holoenzyme associated with glycogen
metabolism, PP1G, consists of PP1c complexed witgalatory protein G, which directs this

holoenzyme towards glycogen particles and the gdasmic reticulum [24]. Similarly, in the
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case of myosin specific holoenzyme PP1M, PP1lc immddo myosin and two other subunits

including Gy, which facilitates myosin binding [20].

1.2.3 Protein Phosphatase 2A

The general structure of PP2A has been shown toHsterotrimeric comple vivo. The core

of PP2A consists of a heterodimer between a 36ddRaytic subunit (PP2Ac), and a ‘constant
regulatory subunit’ of 65 kDa (PR65 or ‘a’ subunit)ich is further complexed to a variable ‘b’
subunit [25]. The ‘a’ subunit of the PP2Ac/a dinunderstood to act as a scaffold, allowing
the association of PP2Ac with specific b subunii3] [ Final regulation and targeting of the
holoenzyme is conferred by differential associatioth the variable subunit b [25]. Currently,
16 b subunits have been identified and can be elvithto three gene families, termed b
(52 kDa), b’ (53 kDA), and b” (72 kDa and a 130 &Bplice variant) [2] [24]. The binding of

PP2Ac and the b subunits is mutually exclusive.

Molecular cloning studies have identified two isofis of the PP2A catalytic subunit (PP2Ac),
that is; 2Ax and 243. As with PP1, the PP2A isoforms are highly consdrwith mammalian
PP2A isoforms illustrating a >97% homology [12]. @additional PPs have been shown to be
structurally related to PP2A, that is; PP4 and R#fich are encoded by distinct genes and
share 65% and 57% homology to PP2A respectivel} [ihas been argued that PP4 and PP6
should be classified as isoforms of PP2A; howeliey tcurrently remain classified as distinct

families, and as such, are outside the scope®&thdy [12].

The crystal structure of PP2A has been recentlgiddied. The amino acid sequences identity
of PP1 and PP2A are highly conserved. Studies atelithat the primary amino acid sequences
of PP1 and PP2A show specific similarities in ttegtalytic subunits, sharing 50% homology
and share an overall similarity within the enzynoéive site of 43% [11]. A PP2A modelled
structure was developed by Chambeslial. using homology data and the PP1 X-ray structural
coordinates [26]. The PP2A model was designed udimgology 2.3 module in the Insight II
2.3.7 graphic molecular modelling program which waseloped by Biosym Technologies Inc.
[26].
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Figure 1.4: PP2A Cerius 2.2 Generated Model

PP2A accounts for up to 1% of cellular proteins ,afide PP1, a major portion of
serine/threonine PP activity in most cells [4]. RRfas been identified as a negative regulator
of the cell cycle progression, DNA replication, risaription, and translation [23]. PP2A is
regulated by the differential expression of sevdoains of three different subunits, which
determine its catalytic activity and its substrgpecificity. PP2A also has its own endogenous
protein inhibitors, termed,17??and ,""?*[18]. PP2A is also regulated by phosphorylatiofit®f
active site. That is, deactivation is achieved hggphorylating on the threonine and tyrosine
residues, with activation attained by methylatibnhe carboxy-terminus [6]. PP2A is activated
by polyanions such as polylysine and histone H .aHist of PP2A regulatory subunits refer to
Table1.3.

Table1.3: Composition of PP2A and their Regulatory Sulsinit

Catalytic Subunit Regulatory Subunit Ki

a, B Aa, AB, Ba, BB, By, Bay, -
B'az B'B, B'y, B'S, B(RP72), -
RP130, B56, B56p, -

IlPPzA 4 nM

I2PPzA 2 nM

Inhibition is recorded as inhibition constaKt)(values.
Data taken from [1], [6].
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1.2.4 Protein Phosphatase 5

The serine/threonine PP PP5 has been shown to gsosis&inct structural and enzymatic
properties. Other members of the serine/threoniRegBnerally consist of both a catalytic
subunit complexed with a regulatory subunit(s) \Wwhare responsible for determining their
enzymatic activity, substrate specificity and sliota targeting [27]. PP5 consists of a single
58 kDA polypeptide chain, containing a conservaihs&hreonine PP catalytic domain near its
C-terminus, and three tetratricopeptide repeat (Té&nains fused to the N-terminus of the
phosphate domain [2] [19] [27]. The TPR domains &< a scaffold, allowing interaction with
proteins such as the heat shock protein 90 (hspp®@)atrial natriuretic peptide receptor, the
anaphase-promoting complex, cryptochromes, and BPZJAPP5 has also been shown to have

comparably low phosphatase activityvitro [27].

Due to the initial detection of PP5 within the aalicleus, it was initially described as a nuclear
enzyme [27]. However most subsequent reports des&P5 as being present in the cytoplasm
as some immunoreactivity is also present in thesoft[1] [27]. PP5 appears to be involved in
the promotion of cell growth, modulation of glucoiooid receptor signalling, and termination
of responses to oxidative stress [27]. Despitephogiress in the identification of the biological

functions of PP5, there is limited understandingbiochemical regulation.

Activation of PP5 can be achieved by proteolysistted TPR domain by trypsin or other
proteases, allowing activation of the PP5 catalgiticnain. Therefore the TPR domain is an
autoinhibitory domain, however it is assumed thatvation of PP5 via proteolysis does not
occurin vivo [1] [27]. High concentrations of polyunsaturatedtyfaacids have been shown to
relieve the autoinhibition effect by binding to th®R domain, thus inducing conformational
changes [1] [27]. Arachidonic acid has been reploat® one of the most effective activators of
PP5, however concentrations reporieditro are much higher than those foumdvivo, and

therefore it is not thought to be a physiologiaztiveator [27]. Other reported examples include
long chain saturated and unsaturated fatty acyl-@sters, which have shown activation at
physiological concentrations, as well as bindinghe C-terminus of hsp-90, which interacts

with the TPR domain of PP5 which also results itivation of the enzyme [27].
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1.3 Protein Phosphatases and Disease
So, why target protein phosphatases? The fundamerita that PPs play within various

signalling pathways of eukaryotic cells allows plokes exploitation and/or manipulation of
these pathways for therapeutic purposes. Thera aagiety of human diseases and/or disorders
that are a result of irregular cellular signalling@)cluding cancer, diabetes, asthma,

immunosuppression and HIV-AIDS.

1.3.1 _Diabetes

Diabetes mellitus (sugar diabetes) is a commonrdisp affecting an estimated 150 million
people world wide in 2002, with these numbers etqubto double by 2025 [28]. Diabetes is a
carbohydrate metabolism disorder, resulting from iasufficiency in the production or
utilization, or both, of insulin. Produced by thangreas, insulin enables intercellular transport
of glucose fulfilling the bodies energy requirengern the case of diabetes, glucose is unable
to, or inefficiently, enter the cell, and hence woalates in the bloodstream in high
concentrations. There are also two main typesaijetes, type 1, or insulin dependent diabetes,
and type 2 or non-insulin dependent diabetes. Déslhmay manifest itself at any age, although
rare among children and becomes more common we28)]. Without treatment, recovery is
almost never seen, and in fact the condition sigadorsens. Treatment, usually highly
successful, is with insulin injections, particuaith children who will require injections for the
rest of their lives. Oral hypoglycaemic agents app® work when there is some active
pancreatic islet tissue left, and some investigatdaim that dietary control can also be

successful [28].

Insulin stimulates protein phosphorylation by aating several well-characterised kinase
cascades, primarily protein kinase B (PKB), dowsestn of the tyrosine phosphorylation of
insulin receptor substrate-1 (IRS-1). Insulin adsionulates phosphatidylinositol (PI) 3-kinase
activity [29] [30]. However many of the metaboliffexts of insulin are mediated through
dephosphorylation by, primarily, PP1 and PP2A [49D] [31]. Insulin stimulation is

accompanied by activation of PP1 and inactivatibRRR2A [32] [33]. PP1 activation occurs via
phosphorylation of the glycogen associated regolegabunit, and inactivation of PP2A which
is thought to proceed through tyrosine phosphdogdabf the catalytic subunit [31]. PP1,
primarily the B-isoform, has been shown to target glycogen vi@radtion with several

glycogen-targeting regulatory subunits, which bestbe substrate specificity to PP1 and
mediate the specific regulation of PP1 by compantale intracellular pools [31].

Polymorphisms in the glycogen-targeting subuni?BfL have been implicated with some forms

of type 2 diabetes, and is associated with ingelstance [31]. Increased PP2A activity is also

10
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believed to be a possible cause of insulin resistd?] [33]. Therefore sequential activation of
PP1 and inactivation of PP2A illustrates a suitaikget for development of a therapy for

insulin resistance.

1.3.2 Neurological disorders

PP1 and PP2A have been implicated in fundamergabBing process within the brain that
control neuronal function. PP1 has been shown twitely distributed and has multiple roles in

neuronal function.

1.3.3 _HIV-AIDS

The Human Immunodeficiency Virus (HIV), which casis@cquired Immuno Deficiency
Syndrome (AIDS), principally attacks CD4 T-cells ialn plays a vital part of the human
immune system [34]. As a result, the body’s abitity resist opportunistic viral, bacterial,
fungal, protozoal, and other infection is greatigitiished.Pneumocystis carinii pneumonia is
the leading cause of death among people suffermg HIV, and neurological complications
and dramatic weight loss are characteristic okt stage of the disease, known as AIDS. HIV
can be transmitted sexually; through contact widhtaminated blood, tissue, or needles; and
from mother to child during birth or via breastfegd Full-blown symptoms of AIDS may not

develop for more than 10 years after infection.

HIV AIDS afflicts approximately 33.6 million peopleorldwide [34]. It is known that Highly
Active Antiretroviral Therapy (HAART) enormously pnoves the health of many HIV infected
individuals. However resistance to HAART treatmeratly occur and treatment is often limited
by drug toxicity. Recent discoveries have showrt B2A stimulates HIV replication, and
PP2A inhibition blocks HIV-I replication.

1.3.4 Cancer

Cancer is arguably one of modern mans most feasmhskes. Roughly 1 in 5 people will die
from cancer [35]. This is complicated with the fétat cancer includes a variety of diseases,
with several initiating causes, several cofactord promoters, and with a variety of results and
effects on the affected body. However it is unierd that a cancer cell no longer responds to
the normal social constraints of controlled cellision. These transformed cells grow, divide
and continue to proliferate in an uncontrolled m&n[86]. These cell cycle abnormalities

characterise malignancy.
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1.3.4.1 The Cell Cycle
In healthy non-malignant cells, the cell cycle ishighly regulated process allowing the
reproduction of cells by duplication of their comi® followed by division into two identical
cells. In eukaryotic cells, division occupies oalgmall part of the cell cycle, during the rest of
the time cells are in interphase [35]. It is duringerphase that DNA replication and other
processes fundamental to cell cycle progressiatdmg cell differentiation, gene expression
and protein synthesis occur [37]. For a cell tocpenl successfully through the cell cycle it is
important that each stage of the cell cycle be deteg prior to entry into the next. This is

regulated through a series of check points.

The cell cycle is divided into four different phasérst gap phase (& DNA replication (S), a
second gap phase {Gand mitosis (M), which involves cell divisiontintwo identical daughter
cells. When a cell enters;Gnormal cellular activity returns, including geegpression and
protein synthesis. Many of the new cells formed rdifferentiate, and do not undergo further
division [37]. For the continuing cells, DNA remiton occurs in the S phase, during which
DNA content doubles and chromosomes are replid®&d[37]. These cells then enter the G
phase before progressing to mitosis. During thehdlsp, the replicated chromosomes condense
and the sister chromatids separate, which is eas#y under a microscope [35]. It is here that
division occurs and mitosis is complete when twagtder cells have formed [37]. For a

diagrammatic representation of the cell cycle an@ppropriate phases refeRigure 1.5.

Go

Cyclin B-Cdk1 “

Cyclin D-Cdk4

Cyclin E-Cdk2

Cyclin A-Cdk2

Figure 1.5: The Cell Cycle- Key Enzymes (the cyclins and catalytic cdk @sisociated with
progression through each phase are shown). Figiaggted from [37].
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1.3.4.2 Cell Cycle Reqgulation

Normal cell progression through the different plsasiethe cell cycle is primarily controlled by

the cyclin dependant kinases (cdks). These kinasegprise of a regulatory (cyclin) and
catalytic (cdk) subunit, and allow a cell to passrf one phase to the next, as highlighted by the
cyclin-cdk complexes shown in the above figure, aftoinately through a set of check points
that monitor completion of critical events suchDa$A replication and spindle formation [38].
There are two major check points in which regutk cycle progression. Firstly at the end of
Gy, known as the restriction point, at which poirntedl decides on progression through the cell
cycle, and secondly at the,/6l interphase, where DNA replication is examinedsée if it is

complete [37].

The regulation of the Gand G/M check points by the different cyclins-cdks coaxss is also
governed by the association with cdks inhibitospeially p16, p21 and p27, and the Tumor
Suppression Genes (TSG), primarily Rb and p53 [3dje cyclin-cdks complexes are
responsible for the phosphorylation of inactiveyenes involved in activating the relative cell
cycle events. Cyclin D-cdk4 complex pushes celiough the G phase, Cyclin E-cdk2
complex allows cells through late;,GCyclin A-cdk2 complex regulates S-phase entnd an
Cyclin B-cdkl complex controls theXM check point (refer td-igure 1.6) [39]. If a cellular
defect is noted, the activation of the appropr@aielin-cdk complex is deficient and hence the
cell cycle is incomplete. If no defect is detectélge cyclin-cdk complex is activated via
phosphorylation, which leads to the activation dfanscription factor by the removal of an
inhibitory phosphate present within the transooiptfactor. Transcription of the specific genes
necessary for the next phase of the cell cyclerscaucluding the respective cyclin and kinases

genes.

1.3.4.3 Phosphorylation, Cyclin-cdk activation din€ cell cycle

The role of phosphorylation within the cell cyctedlassically illustrated by studies involving
gene mutations of PP1 and PP2A in yeast and drdaddl]. Loss of function mutations of
both PP1and PP2A cause a variety of mitosis reldégects. In yeast, PP1 mutants are unable
to complete anaphase and cannot initiate chromosmgeegation, whilst over expression of
PP1 is lethal. In drosophila PP1 mutants, deatthatlarval-pupal boundary is a result of
incomplete spindle formation, as well as defectiister chromatid segregation, hyperloidy and
excessive chromosome condensation, and a delayogrgssion to mitosis. In yeast, PP2A
mutants are not viable. However, mutants lackinly one PP2A subunit illustrate defects in

cell separation, whilst in drosophila it leads bmarmal anaphase resolution.
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PP1 and PP2A mediate regulatory control of the oglle by modulating the activity of the
cdks and the TSG Rb [41] [42]. The activity of thelin-cdk complexes is dependant on cyclin
kinase binding, phosphorylation level, and theitefactions with appropriate inhibitory
proteins. Activation of the cyclin-kinase complexesmprises of phosphorylation of the
threonine residue (Thr-161) by cdk-activating km@&SAK), followed by removal of inhibitory
phosphates on tyrosine 15 (Y15) and threonine (T39)) The addition of phosphates to Y15
and T14 is catalysed by Wee 1 and Mik 1, while &#¢2B, or C phosphatases facilitate their
removal [39]. PP2A plays a pivotal role in regulgtithis process, by stimulating Wee 1
activity, inhibiting cdc25 activity, and/or by de#y dephosphorylating Thr 161 on the cyclin-
cdk complex [39]. The role of PP2A in the cell & shown irFigure 1.6.

CAK |——— PP2A

!

I:)Tl(il P P I:)Tl(il
Cyclin cdc25-P Cyclin

Inactive PP2A H Active

|

cdc25

Figure 1.6: PP2A and Cyclin-cdk Activation.

The G/S transition check point or restriction point bétcell cycle is regulated by the cyclin D-
cdk4 and cyclin E-cdk2 complexes, which mediateir tledfects by phosphorylating and
inactivating the Tumor Suppression Gene (TSG)noétiastoma (pRb) [39]. The pRb protein
controls the movement of cells into the S-phasasphorylation of pRb inhibits interaction
with the S-phase transcription factor E2F, fadilitg transcription of proteins needed for DNA
synthesis and hence continuation of the cell citle the S-phase [39]. Dephosphorylation of

pRb-P by PP1 blocks continuation of the cell cyEigure 1.7).

pRb +E2F — > Rb.E2F
Pri61

Cyclin D/E PP1 Cell Cycle

Active

pRb-P +E2F ————— E2F

No interaction

Figure1.7: PP1 and the Phosphorylation of the Retinoblasteréein (pRb).
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Both PP1 and PP2A are negative regulators of theyde [39]. Inhibition of PP1 and PP2A
abrogates the Gand G/M check points, forcing cells through the cell ley@prematurely,
allowing uncontrolled mitosis. Abnormalities in cetycle movement and check point
abrogation have been described for various PP itohsh including Okadaic acid class of
natural inhibitors, such as cantharidin, fostrie@kadaic acid, calyculin A, microcyctin-LR,
and tautomycin. In particular, fostriecin and canidin have been shown to force cells
prematurely through the cell cycle and into mitosish multiple aberrant mitotic spindles,

subsequently inducing cell death.

1.3.4.4 Normal Cell Growth, Tumor Suppression Geri@scogenes and the Formation of

Cancer:
The cells of multicellular organisms need to behhigspecialized, thus control over cell
division and growth are important. Cells enter ¢eé cycle when the need for new cells arise,
e.g. in the repair of damaged cells associated imjtived tissue. At the completion of this
process, the cell cycle terminates. Whilst mostryotiz cells have the ability to proliferate, not
all adult cells retain this ability. Specializecrst cells are capable of growing in response to
environmental factors, such as damage to surrogndalls [37]. Consequently, cell cycle
events are in turn regulated by a number of samaltrol genes. A cell that undergoes a
mutation, or set of mutations disrupting the soc@itrols associated with division, will divide
without regards to the organism as a whole, and oliaypately become cancerous [35]. Two

major gene families involved with such mutationgoive the TSG and the oncogenes.

The Tumour Suppressor Genes (TSG) are proteingthaent excessive growth, and include
cell cycle regulators (including pRb) and genestfanscription factors (including p53). TSGs
are known as negative regulators of cell proliferatOther examples of TSG include VHL (a
protein that regulates RNA polymerase Il elonggti@md components that regulate signalling
pathways (including NF1, NF2, APC, PTEN and the T8x#eceptor) [36]. TSG are responsible
for suppressing tumor formation by preventing dafldivision when it is not required. The p53
protein is responsible for blocking cell cycle preggion if DNA is damaged, and Rb is the gene
product associated with retinoblastoma (refdfigure 1.7) [36]. Any mutation that removes or
otherwise modifies a check point inhibitor, suchp&8, or removes or modifies a transcription
inhibitor, such as Rb, will lead to loss of cellctyy regulation and potential tumour formation
[38]. For a list of TSG refer tbable 1.4.
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Table1.4: Known Tumor Suppression Genes.

Gene Chromosome Neoplasm
APC 5¢21-22 Familial adenomatosis
BCNS 9931 Medulloblastoma
BRCA1 17912-21 Breast and ovarian carcinoma
BRCA2 13g12-13 Breast carcinoma
CMAR/CAR 169 Breast and prostate carcinoma
DCC 18921 Colon carcinoma
INHA Q33-gter Gonadal tumors
MEN 1 11913 Parathyroid, pancreatic and pituitamars
NF1 17911.2 Neurofibromatosis type 1
NF2 22912 Neurofibromatosis type 2
NM23 17921.3 Neuroblastoma, colon carcinoma
p53 17pl13.1 Breast, colon and lung carcinoma, eateoma, etc.
Rb 13q14 Retinablastoma, breast, bladder and largnoma
VHL 3p25 Renal carcinoma and pheochromocytoma.
WT1 11p12 Wilm’s tumor

Data taken from [36].

1.3.4.5 Treatment of Malignancy

Traditionally, treatment of malignancy has relied therapeutics that prevent uncontrolled
cellular replication, or by targeting rapidly diung cells. Radiation therapy is one method used
for destroying tumor cells. However there are oftidficulties in applying a sufficiently high
dose to kill tumor cells without destroying therswnding normal tissue. Additionally, there are
numerous tumours that are resistant to radiatioeraphy. Whilst the development of
chemotherapy revolutionised cancer treatment, tesgs also target normal cells, although
normal cells usually have the ability to recovettérethat tumor cells. Another problem
associated with cytotoxic drugs involves the tramspr delivery of the therapeutic agent to the
tumor cells and specificity. As with radiation thpy, some tumours are resistant to
chemotherapy drugs. However, since cancers aresudt i@ mutations involving TSG and
oncogenes, methods for stimulating the bodies awmune system being explored have the
added advantage of being able to attack secondamgrtas well as the primary tumor. These
methods include, but are not limited to, gene me@teent therapy and antisense gene therapy,
etc [31]. However, as we have seen, it is unlikiblgt a single gene is responsible for the
aberrant cell behaviour of cancer. To counter tfgse is an increasing number of therapeutic

strategies promoting the apoptotic cell death paghvenhancing treatment of conventional
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chemotherapy drugs [31]. Our primary interest irs Ri? the treatment of malignancy is based
upon the intricate balance between PPs and PKsgulating cell cycle entry, mitosis and

apoptosis pathways [5] [6].

1.4 Inhibitorsof the Serine/thr eonine PPs

Presently there is a variety of both natural andtstic compounds, which inhibit the activity
of the serine/threonine PPs. The natural inhibitwas be divided into two main classes of
compounds that regulate or inhibit PP1 and PP2Avigct That is; the endogenous protein
inhibitors (EPI), and the okadaic acid (OA) clafs@mpounds.

Six known endogenous protein inhibitors have ewbli@ selectively regulate the activities of
PP1 and PP2AT(@ble 1.4). However, as previously mentioned, the EPI car@practically
used to investigate the inhibition of PPs, as tleg hindered by their poor membrane
permeability, high molecular weight, and potenitistability [1] [6]. They are also degraded by
proteolytic enzymes and can be inactivated by phasgation, rendering them ineffectiva
vivo [1] [6].

As a result, the OA class of compounds are of grgattential utility from both a therapeutic
and for examination of original transduction viewpgoThe OA class of compound consists of a
group of structurally diverse natural toxins andown tumor promoters which have been
implicated in altering the phosphorylation state pobteins. The OA class of compounds
comprises of a diverse structural array of secondagtabolites from a variety of biological
sources, and have been shown to mediate theitetiggotently inhibiting the serine/threonine
PPs. Consequently, the development of OA class oofipounds is important in further
understanding the phosphorylation process, asage#ixamining inhibitor specificity, potency
and availability for possible therapeutic purpofgls[9] [12]. The OA class of compounds
comprises of OAY), calyculin-A @), tautomycin 8), microcystin-LR 4), fostriecin ), and
cantharidin §). For a list of OA class of compounds and theig alues for PP1 and PP2A
inhibition, refer toTable 1.5.

17



Chapter 1
Introduction
Table1.5: OA Class of Compounds and Associated PP1 and Rifition 1Cs, Values

Compound PP1 (nM) PP2A (nM)
Okadaic acidX) 42 0.51
Calyculin @) 2.0 0.50
Tautomycin B) 0.3 1.0
Microcystin-LR @) 1.7 0.04
Fostriecin b) 131000 3.4
Cantharidin ) 1780 260

Data adapted from [11].

Many of these toxins, though they have been sh@wmetcytotoxic to cancer cells, have been
shown to be too toxic for clinical use, and at @@rconcentrations may act as tumor promoters
[12] [43]. Fostriecin and cantharidin on the othand have not been shown to promote tumor
activity, and are undergoing clinical assessmerd].[#urthermore, with the exception of

cantharidin and tautomycin, most of these natuwains are not available on a large scale,

hindering clinical trials and analogue development.

1.4.1 Okadaic acid

Okadaic acidX) was the first, and is arguably the most well knayf the serine/threonine PPs
inhibitors [44] [45]. OA has been shown to be aegmbtinhibitor of PP1 (Igg= 42 nM) and
PP2A (1Go= 0.51 nM), exhibitingca. 100 fold PP2A selectivity [11]. Originally isolateby
Tachibanaet al. from extracts of the marine sponigalichondria okadai, OA was found to be
produced by several species of marine dinoflagelleta symbiotic relationship [12] [44] [46].
OA is also the causative agent of diarrhetic siséllpoisoning [12] [47].

Okadaic acid is an acyl polyketide derivative wéahhighly functionalized carbon skeleton
containing 17 stereogenic centers, 3 spiroketaleties, 3 alcohol groups and a terminal
carboxylic acid moiety. OA has also been showndmpaa cyclic shape with a hydrophobic tail

in solution [46]. To date there have been a nundfestructure activity relationship (SAR)
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studies and total syntheses of OA reported. Inititel synthesis (TS) were carried out by Isobe
et al. in 1986, which included a 106 step complex synshi@s]. This was followed by Forsyth
et al. in 1996, which was carried out the total synthasibalf the number of steps, as well as
illustrating a 2 fold better yield and improved #etic flexibility [49]. Still, the total synthesis
of OA is difficult and time consuming.

Reported SAR data has illustrated that esteribcatior complete removal of the terminal
carboxylate, totally removes PP activity [12]. Sarly, acetylation of C-2, C-7, C-24 and C-27
producing okadaic acid tetraacetate, also rendéreccompound inactive [12]. Therefore the
acidic group was determined as necessary for ndihe 2-hydroxy moiety was also found to
be crucial for binding, with modification or remdwsignificantly hindering activity; however

the 7-hydroxy is not necessary for binding [46].

1.4.2 Calyculin-A

2

Calyculin-A ) was first identified as an anti-tumor agent, avas isolated from the marine
spongeDiscodermia calyx [12] [47]. Calyculin-A has been shown to be a cefitjve inhibitor

of PP1 (IGo= 2 nM) and PP2A (1= 0.5 nM), exhibiting only a 4 fold selectivity f6tP2A
[11]. Calyculin-A consists of a spiroketal moietythva phosphate group attached, as well as
amine, amide, hydroxy- and cyano- functionalityh€timportant structural features include the
conjugated double bonds. The actual source organis@alyculin-A is not known, as the
spiroketal moiety is typical of secondary metalesliproduced by micro-organisms, as with OA
[12].

Additional Calyculin analogues isolated from therima spongeDiscodermia calyx include;

Calyculin-B to -H. The observed modifications tee thriginal Calyculin-A structure include
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removal of the C-32 methyl carbon, as well as deutdnd orientation at the C-2,3 and C-6,7
olefins. These modifications have little effect the inhibitory activity against PP2A. Other
important analogues include the dephosphorylatetbgne, dephosphonocalyculin, which has
been shown to be a potent inhibitor of PP1 (3.0 M)l PP2A (8.2 nM) [50]. This was of
particular interest because the phosphate grougniesly believed to be the primary mode of
binding to the active site of the protein. Howevd#re insignificant reduction in activity
indicates that there are other important interastinecessary for binding. To date, there have
been a number of TS of the Calyculin family repdrteowever limited published inhibition
data has hindered SAR examination [51] [52].

1.4.3 Tautomycin

Tautomycin 8) was first isolated in 1987 from a broth of soijanisms from a previously
undescribed species of Streptomycsisgptomyces spiroverticillatus, during routine screening
for antibiotics and has been reported to induceghological change in human leukemia cells
(K562) [53]. Tautomycin, like OA, composes of glily functional polyketide chain but with
fewer stereogenic centers (13), a spiroketal mpiety terminal anhydride functionality. In
solution, tautomycin is also known to exist as @dmeric mixture of the anhydride and the
diacid, hence the basis of its name [12] [54]. Dawtcin exhibits structural similarities to OA

including the spiroketal ring, as well as a diallafeic anhydride similar to that of cantharidin.

However unlike the majority of the OA class of camapds, tautomycin exhibitsa. 3.3 fold
selectivity for PP1 (Igg= 0.3 nM) over PP2A (1= 1 nM), making it the first OA inhibitor to
display PP1 selectivity [11]. Although the struetibasis for this observation is not completely
understood, TS and SAR data suggests that it mgynate from the hydrophobic segment
between C-1 and C-16 [12]. TS and SAR data of taytin was first published by Oikaveaal

in 1994 [55]. Further studies have since been teddb6] [57] [58]. However unlike the rest of
the OA metabolites from marine algae and micro-oigyas, tautomycin can be also produced

by soil organisms on a large scale.
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1.4.4 Microcystin-LR

H,N

7
Microcystin-LR @) is a heptapeptide toxin belonging to the classatfiral toxins known as

microcystins of which greater than 60 are knowneréhs also a similar class of PP inhibitors,
the nodularins®), which are cyclic pentapeptides. Both familiexyélic peptides are produced
by cyanobacteria (blue green algae), which has besponsible for numerous human and
animal poisonings [12] [59]. Microcystin-LR has bedentified as the major toxin associated
with Northern Hemisphere species of blue greenedi$iarocystis aeruginosa. Microcystin-LR

is a potent inhibitor of PP1 (g= 1.7 nM) and PP2A (l&= 0.04 nM), exhibitingca. 50 fold
PP2A selectivity [11].

Microcystins have several structural features irmmmn including a cyclic polypeptide
structure, of the general structure cyclo(D-Ala-LBEXerythrof-methyl-isoAsp-L-Y-Adda-D-
isoGlu-N-methyldehydro Ala), where X and Y are abie L-amino acids, and an Adda side
chain. Nodularin’s lacks the variable L-amino aciaisd D-Ala while theN-methyldehydro-Ala
of the microcystins is replaced by the methyl agagN-dehydroaminobutyric acid [12]. Over
60 different microcystins and 10 nodularins haverbielentified and biologically evaluated as
PP inhibitors [59]. SAR data and the total synthedimicrocystin LR were published in 2003
[59] [60].
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Notable modifications to the Microcystin skeletarclude; esterification of the Glu- residue
resulting in significant loss of inhibition, similg modification of the Adda side chain resulting
in loss of inhibition [59]. Thearans-double bond system is also crucial for bindingybeer
replacement of the C9 methoxy with a hydroxy- oetexy- has little to no effect [59].
Furthermore, the crystal structure of PP1 and raj@stn-LR has been determined in 1995 [61].

This has further allowed determination of strudtégatures necessary for binding.
1.4.5 Fostriecin

NaHO,R

e
e

8, R1=R2=H
9, R1=R2=OH

Fostriecin §) is a novel antibiotic isolated froi&reptomyces pulveraceus along with its two
related analogues, PD 113,278) @nd PD 113,2719§, was discovered during a routine
anti-tumor screening program [62]. Fostriecin hagrb shown to be activie vitro against
leukaemia (L1210, 16 = 0.46 uM), lung, breast and ovarian cancer [63] [64]. Fesin is
notable as the most selective PP2A inhibitog{#C3.4 nM) known, with a >40,000 fold
selectivity over PP1 (I§= 131,000 nM) [11]. However phase 1 clinical triilsve not been
promising as blood concentration required for &mtror activity could not be reached due to
instability of fostriecin in blood plasma and thepeedictable purity in the clinical supply of the
natural product [12] [43].

Fostriecin is a phosphate ester comprisingtlactone ring, conjugated double bond systems,
and primary, secondary and tertiary alcohols. Tomltsynthesis of fostriecin was first

completed in 2001 by Boger [65] and since then mber of total syntheses and SAR studies
have been published [63] [64] [66]. SAR data hamshthat removal of the phosphate ester, or

disturbance to thé-lactone ring resulted in significant loss of cgatity, which suggests that
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both are important for the biological activity afstriecin [12]. It has also been shown that
removal of the primary alcohol has also been shtmwnave little effect on the cytotoxicity of

fostriecin [12].

1.5 Cantharidin

Cantharidin éxo,exo-2,3-dimethyl-7-oxobicyclo[2.2.1]heptane-2,3-dicaxplic acid anhydride)

is a natural toxin isolated from the Meloidae fgmidf Coleoptera (Blister bettles), which
includes approximately 1500 known species of bselléne blister beetles employ cantharidin
as a copulatory gift and as a defensive agent sgaredation of their eggs [11] [67].
Cantharidin has also been utilised in traditionabinines for over 2000 years, and also has the
infamous reputation as the active component of n&befly’, a supposed aphrodisiac [11] [68]
[67]. However due to its toxicity, the use of caaritin within modern medicine has been

limited.

The use of cantharidin in traditional medicine ddtack as early as 306 BC in ancient Chinese
prescriptions, and has been listed as a drug uhdename Mylabris iMMateria Medica since

50 AD [67]. Traditional uses of cantharidin inclutiee treatment of furuncles, piles, as an
abortifacient, and in the treatment of dropsy [6l#]e use of cantharidin as an aphrodisiac has
been extensively reported in literature. This aultesf urogenital tract irritation, with severe
priapism in men and pelvic engorgement in womelowathg for the perceived aphrodisiac
properties of cantharidin [11]. In modern medicioantharidin has been employed topically in

the treatment of warts and molluscum since the 498t no reported ill effect [67].

More importantly with respect to this thesis, camithin has been employed as an anti-tumor
agent, particularly in the treatment of hepatomd aesophageal carcinoma as early as 1264
AD [43]. In recent studies, cantharidin has beleows to be active against cervical, tongue,
ginival, neuroblastoma, bone, leukaemia, ovariard aolon cancers [11]. Interestingly, in
contrast to most other anticancer drugs, it has Is®wn that cantharidin does not induce
myelosuppression, which affects a patients immuwsponse system, but in fact stimulates the
production of white blood cells [11] [43]. Despgech qualities, cantharidins nephrotoxicity has

halted its use in modern oncology, and 1962 caidiinawvas removed from the US drug market
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by the Food and Drug Administration (FDA). Despités, cantharidin it is still available in

Canada and is nevertheless being used as a tredlitiedicine and as an aphrodisiac [67].

Cantharidin has been identified as a toxin, as skposure can induce blistering and ingestion
or injection may be lethal. Cantharidin has beeapoesible for numerous animal and human
poisonings which is a result of the occurrence lftdr bettles in cattle feed, and incorrect
dosage or use as an aphrodisiac [67] [69] [70]. Magimum dosage of cantharidin tolerated by
the body is only 10-65 mg, which would result inakfailure and liver damage, often resulting
in death between 12 to 24 hours [67] [71]. Cantharpoisoning is often characterized by
nausea, hematemesis, severe abdominal pain, inigstedysphagia, mucosal erosion and

haemorrhage of gastrointestinal tract, diarrhagaplr pain, coma or death [11] [67].

Cantharidin is a potent and competitive inhibitof BP1 (IGo = 1.78 uM) and
2A (ICso= 0.26uM), exhibiting ca. 10 fold PP2A selectivity [72]. It is the smallestd most
drug like of the OA class of compounds, and offaessimplest structure. The anhydride moiety

of both tautomycin and cantharidin is thought hygkein vivo to the diacid [12].

Until the late 1980’s, the TS of cantharidin proyewblematic. The obvious route through a
simple [4 + 2] Diels-Alder cycloaddition reactioarén (L0) and dimethylmaleic anhydride has
proved elusive. This is believed to be a resulttttd electron-donating methyl groups of
dimethylmaleic anhydride, decreasing its dienopitylji and the aromaticity of furan, hindering
it a poor Diels-Alder diene [73]. Other avenueséialso proved difficult and cumbersome. In
1942, Ziegleret al. succeeded in the TS of cantharid@), @lthough only managed isolating a
2% vyield from a complex reaction mixture. Finalthe total synthesis of cantharidin was
achieved in 1980 by Daubenhal. via a high-pressure [4 + 2] Diels-Alder cycloadt reaction

between furan andL{), followed by hydrogenation at 15 kbar with Ranékal catalyst (refer

to Scheme 1.1) [73]. The use of11) as a dienophile assists in overcoming the elextrand

steric problems associated with Diels-Alder readimvolving dimethylmaliec anhydride [73].
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Scheme 1.1: Reagents and Conditions; (a) DCM 15 kbar, (b)dyaxi, EtOAc.

The TS of norcantharidinl8), the demethylated analogue, is substantially Emgompleted

in 2 steps commencing with a simple Diels-Alderctean of furan {0) and maliec anhydride
(12), followed by 4 atmospheres hydrogenation with@Pdatalyst (refer téscheme 1.2). The
ease in synthesis makes norcantharidin a primettémg analogue development. Perhaps more
importantly, it has been shown that the two metimdups are not essential for anti-tumor
activity or for the stimulation of bone marrow, batre associated with cantharidins
nephrotoxicity [68]. Norcantharidin exhibits compble PP1 (I=2.0 uM) and PP2A
(ICs0= 0.5 uM) inhibition to cantharidin, as well as retainitige favourable property of not
inducing myelosuppression [72]. Just as importarthe fact that the associated nephrotoxicity

associated with cantharidin is diminished.
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(0] (6]
10 12 13

Scheme 1.2: Reagents and Conditions; (a) Ether, 24 hrs, @®téne, Pd-C, 4 atm, 24 hr.

1.6 Binding Interactions of the OA inhibitorswith PP1 and PP2A

Knowledge of the structure and mode of action effi*1 and PP2A active sites is important in
understanding their interactions with OA class atfhilbitors. The elucidation of
PP1/microcystin-LR complex by Golbeegal. and PP1/tungsten complex by Egleffl. from
recombinant PP1 was achieved using X-ray crystedloiny, offering notable information in
relation to the PP1 active site and the requiremdot binding [61] [74]. PP1 active site
consists of am—helical domain including %-helices and &-sheet domain including 14

B-strands comprised oB3sheets [17]. The core of the catalytic subungoisprised of a pair of
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mixed B-sheets arranged in parallel to fornf-sandwich type arrangement [74]. One of these
sheets is joined to the structural core unit cosgariof a3-a-f3-a-f3 structure, which is bound to
the two metal ions, typically Feor Mr?*, which are bridged by a water molecule at thevacti
site, as illustrated ikigure 1.8 [20].

Solution based NMR studies support this model axdmformation of microcystin-LR does not
change significantly from its solution structuredds further supported by computer modelling
studies [17] and computer modelling studies suppiwet PP1-microcystin model [75] [76].

Comparable results have also been reported inaeléd other members of the OA class of
natural inhibitors. For example, okadaic acid hasrbshown to take on a cyclic shape in

solution similar to microcystin-LR due to intramoldar hydrogen bonding [46].

The dephosphorylation mechanism involves the twdammns acting as ligands for the
phosphate oxygens, the generation of a hydroxidemoich proceeds to acts as a nucleophile,
whilst H125 acts as a proton donor for the alcdaaling group [20]. The other residues are
thought to orientate and stabilize the pentacoatdiphosphate group, including R96, N124
and R221 [20].

Asp64 His248
His66 Asp92 His73

Asnl124

Arg96 (ArgZZl

(N
H
Arg96—<O His125

Figure 1.8.: PP1 Active Site.
Figure adapted from Lee [20].

PP2A modelling studies have relied on its 50% shammology with PP1 [26]. Chamberlah

al. of University of California have developed a PP2#Aodel based on PP1 crystal

coordination’s and docking studies. These advar@es allowed detailed ligand docking
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studies to be performed on both PP1 and PP2A, fgraimore target based approach to the
development of small molecule inhibitors of theiGefthreonine PP [14] [26]. With the diverse
array of structural features, functionality anddyiothesis reported in relation to the OA class of
serine/threonine phosphatase inhibitors it is éasynder look possible similarities in binding
interactions. This has provided evidence for a comnbinding domain and modes of
interactions between the PP1 and PP2A active aitdshe members of the OA class of natural
inhibitors. This includes the need for an ‘acidid’'t a ‘hydrophobic/peptidomimetic segment’
with the exception cantharidin, and a section whinhmics a peptide for binding to a

phosphatase peptide domain.

The ‘acid tail’', such as a phosphate group (eajlyoulin-A) or a dicarboxylate group (e.g.,
cantharidin and tautomycin), is hypothesised tadhin the bimetal active site. The methyl
groups adjacent to the diacid group are thougintitaic the phosphorylated threonine residue,
the natural substrate of the enzymes. They arethtgs@ht to be a contact point in binding, or
that it places conformational restrictions on theleaule, such that it pre-organises it to a
favourable conformation for binding. The ‘hydropledpeptidomimetic segment’ binds to a
hydrophobic cleft in the enzyme [26]. McClusketyal. have also identified an acidic groove

within the active site that may be accessible @@gues possessing basic side chains [14].
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2.1 Introduction

Developments in life sciences, technology and datdysis have significantly changed the field
of medicinal chemistry and drug design. This pregraclude, but are not limited to; advances
in molecular modelling, development of new synihetirategies and approaches (such as
combinatorial chemistry, parallel and solid phagetlsesis), new screening methods (such as
virtual and high throughput screening), human gemorasearch, and the promise of
proteonomics. However these developments have aoaferated the number of new chemical
entities (NCEs) entering the market place, and hawphasized the need for the efficient
assembly of small molecules as potential moduldtmrsherapeutics and drug design [1]. The
need for functional pharmacology has forced thermphaeutical industry to move from
serendipity based to rational based researchsiogliwell-designed target based approaches

includingin vitro, in vivo andin silico screening [1] [2].

With respect to the regulation of PP1 and PP2Avigtithe elucidation of the PP1 active site
and the availability of extensive SAR data hasaitdhe design of small molecule inhibitors [3]
[4]. Although pivotal roles have been implied footh PP1 and PP2A in controlling the cell
cycle, little progress of their use as therapetdigets has occurred, perhaps a result of the
ubiquitous nature of these signalling proteins. rixation of PP1/PP2A inhibitors in cell
growth assays highlights their potential utility asticancer agents. However the correlation
betweenin vivo PP1 and PP2A inhibition anish vitro cytotoxicity is a confluence of the
physical and chemical properties of the moleculeind evaluated, such as cell permeability,
lipophilicity, pK,, H-bonding and H-donor effects. For example, nugstin-LR, a potent PP1
and PP2A inhibitor, is highly water soluble, butka a means of rapid cellular uptake which
has significantly reduceih vivo cytotoxicity [5]. This is in contrast to the resse shown by
okadaic acid and calyculin A, which both displagdmt a spectrum cytotoxicity and are referred

to as universal apoptogens [3].
Poor pharmacological properties, coupled with thexicity, has stymied the development of

the majority of the OA class of natural inhibitais anticancer agents, with fostriecin and

cantharidin the exceptions holding the best tharapepromise. Large scale analogue
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development of the majority of the OA class of makinhibitors has also been restricted due to
limited supplies and/or difficult synthetic routewjith the exception of tautomycin and
cantharidin [3]. Furthermore, it has been showrn tetain members of the OA class of
inhibitors act as tumor promoters including okadai (mouse skin assay), although only at
extremely high concentrations relative to thelCL00-300uM), calyculin A (mouse skin
assay), microcystin-LR (rat liver), while othersvkhafail to demonstrate these effects under
similar conditions, such as tautomycin (mouse sigsay) which induces apoptosis [3]. The
contradictory response of tumour promotion/inhdrtshown by the OA class of compounds in
which inhibit the same family of enzymes is not gdetely understood, however it may be
simply due to potency, expression of PP isoformthéassays used, physical properties of the

inhibitor, or a combination of factors [3].

Evaluation of cantharidin6] has highlighted numerous features that make #xaellent lead
compound for drug development. Cantharidin has hessd for almost a millenium as an
anticancer agent, possesses known toxicity, andyimhetically simple and amenable to
synthetic manipulation. Additional favourable adpeanclude excellent lipophilicity, it is not a
substrate for P-glycoprotein (cell lines over esgieg this protein remain sensitive to
cantharidin), it does not require intracellularigation, or induce the unfavourable property of
myelosuppression, as is the case with most chemagihedrugs [6] [7]. In recent studies,
cantharidin has been shown to be active vitro against tongue, cervical, ginival,
mucoepidermoid carcinoma, adenocystic carcinomatohéastoma, bone, leukaemia, ovarian
and colon cancer cell lines, with 4glvalues ranging between 1.3-1 [8] [9]. However,
cantharidin has been shown to display nephrotgxi@bssesses a low therapeutic index,
illustrates multi-modal toxicity, and displays antant effect on urinary organs, which has been

related to the aphrodisiac effects [4] [10].

6

Norcantharidin 13), the demethylated analogue of cantharidin, haspesable PP1 and PP2A

activity, along with a similar cytotoxicity profileAs with cantharidin, norcantharidin is active

in vitro against cervical, ovarian, hepatoma, laryngocarom, osteocarcinoma, leukaemia cell
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lines with G, values ranging between 13-4 [9]. In clinical trials, norcantharidin has been
shown to increase the mean survival time of 28%pts suffering primary hepatoma from 4.7
to 11.1 months, and the yearly rate of survivaifrb7 to 30%, compared with 102 patients with
conventional chemotherapy treatments (5FU, hydramgtotherine, vincristine,
thiophosphoramide and mitomycin) [10]. Furthermara,cantharidin has been shown to posses
many of cantharidins favourable properties, butpssingly, not only did it not induce
myelosuppression or little to no urinary tracttation, but it induces haemopoiesis (bone
marrow stimulation) [10]. Norcantharidin also hdee tbeneficial property of significantly
reduced nephrotoxicity and a simple total synthesaking it a suitable lead for analogue
development [6] [10].

13

2.2 Background

2.2.1 Current Development of Cantharidin Analogues

The main focus in developing cantharidin analogiseso examine the effect of structural
modification on PP1 and PP2A activity. Reported ifications include; removal of one or both
of the methyl groups at either C2 and/or C3; thelitawh of alkyl groups to the

bicyclo[2.2.1]heptane skeleton, a 5,6-double baonaokification of the anhydride moiety by ring
opening or substitution; modification of the ethebsidgehead, and a combination of the

described modifications.

Skeletal modification, such as removal of one ahla the 2,3-methyl groups, as with palsonin
(14) and norcantharidin1@) respectively, exhibited no significant effect @me inhibitory
properties [4]. However, removal of both methyl bmans significantly aids synthetic ease.
Inclusion of a double bond at the 5,6-positioh8) (has little effect on inhibition of PP1, but
similarly promotes synthetic ease. Alkyl substiing at the 5,6-positiorl%-18) considerably
reduces PP1 and PP2A activity, whilst improvingeselity and inhibition of PP2B [4].
Introduction of alkyl substituents at 1- or 4-pmsit (20) is detrimental to PP1 and PP2A
inhibition [4]. Modification to the 7-oxobridgeheadhcluding substitution with a methylene

carbon 1), heteroatom such as sulphur or nitogen, or witimmete removal of the
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bridgehead, has generally resulted in a loss dititn. This group is thought to be involved in

H-bonding with the active site. For examples amsllts of skeletal modifications and their
effect on PP1 and PP2A inhibition referTtable 2.1.

Table 2.1: Effects of Skeletal Modification on PP1 and PPRAibition (recorded as g or

% inhibition measured at 1GOV compound concentration).

Compound
1R R
6 Me Me
14 Me H
13 H
R
O
R 15 PhCQGCH,

O 16 Ph(CH);CO.CH,

R
17 AcOCH
18 BzOCH

(0]

0O
Qe

O

0O
o 19

O
R 0 R
®<<<O 20 CHOAC

Protein Phosphatase I nhibition

PP1 PP2A PP2B
1.78uM ? 0.26 M 2 N/R
656 NnM" 120 nMm® N/R

93%° 90%° 39%°

N/R N/R 11.0pM ¢

N/R N/R 1.2uM ¢

94%° 81%° 24%°
76%° 81%° A4%°
91%° 90%° 46%°
23%° 7%° 30%°
N/R 48.1%° N/R

2 Data taken from [11] Data taken from [12f.Data taken from [13f, Data taken from [14F Data taken from [15];

N/R = not reported.

35



Chapter 2

Lead Selection and Analogue Development

Studies have shown that the ring opened dicarbmxadid analogues??) are only slightly
weaker PP2A inhibitors. However the bis-sodium g2B) showed improved inhibition
(0.17uM), but no explanation was supplied, with the gatien of the dicarboxylic acid
anticipated under assay conditions [4]. This is trib®ly a result of how the assay was
conducted. Molecular modelling studies have shoWat tthe slightly reduced inhibition
illustrated by the dicarboxylic analogues is mogitelly a direct result of increased
conformational flexibility compared to the paremthgdride [15]. Similarly, the mono-ester
analogues 24-26) displayed a significant loss of PP2A inhibitios aell as reduced PP1
inhibition; however modest selectivity towards PRas observed. More interestingly, the
mono-esterified analogues showed comparable indnbib the parent anhydride, suggesting
that at least one acid group is needed for binding.examples and results of anhydride ring
opening and their effect on PP1 and PP2A inhibitefer toT able 2.2.

Table 2.2: Effects of Anhydride Ring Opening on PP1 and PR#Abition (recorded as Kgor

% inhibition measured at 1GOV compound concentration).

Compound Protein Phosphatase I nhibition
PP1 PP2A
OH 22 N/R 92-95%" (53 nM)"
OH

(@]

OH c c
'a 22b N/R 80%°" (300uM)

OH

(@]

(@]
ONa d

0.17uM

ong 23 N/R (0.17uM)

(@]

o R
OR 24 Me (4.7 uM) e (0.41uM) e
OH 25 Et (3.0uM) e (0.45uM) e

0 26 n-Pr (4.8uM) e (0.47uM) e

2 Data taken from [16]° Data taken from [17], Data taken from [18]° Data taken from [19] ¢ Data taken from
[11]; N/R = not reported.
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Substitution of the oxygen in the anhydride moiéiyd mixed results. Replacement with
nitrogen @7) typically results in reduced inhibition, whilseplacement with sulphur, as in
endothall thioanhydride?@), a commercially available agricultural insecteidhas been shown
to improve PP2A activity [20]. Other heteroatom stithtions include the formation of the
cantharimides30-33), which involved substitution at the anhydride ipos with primary and
secondary amines, as well as a variety of amindsaciAmino acids with acidic, basic and
non-polar residues were examined, with the basim@rmacid, such as D- and L-histiding2(
33) displaying comparable PPs inhibition to the par@nhydride. Cantharimides exhibiting
non-polar and acidic amino acid residues showedgod®P1l and PP2A inhibition. Selective
reduction of one of the carbonyl carbons has aseived attention. For examples and results of
anhydride modification and their effect on PP1 BR2A inhibition refer td able 2.3.
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Table 2.3: Effects of Anhydride Modification on PP1 and PPipAibition (recorded as Kgor

% inhibition measured at 1GOV compound concentration).

Compound Protein Phosphatase I nhibition
PP1 PP2A
o X
‘<<< 27 NH N/R 15%?
" X o8 S N/R 97%?
0]
0O
(Eqés 29 N/R 608 nM"
O
X
o 30 D-Tyr 101pM © 112uM©
(EQX 31 LTyr 570uM © 245uM ©
32  D-His 3.22uM ¢ 0.81puM ¢
O 33 L-His 2.82uM ¢ 1.35uM ©
R
o 34 H
(Eéo 35 Me >1000puM ¢ >1000pM ¢
3 Et 746uM ° 55uM ¢
OR 37 n-Pr >1000pM ¢ >1000pM ¢

2 Data taken from [3F Data taken from [21}; Data taken from [22f; Data taken from [11]; N/R = not reported.

The ongoing development of SAR data occurs thraighdesign and testing of libraries of
compounds for PP1 and PP2A inhibition, cytotoxicagainst cell lines and molecular
modelling studies. However, it has been noted thadification of the parent skeleton of
cantharidin and its analogues has not providednp@tealogues, with few exceptions, showing
that cantharidin tolerates little in the way of nimétion whilst retaining PP1 and PP2A
activity [23].
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The result of these studies has lead to the ideatiibn of several structural features of which
have been shown to be important for PP1 and PP&tacThe 2,3-methyl groups are thought
to play a role in PP1 and PP2A inhibition as thegranthe methyl groups in larger toxins, such
as tautomycin, and have been hypothesised to posite reactive group, however they are not
crucial for binding 4, 8). The 7-oxo group has been found to be requiredbiieding. It is
thought to act as a hydrogen donor or acceptdresattive site. The anhydride moiety is also an
important feature; however ring opening of the altlide moiety to the dicarboxylic acidg),

or the ability to form at least one carboxylic acibse to the 7-oxa position, as with the
monoester¥9-21), is also tolerated. In general, structure agtidita of the important features

required for inhibition has been summariseéigure2.1.

PP1, PP2A and PP2B

H-bonding site PP1 and PP2B
PP2B ) anhydride opening possible,
Substituents improve potency with generation of mono-ester
and increase PP2B:PP2A PP1 and PP2A inhibition
selectivity retained

PP1 and PP2A
Limited structural tolerance

PP2A

Substitution with O good,

S better, also substition with
basic amino acids possible

PP1, PP2A and PP2B

Methyl groups not required
for binding, limited tolerance
of other modification

Figure 2.1: Cantharidin Pharmacophore

Figure taken from [4]

Previous studies from our laboratory have illugiathat the presence of an acidic moiety is
important for PP inhibition. It has also been hymsised that ring opening prior to binding is
an important feature. However the generation crées of ring opened analogues possessing a
monoester displayed comparable PP2A selectivity poteéncy, questioned the necessity for
both carboxylates to be present for PP1 and PPRihition [23]. Therefore the ability to form

a minimum of one free carboxylate is thought tadmpuired to maintain PP1 and PP2A activity
[9]. It is thus conceivable that a minimal pharnmaware of the bicycle[2.2.1]heptane skeleton
include a single carboxylate, and a basic sidenchauld lead to the development of a new
series of PP1 and PP2A inhibitors [23].
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These new developments have formed the synthaticsfof this study, with the generation of
norcantharidin analogues possessing at least oexgdate, and either a neutral, basic or
acidic side chain with an ability to interact withe acidic groove of the active site will generate
NCEs exhibiting PP1 and PP2A activity and good m®imity.

2.3 Project Aims

2.3.1 Target Selection

Extending McCluskey’'s minimal pharmacophore apphnaaguires the synthesis and evaluation
of target libraries at the periphery and core ad thodel. This allows the generation of new
targets from rationally designed libraries for fat analogue development. Hence a series of
target compounds were designed and synthesisedrasfihis thesis. The proposed analogues
include: development of a series of ring closéd @nd ring opened cantharimidé)(
possessing a range of substituted primary and dacgramines, including amino acids with
acidic and basic functionality; development of aiese of a-hydroxylactams@), similarly
possessing a range of neutral, acidic and bastifumality; substitution of the oxygen of the
anhydride with a heteroator®); and the formation of a selectively reduced Iaettactol E/F)

and ring opened analogu@)( Libraries A-G) will be evaluated for ability to inhibit PP1 and

PP2A, and as potential cytotoxic agents againsinelpf tumour cell lines.

O 0
O N/RZ
R, N—R
N-R OH
HO
o}
A O~ "OEt
C
0 OH
O G G
D O F
H
H

O
B
0O
O
E
(@]
0]
O
G
The ring closed cantharimide#\)( previously reported by McCluskest. al., illustrate an

interesting synthetic target [22]. This is primgrd result of their retained PPs activity, their
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unique nature relative to the natural inhibitors,veell as the ease of chemical synthesis and
addition to current library diversification. Furtingore, it is not yet known whether they
hydrolysein vivo like anhydride moiety of cantharidin and tautomygbrimarily due to the
replacement of oxygen with a primary amine. Inténg$y, from the analogues reported in
literature, only those possessing a free carbosydatd a basic side chain maintained potency.
Therefore, we targeted the investigation of theatfbn removal or moving of the carboxylate
away from the 7-oxa, and addition of, hydropholadst acidic and basic residues, polar
moieties and aromatic rings, in order to exploethemical space and or binding requirements

of the cantharimide family.

Similarly the ring opened cantharimidé%),(which were previously unreported, satisfy mafy o
the requirements for a new synthetic target. Thiprimarily due to their ease of chemical
synthesis, but more importantly, they possess a &@&boxylate and a basic side chain,
requirements needed for the related ring closedtheamides. Furthermore, ifn vivo
ring-opening of the ring closed analogues is irthihi these analogues may prove to retain the
activity of the parent anhydride. Their developmaigo aids in library diversification, and
allows possible further synthetic modification. tms thesis, we investigated the effect of the
addition of; hydrophobic tails, acidic and basisidees, polar moieties and aromatic rings, in
order to explore the chemical space and or bindieguirements of the ring opened

cantharimide family.

The development of the-hydroxylactams @) accesses previously unexplored chemical space
in relation to PPs and anticancer activity, howesmnilar chemistry has been reported in
literature [24]. The development of this family @impound is important due to the structural
diversity compared to current cantharidin analog@esl its interesting synthetic chemistry.
Furthermore, thei-hydroxylactams represent a third generation famiihin our group, and
allow further investigation into what pharmacolaiecnodifications will be tolerated whilst
maintaining potency. Investigation of the removalnwoving of one of the carboxylates away
from the 7-oxa, and addition of hydrophobic tadlsidic and basic residues, polar moieties and
aromatic rings were approached in order to expltv® chemical space and or binding
requirements of the-hydroxylactam family for binding. Furthermore, theesence of a lactam

moiety is expected to have a significant effecting opening.

The development of norcantharidin analogues wite txygen of the anhydride moiety

substituted by a heteroator®)( either nitrogen or sulphur was investigated val@ate the

41



Chapter 2

Lead Selection and Analogue Development

effect of facile ring opening. That is, what etfeif any does replacement of the oxygen have
on the rate of ring opening, and what implicatibrs thas on PP1/PP2A inhibition and anti-

cancer activity.

The development of the lactonE)(and lactonol £) analogues was of interest due to the
complete removal of one of the carbonyl carbond, taninvestigate the inhibition of the ring
opening. This is significant due to recent findigour research group, with the development
of (34) containing a selectively reduced carbonyl carbtm& secondary alcohol. Previous
studies in our laboratory have shown tt#) (possesses interesting PP and anticancer activity,
especially the selective targeting of colon rectacinoma. Screening of analogués ft) will
investigate the importance of the secondary alcoaslwell as the removal of the second
carbonyl carbon. They may also prove to be good tEampounds for the generation of new

analogues with the introduction of etheral sideircha

O
O

34 OH

The development of the ring opened analod@ilewas important due to the resemblance of the
bis-sodium salti8) and mono-esterified?@-24) analogues, and the removal of one carbonyl
carbon (), may also be used in the generation of new ana®gicluding mono-esterified or

etheral analogues.
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Chapter 3

3.1 Biological Assays — Experimental
3.1.1 _Introduction

In addition to robust and reliable chemistry, tifficient development of biologically active
molecules also depends on specific and streambi@dgical screening processes. In relation
to PP1 and PP2A inhibitors, both radioactive and-raalioactive assays have been reported,
however non-radioactive assays are favoured asudt i&f reduced costs and increased safety
and throughput [1]. Baykov first reported a nonisadtive malachite green assay in 1988 [2].
However, variation in inhibition results have besfirown over a wide range of concentration, as
well as dependence on assay conditions, eg., tatoper choice of substrate. For this study, a
malachite green assay as described by Gupta wadeadfi]. This was due to its increased

robustness, less variance on assay conditionsekhasvthe simple commercial availability.

A variety of cancer cell lines were also used ifowitro cytotoxicity. These cell lines were
cultured in appropriate media, and maintained @Mhater Hospital in Newcastle, Australia. All
compounds were initially screened at 1M (unless specified otherwise) drug concentration
against HT29 & SW480 (Human colon carcinoma), MCEbikast), A2780 (ovarian), H460
(lung), A431 (skin), DU145 (prostrate), Be2-C (nmalastoma), SJ-G2 (glioblastoma) G401
(Human Caucasian kidney carcinoma, Wilm’'s Tumorgll growth inhibition. Where
warranted, a full Gl dose response curve was obtained. This was tiypemanducted for those
analogues displaying 100% inhibition at 1M drug dose. A Gb value is the drug
concentration required to inhibit cell growth by%aQelative to a control. It should also be
noted that all the described biological testing wasied out by Dr Sakoff and Gilbert research

group at the Marter Hospital.

3.1.2 Protein Phosphatase Inhibition

Serine/threonine phosphatase assay kit, includirggphorylated hexapeptide (Lys-Arg-pThr-
lle-Arg-Arg) purified PP1 (rabbit skeletal muscldpP2A (human red blood cells), were
purchased from Upstate Biotechnology, Lake Plakid, Concentrations of PP1, PP2A and
substrate were 0.3 mU/well, 30 mU/well, and 200, respectively. Reactions were initiated by
the addition of fuL of substrate to a mixture containingubof enzyme, 1Qul buffer (50 mM

Tris-HCI, pH 7.0, 100 M CaCl2) and 10 inhibitor. Total well volume was 3{l. Prior to the

addition of substrate, the inhibitor and enzymeengreincubated for 10 min. Reactions were

incubated at RT for 60 min. Reactions were haltedtlive addition of malachite green solution
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(50 ul), with UV/vis absorbance readings taken at 650 aiter 10 min developing time.
Subsequent inhibitor dose response curve of pergentenzyme activity verse drug
concentration of drug required to inhibit enzymeivity by 50%. Data represents the mean

(xSEM) IG5 of at least three independent replicates.

3.1.3 Cell Cultures and Stock Solutions

All stock solutions were stored at -20 °C and prepas follows; Cantharidin (Biomol, USA),
and synthesised analogues, 10 mM solution in pradsdiuffered saline (PBS). Cell lines were
cultured at 37 °C under 5% GGn air. The A2780 (human ovarian carcinoma) and2®iT
(human colon carcinoma) cell lines were maintaime®ulbecca’s modified Eagle’s medium
(DMEM) (Trace Biosciences, Australia) supplement@mM sodium bicarbonate. The G401
(human kidney carcinoma), were maintained in McC¢¥rsce Biosciences). The H460
(human lung carcinoma) cell line was maintaineBi®MI 1640 supplemented with glucose and
pyruvate. All cultured media was further suppletednwith foetal bovine serum (10%),
penicillin (100 1U/ml), streptomycin (10Qg/ml) and glutamine (4 mM). Cells were passaged

every 3-7 days and all cell lines were routinelte¢d and found to be mycoplama free.

3.1.4 InVitro Growth Inhibition Assay

Cells in logarithmic growth were transferred to @@ plates. Cytotoxicity was determined by

plating cells in triplicate in 10QL medium at a density of 2,500-3,500 cells/well &ircell
lines. On day 0, (24 h after plating) when thdscekre in logarithmic growth, 106L medium
with or without the test agent was added to each wafter drug exposure growth inhibitory
effects were evaluated using the MTT (3-[4,5-digkifzol-2-yl] 2,5-diphenyl-tetrazolium
bromide) assay and absorbance read at 540 nm.Csh&vas the drug concentration at which
cell growth is 50% inhibited based on the differemetween the optical density values on the

day 0 and those at tleed of drug exposure [3].

3.2 Chemistry - Experimental

3.2.1 _General Instrumentation

Melting points (Mp) were recorded on a Stuart SifierSMP1 melting point apparatus and are

uncorrected.
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Infrared (IR) spectrav(max cm') were recorded on a Perkin-Elmer Paragon 1000iéfeur
transform IR spectrophotometer. Samples were ap@Ee a thin film to a NaCl plate and

spectra recorded at 4 ¢émesolution.

Low resolution Electron Impact Mass Spectra (EIM®, eV) were recorded on either a
Shimadzu QP-5050A Gas Chromatograph Mass Speceor(®CMS) or QP-2100 GCMS.
Samples were prepared by dissolving 1 mg of samm@pproximately 1 mL of solvent (usually
HPLC grade chloroform, methanol or acetone), impgctl puL, and the resultant gas

chromatograph and mass spectra recorded.

Low resolution Electrospray lonisation Mass Spe¢E&IMS) were recorded on an Agilent
Series 1100 Mass Selective Detector (MSD). Sampl® prepared by dissolving 1 mg of
sample in approximately 1 mL of solvent, usuallyghiPerformance Liquid Chromatography
(HPLC) grade acetonitrile or methanol, dilutingg@g/mL, injecting 10uL, and the resultant

gas chromatograph and mass spectra recorded.

Nuclear Magnetic Resonance (NMR) spectra (bbthand **C spectra) were recorded on a
300 MHz Bruker Avance-300DPX NMR spectrometer. Cioainshifts were reported in parts
per million @ ppm). For proton spectra recorded in deuteratbeests (CDCY, DMSO-d; or
CD;0OD), and the residual solvent peaks were usedeamtérnal reference with 7.25, 2.5, and
3.35 ppm respectively. Similarly, for carbon spadtre residual solvent peaks for chloroform,
dimethyl sulfoxide (DMSO) or methanol were usedrdsrnal reference at 77.0, 39.7, and 49.0
ppm respectively. Multiplicities for proton spectaae abbreviated: s =singlet, d = doublet,
t = triplet, g = quartet, m = multiplet, b = broadoupling constants were reported in Hertz
(Hz). Distortionless Enhancement by Polarisatioansfer (DEPT) was used to assign the

carbon spectra.

3.2.2 _Chromatography

Analytical Thin Layer Chromatography (TLC) was merhed on Merck aluminium back TLC
sheets pre-coated with silica gel 684,H0.2 mm layer thickness). Developed plates were
visualized through exposure to UV light, followed lexposure to either anisaldehyde,

permanganate or ammonium molydbate dips combingdheit.

All traditional flash chromatography was carried aging a modified method described by [4]

using Aldrich silica gel, 200-400 mesh 60 A, andvents as indicated. Automated flash
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chromatography was carried out an ISCO Combi-Fletheve system employing redisep
prepacked silica columns and solvents as indicaddldshort column chromatography was
carried out using a modified method described Hyuging Merck silica gel, (60 PF), and
solvents as indicated. Recrystalisation of compeunds by the method of vapour diffusion

using solvents as indicated.

3.2.3 _Reagents and Solvents

Many reagents were commercially available (Sigmaigh,) and were used as supplied. All
bulk solvents were distilled prior to use. Whenessary, solvents were purified and/or dried
according to procedures set out in [5]. Acetone didesd by distillation from sodium iodide.
N,N-Dimethylformamide (DMF) was dried by distillatidnom calcium sulphide and storing
over activated sieves under nitrogen. TetrahydesfufTHF) was dried by distillation from
sodium / benzophenone under nitrogen. Methanol aistiled from magnesium and iodide

under nitrogen. Toluene was distilled from sodiubpehzophenone under nitrogen.

3.2.4 Reaction Conditions

All reactions requiring dry solvent were performeging oven dried glassware (130 °C/24 hrs)
and under nitrogen or argon atmosphere, or whepécaple, using a calcium chloride drying
tube. Syringes and needles were oven dried (130ah@)cooled in an evacuated desiccator
prior to use. All organic extracts were dried oaahydrous MgSQor NaSO, as indicated.
Solvents were removed vacuo using a Buchi rotatory evaporator. Residual sdlveemoved
using high vacuum. Reactions were carried out usiaditional glassware, reaction station

vessels, including Radley Carosel or Buchi Synétactor as specified.
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Chapter 4
Development of Ring-Closed Cantharimide as Potentid&P1
and PP2A Inhibitors

4.1 Introduction

The ring opening of norcantharidie)(and tautomycin3) to the dicarboxylic form has been
described as an important characteristic for PRILRIP2A activity [1]. However ring-opened
norcantharidin analogues developed by our group asahe monoeste24), possess only one
free carboxylate, display retained PP1 activity andslight increase in PP2A selectivity,
undermines the necessity of vivo ring opening for activity [2]. Furthermore, theceat

development of ring-closed cantharimde analoguesiding lead compound, the D-histidine
cantharimide §2), further challenge the importance of a dicarbaxglcid, and forces us to re-

evaluate the necessary components for PP1 and RRib¥ion [3].

o)
P [ —
O N ; N/
OH _>*OH
o o O

PP1ICsp = 4.7 pM PP1 ICsq = 3.22 uM
PP2a ICgq = 0.41 uM PP2a ICsg = 0.81 pM

24 32

McCluskey et. al. has reported modelling data suggesting that comgewvith the etheral
bridge head of cantharidin (the 7-oxa positionyni@imum of a single free carboxylic acid
group, and a basic residue could give rise to neidv &d PP2A inhibitors [3]. This is based on
data suggesting that the single carboxylic acidth& ring opened analogues, such as the
monoester, still binds in the active site of PPd BRFR2A, with the alkyl chain of the ester being
proximal to an acidic groove in the proteins acsite. Although, more recent work as a result
of this thesis suggests that, especially with PE2# there is a small molecule binding pocket
(at least one) in addition to the primary cataltioding site [4] [5]. More importantly, in
respect to the cantharimides, the major amino anidisis groove are acidic and, consequently,

analogues possessing a basic residue may lead tane@ or improved PP1/PP2A
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inhibition [3] [6]. Additionally, McCluskey hypotlesed a correlation between PP2A

selectivity and potency, and cytotoxicity againsiuanber of tumor cell lines [6].

Bioassay results of reported ring-closed canthaemanalogues developed by our research
group have shown strong support of McCluskey’s Mlypsis, with four analogueS8d-33
possessing a basic residue displaying good to lentdPP1 and PP2A activity, as well as
exhibiting a general selectivity for PP2A. As yeb ming-closed cantharimide analogues
possessing neutral or acidic residues have affaaqeatent PP1 or PP2A inhibitor [6]. Also, no
difference was generally observed between diffediastereomers, the exception beiBQ
which exhibited a 5 fold PP2a activity o\v&t [6] [3].

0 49 o)
S N\ NH \_NH
N N
_>*OH ®:«‘< OH
o O

0 O
PP1 ICso = 101 uM PP1 ICso = 570 uM
PP2a ICs0 = 112 pM PP2a ICs0 = 112 pM
30 31
2 /~NH 2 /™NH
N— N N N
_>*OH OH
o O o o
PP1 ICsg = 3.22 pM PP1 ICsg = 2.82 pM
PP2a ICs0 = 0.81 pM PP2a ICso = 1.35 uM
32 33

The main aim of this chapter was the developmeningf-closed cantharimide analogues for
screening and to further examine the McCluskey'poliyesis. The range of amine and
amino-acid substituents chosen, similar to theaneds described in Chapter 5 (ring-opened
analogues), represent a diverse range of sizeipiliex and spatial distribution, including
simple aliphatic chains and aromatic rings, alcehptimary and secondary amines, as well as
acidic and basic amino-acids. These analogues designed to examine the effects of skeletal

modifications on the resulting PP inhibition andnsequently, anticancer activity.
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4.2 Results and Discussion — Chemical Synthesis

4.2.1 Synthesis of Norcantharidin

The generation of the commercially available leathgound norcantharidiril8) was carried
out using a simple and economical 4 + Diels Alder condensation reaction, by stirring at
room temperature in diethylether forming the 5,8ydro0 analogue 10), followed by
hydrogenation with 10% Pd/C catalysis in acetongh wecrystallisation from ethylacetate
afforded pure 13). Both reactions are high yielding > 82%, with #ield limiting step being
the recrystallisation from ethylacetate. Other sptvsystems can be used, for example pure
diethylether or hexane/ethylacetate mixtures welly improve yield, however purity is
reduced and hence ethylacetate is the preferragstatisation solvent. A general reaction
scheme is described 8theme 4.1

o <o - o

Scheme 4.1Reagents and Conditions; (a)@&t RT, 48 h; (b) Acetone, HPd-C 4 atm, RT,
24 h.
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4.2.2 General Synthesis of the Alkyl, Phenyl and BeneyHing-Closed Norcantharimide

Analogues
The generation of the alkyl, phenyl, and benzylimy closed cantharimide analogues were

carried by the treatment ofLy) with an appropriate primary amine in the presente
triethylamine in THF at reflux for 36 hours. Theflitated a condensation reaction to provide a

range of cyclic imides [3] [7]. A general reactischeme is depicted Bcheme 4.2

0

o)
a
O + RNH, — @:EN—R
o)

O
13

Scheme 4.2Reagents and Conditions; (a) MEIHF reflux, 36 h.

Yields generally ranged from poor to excellent, hwibnly the N-propylmorphilino 38)
displaying poor yield. The general synthesis wasp$fied due to the precipitation of the
product typically at room temperature, which prowedch simpler than methods described by
Lin et. al, whom employed high pressure approaches [8]. altasved the robust and rapid
generation of a variety of analogues for screening.

O (O
N_\_/NJ
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4.2.3 General Synthesis of the Allylic Derived Riblpsed Cantharimide Analogues

The N-allyl analogue 9) allowed easy functionalisation to either; (i) td®l (42) (using
osmium tetroxide) or, (ii) the methoxy alcohol awle (by firstly treating39) with mCPBA
forming the epoxide 40), followed by methanolysis upon treatment withSy¢{+)-10-
camphorsulfonic acid to the methoxy alcohdl)j. A general scheme is depicted in
Scheme 4.3

O MeO

(@] (o] 0]
@ié’“—/: _a @:((Nf b @:«(Nﬁw
(@) (@)
39 ° 40 a1

0O HO
Celat
(0]
42

Scheme 4.3Reagents and Conditions; @CPBA, RT, 16 h (b) (3-(+)-10-Camphorsulfonic
acid / MeOH; (c) Os®/ NMO, acetone / kD, 80 °C, 16 h.
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4.2.4 General Synthesis of the Amino acid Ring &do€antharimide Analogues

The generation of the aminoacid ring closed canthde analogues was carried out using a
method described by Zhai. al.[9]. This involved stirring norcantharidil) and the relevant
amino acid at reflux in dry DMF overnight afforditige respective pure cantharimide analogue

in moderate to good yields. A general reaction sehes depicted ischeme 4.4

0

o)
a
O + RNH, — @:EN—R
o)

o}
13

Scheme 4.4Reagents and Conditions; (a) DMF, reflux, 24 h.
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4.3 Results and Discussion — Biological Assay

Cytotoxicity screening was carried out against aepaf human cancer cell lines grown
routinely by our research group; including HT29 &/480 (colorectal carcinoma), G401
(kidney carcinoma), MCF-7 (breast adenocarcinorA2),80 (ovarian carcinoma), H460 (lung
carcinoma), A431 (epidermoid carcinoma), DU145 ¢pate carcinoma), BE2-C
(neuroblastoma) and SJ-G2 (glioblastoma). Wherganted, Gi, values were determined.
That data is shown ihable 4.1through4.4.

Firstly, the cytotoxicity of a variety of simplekgd cantharimide analogues was analysed, as
well as canthariding) and norcantharidinl@) as controls, as shown Trable 4.1 As expected,
the controls, cantharidirb) and norcantharidinl@), display broad spectrum anticancer activity
with (6) displaying a 10-fold improved potency againstdiésnethylated analogue. The simple
alkylated cantharimide analogues generally exhdbfieor to moderate activity in relation to
controls 6) and (@3), with the notable exception being the long alkklyhin analoguesA8-50
which displayed improved broad spectrum cytotoyjgtarticularly against HT29 (colon), in
comparison to the shorter and branched or cydiigl @nalogues. This is most likely a response
of improved cellular uptake due to the lypophillkyh chain; however the octadecyl analogue
(51) did not follow this trend, suggesting further reases in chain length may not lead to
improved activity. Analogues3p, 54), possessing a terminal double bond, displayedlvigr
results, with the allyl analogue39) displayed moderate selectivity for MCF-7 (breast
adenocarcinoma) cells, as well as promising, Gf 80 + 12 uM, and the but-3-ene analogue
exibited poor inhibition; however both analoguedowal a handle for further analogue

development.
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Table 4.1 Cytotoxicity of cantharidin®), norcantharidin X3) and a variety of simple alkylated norcanthariri@3-54) in a panel of human cancer cell

lines. Cytotoxicity levels are first expressed agibition at 100 uM drug concentratioin talics) and, if potent, as Growth Inhibition, &M (in bold)

Compound R HT29 G401 SwW480  MCF-7 A2780 H460 A431 1BY BE2-C SJ-G2
O
N—R
0]
6 : P 32+0.1 - 45+03 75204 44+03 33+029+02 21+03 3.7+x06 1.7+0.1

2.8

13 57+5 - 44 + 6 68 +4 38=+1 45+ 3 31+1 28+3 43+6 23+ 3
43 Et <10 17.5 <10 <10 <10 <10 <10 <10 <10 <10
44 n-Pr 16 £11 13.8 45 +44 <10 <10 <10 <10 <10 <10 <10
45 n-Bu <10 65 <10 <10 <10 <10 <10 <10 <10 <10
46 n-Hexyl <10 22.3 <10 <10 <10 <10 <10 <10 <10 <10
47 n-Octyl 7011 39.7 65 4 88+18 50+10 <10 61 +3 4411 68%16 54=+11
48 n-Decyl 201 - 59 +0 44 +4 44 +7 >100 52 +5 834 3t4 72 %2
49 n-Dodecyl 25+4 - 55 %2 52 +8 40 +4 53 +4 35+4 66 +4 406 58 £2
50 n-Tetradecyl 19+0 - 52 +4 43 +7 35+4 66 =7 47 +3 732 504 49 +5
51 n-Octadecyl <10 - <10 <10 <10 <10 <10 <10 <10 <10
52 s-Bu <10 26.8 <10 <10 <10 <10 <10 <10 <10 <10
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Table 4.1 (Continued) Cytotoxicity of cantharidin), norcantharidin3) and a variety of simple alkylated norcantharimi@3-54) in a panel of human
cancer cell lines. Cytotoxicity levels are firspeessed as % inhibition at 100 uM drug concentnatioitalics) and, if potent, as Growth Inhibition, &M
(in bold)

Compound R HT29 G401 Sw480  MCF-7 A2780 H460 A431 DuU145 BE2-C J-&®
O
N—R
0]
53 c-Hexyl <10 22.3 <10 <10 <10 <10 <10 <10 <10 <10
39 Allyl 19+9 - 50+26 90+*14 6712 20 +8 32+5 1517 62 £5 2+29
8012
54 But-3-enyl <10 - <10 <10 <10 <10 <10 <10 <10 <10

NB: A % inhibition value of <10% indicates that tbempound failed to influence cell growth when camgal with untreated controls.
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Given the promising data associated with simplg/ladintharimides, the effect of additional
functionality was explored, in the hope that thiswd have an impact on the ability of these
analogues to penetrate the cell membrane henceowngr their resultant cytotoxicity.
Table 4.2 shows the cytotoxicity of a variety of alkyl sulbsted ring-closed cantharimide
analogues possessing alcohol, methoxy, epoxidepimbne moeties and, in the case 62-(
63), dimeric norcantharimides, against a panel of dmurnancer cell linesThe cytotoxicity
displayed by the introduction of epoxy and alcahadinged from poo#(, 57-59, to moderate
(40, 55-56), to good activity for the 1,2-diol@) analogue. G} values for the diol were also
determined for four cell lines (SW480, MCF-7, A27&td BE2-C with Glh's of 62 + 2, 46 + 4,
59 + 2 and 70 £ 4 pM, respectively) and also motiasils of activity at the remaining five cell
lines ca. 45% at 100 uM). The dimeric norcantharimides @igptl moderate to excellent
activity, with the bis-analogue together with treddcyl linker 63) displaying broad spectrum
activity in excess of norcantharidit3), with Glso values ranging from 8.3 + 0.7 to 60 £ 6 uM
across the tumor cell lines screened. Due to theowrnging results displayed by the
introduction of oxygen bearing functionality, caatimide analogues possessing morpholine
functionality were developed, however, the morptmlanalogues3g, 60-61) failed to display

any significant activity.
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Table 4.2 Cytotoxicity of a variety of functionalised rirgosed norcantharimid®$%-63 analogues in a panel of human cancer cell li@gtotoxicity levels

are first expressed as % inhibition at 100 uM drogcentrationi( italics) and, if potent, as Growth Inhibition, UM (in bold).

Compound R HT29 G401  SW480 MCF-7  A2780  H460 A431 1B BE2-C  SJ-G2
(@]
N—R
(@]

55 B, 8112 - 18+3 45%22 15+2 163 <10 <10 <10 <10

56 -E\O,OH 21 +4 - 16+2 51+13 18+2  14+1 163 <10 209 125
4

57 5{ <10 10.4 <10 <10 <10 <10 <10 <10 <10 <10
OH

58 5{ <10 16.1 <10 <10 <10 <10 <10 <10 <10 <10
OH

59 3 < <10 16.9 <10 <10 <10 <10 <10 <10 <10 <10
OH

42 4 J\O_H 39 £12 - 69+29  >100 >100 32+11 60+19 6724 737 275
OH >100 62+2 46+4 59+2  >100 >100 >100 70+4  >100

41 4 J\O_— 12 +4 - <10 33 +3 <10 <10 <10 <10 <10 <10
OH

40 <P 25 +3 - 30£6 10+16 40+6  17+5 40+9  22+5 20+13 25%4

60 o 29 +5 9.2 29+1  12+4  7+2  18+0 30+5 3+5 39%8 32

_/
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Table 4.2 (Continued) Cytotoxicity of a variety of functionalised ringesed norcantharimidé%-63 analogues in a panel of human cancer cell lines.

Cytotoxicity levels are first expressed as % intfaini at 100 uM drug concentratioim (talics) and, if potent, as Growth Inhibition, &M (in bold).

Compound R HT29 G401  SW480 MCF-7  A2780 H460 A431  DU145 BE2-C J-®
O
N—R
0]
61 {Nmo <10 11.6 <10 <10 <10 <10 <10 <10 <10 <10
/ /
38 % fNCO <10 - <10 <10 <10 <10 <10 <10 <10 <10
62 N 10 +7 - 16+5 52+41 31+26 18+7 105 13+5 10+8 10+8
O
63 N 8.3+0.7 - 24+4  18+0 19+1 31+7  18+4 60x6  17+4 #B0
—E“HFN;\]@
O

NB: A % inhibition value of <10% indicates that tbempound failed to influence cell growth when camgul with untreated control
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Given the results displayed by the simple and subst alkylated cantharimides, the effect of
adding substituted aromatic groups was next exaimifgble 4.3 shows the cytotoxicity of a
variety of cantharimides, displaying either pheollbenzyl moieties with a varying degree of
functionality 64-72 against a panel of human cancer cell lines. Iistrocases the cytotoxicity
displayed by the addition of aromatic moiety showedsignificant effect or selectivity between
the different cell lines. Furthermore, the phenyhlagues cytotoxicity results correspond with
data reported by Liet. al, who reported the synthesis and anticancer ctfi cantharidin
analogues [8]. The addition of a variety of funetab groups including hydroxyl, methoxy,

nitro, carboxy and amino groups also had no efiaatytotoxicity.

Due to results described by McCluskey al. (2001), the growth inhibition of gariety of
amino-acid substituted ring-closed cantharimidelanees 3-89 was screened against HT29
and G401 as shown ihable 4.43]. The growth inhibition displayed generally elitéd no
significant effect, or selectivity, between the teall lines, with the exception of the D-histidine
analogue 32). Compound 32) displayed moderate (49.8%) and excellent G4010@$4)
inhibition for HT29 and G401 respectively, and déged a moderate selectivity for G401
kidney tumour cells (~2 fold). Compoun®2j also showed an improvement in growth
inhibition over norcantharidin, which exhibited iblion value of 50.3% for G401. As
discussed, the presence of the basic residue obthsstidine, provides possible favourable
interactions with acidic residues within the actsige as predicted by the McCluskey. al.
model. However, protein phosphate inhibition stadieere disappointing with no inhibition of
PP1, PP2A and PP5 at 10MI.
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Table 4.3 Cytotoxicity of a variety of benzyl substituteidg-closed norcantharimidé4-72 analogues in a panel of human cancer cell li@gsotoxicity
levels are first expressed as % inhibition at 18Ddxug concentration.

Compound R HT29 G401 SW480  MCF-7  A2780 H460 A431  DUL45  BE2-C SJ-G2
(@]
N—R
(@]
64 _§© 63 = 4 - 7824  >100 90 %11 50 25+3  24+3  Sd: 42%6
65 _§QOH 47+8 - 210£3  22+4  15%3  12+1 270 <10 1@  44t4
66 -§QN02 60 + 4 - 44+11  >100  53+11  37+0  13+4  13+1 45+5 237
67 -§Qco H <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
2

68 74.1 62.7 - - - - - - - -

O
69 “/_QO/ 45 + 4 22.8 24 + 4 64 + 10 20+1 23+6 14+5 <10 29+2 11+3
70 00— 45+8 - 290+9 71+22 29 +11 31+15 <10 12+6 11+5 <10
De

71 33+10 15.7 13+4 41 + 26 18+5 2117 <10 <10 311 <10

72 >_© 9.3 16.6 - - - - - - . 3

NB: A % inhibiton value of <10% indicates that thecompound failed to influence «cell growth when camgu with untreated control
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Table 4.4 Cytotoxicity of a variety of amino-acid substidt ring-closed norcantharimide
(32,73-86 analogues in a panel of human cancer cell lif®@gotoxicity levels are first

expressed as % inhibition at 100 uM drug concentrat

Compound R HT29 G401
(@)
N—R
(@)
73 - 4+45 175+6.2

(6]
74 ;i <0 9.6+2.4
(6]

O,
75 Do <0 <0

76 Q 7+4.4 23.6+14.4
_g\o} o
77 HQ o 2+7.4 19.6 +10.1
| %5
78 HQ o 56+3.0 6.9+4.1
II%-
79 HQ o <0 18.0+6.6
Hg‘
OMe
80 HQ o 11.3+8.5 16.4+7.7
&
32 /JNH 498 +5.3 >100
|§n-- N/
(0]
HO
81 HQ o 15.7 £ 14.0 16.4+4.2
e
82 "o 05+8.2 <0
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Table 4.4 (Continued) Cytotoxicity of a variety of amino-acid substidt ring-closed
cantharimide 73-85, 32 analogues in a panel of human cancer cell liG@ggotoxicity levels

are first expressed as % inhibition at 100 uM drogcentration.

Compound R HT29 G401
(@)
N—R
(@)
83 HO ° 13.1+6.3 88+2.4
-Eg
OMe
HO
84 o <0 <0
85 HO, o <0 <0
Ilg.gz
SH
84 HQ <0 <0

4

T

NB: A value of <10% indicates that the compoundefhito influence cell growth when compared withreated

controls

4.2.1 _General Summary

Basic modification of the parent norcantharidit8)(has allowed the development of a new
series of novel norcantharimides, including simplkylated, morpholine, aromatic and
bis-analogues, and a range of amino-acid analogogsessing either acidic or basic residues
which displayed modest to good cytotoxicities. Thest potent analogues contained either a
C8-12 alkyl chains42-45, an allyl group 49), a 1,2-diol moiety §6), a dodecyl-linked bis
structure §3), or an amino-acid possessing a basic resi@@ Which corresponds to data
described by McCluskest. al.[6]. Of the analogues generated the dodecyl-lirtkseanalogue
was the most potent analogue displaying uM potgtixeities against all the cell lines

examined at levels that improve on the lead nohzardin (3).
Further skeletal development of these analogueslezayto other interesting analogues, such

as the investigation of analogues with longer carttmain with varying degrees of functionality

including diol functionality at various section®ag) the chain. Also, investigating other linkers
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with or without functionality for the bis-analoguesay lead to other interesting and active
analogues. Also, as none of the ring-closed camtide analogues, including the above
mentioned, proved to be significant PP1c, PP2A BR& inhibitors, suggesting a possible
different mode of action than the lead compound¢atharidin £3). This may be a result of a

completely different mode of action, or an as yetliscovered mechanism. It should also be

noted, that ring opening of these analogues maha¢ occurreh vivo.
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4.4  Experimental — Synthesis of the Cantharimides

4.4.1 Synthesis of Norcantharidin
4,10-Dioxatricyclo[5.2.1.02,6]decane-3,5-dione (13)

13

To a stirring solution of maleic anhydrid&2) (17 g, 0.17 mol) in ether (50 mL) was added
furan (L0) in excess. The reaction mixture was stopperedl siiired overnight at room
temperature (approx. 2C). The white precipitate was collected and aiedlifor 2 minutes.
Samples were stored in refrigeratior*@). Approximately 5 g of the white solid was dissd

in dry acetone and hydrogenated at 4 atm overnigtht 10% Pd/C catalyst. After completion
the catalyst was removed by filtration with filesd (celite), and concentratedvacuoto obtain
crude (3). Recrystallisation from ethylacetate/petroleunrispfforded pure 13) (4.1 g/81%)
as a white solid. Final analysis was carried cingiGCMS and NMR.

'H NMR (CDCL): 8 5.09 (2H, q), 3.55 (1H, s), 3.20 (1H, s), 1.6851(4H, q),
*C NMR (CDC}): 5 171.0, 80.1, 50.6, 28.1.
GCMS: 168 [M], 41 (100%);

4.4.2 General Synthesis of Allylic Cantharimides.
To a solution of 13) (500 mg, 2.98 mM) in dry THF (20 mL) was addedegfuivalent of the

respective amine (~2.98 mM). The reaction mixtueas when heated at reflux for approximately

36 hrs using a Bichi Syncore Reactor. The reactioxture was then cooled to room
temperature (approx. 2€C), and the precipitate was collected by filtratiamd washed with
~8 mL cold THF. In the case of a precipitate natriimg, the sample was concentrated

vacua Final analysis carried out using GCMS and NMR.
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Synthesis of 4-Ethyl-10-oxa-4-azatricyclo[5.2.1jaee-3,5-dione43):

O

o/

O
43

The previously reportedN-ethyl substituted analogué3 was synthesised according to the
general method 4(4.2 using ethylamine (70%) and norcantharidii3 affording white
solid (472 mg, 81%). The determined melting poorresponds to literature reports [10].

Mp: 166-169°C;

'H NMR (DMSO-d): 6 4.81 (2H, dd,J = 2.4, 3.1 Hz), 3.46 (2H, ¢),= 7.1 Hz), 2.80 (2H, s),
1.80 (2H, m), 1.55 (2H, m), 1.09 (3H,J)t= 7.1 Hz);

%C NMR (DMSO-@): 6 176.9, 79.0, 49.9, 33.9, 28.5, 12.85;

ESI-MS: 196 [M+H], 195 [M], 127 (100%):

IR (neat): 2991, 2946, 1693, 1446, 1406, 1344, 13229, 1207, 1190, 1151, 1018, 887, 825,
807 cnt;

HR-MS (m/z): calc GoH1NO3: 195.08756.
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Synthesis of 4-Propyl-10-oxa-4-azatricyclo[5.2.ddee-3,5-dione44):

(@]
B
(@]
44

The previously reporteti-propyl substituted analogu&t was synthesised according to the
general method 4(4.2, using N-propylamine and norcantharidiil3 affording white

solid (500 mg, 80%). The determined melting poorresponds to literature reports [10].

Mp: 76-77°C;

'H NMR (DMSO-d): & 4.83 (2H, dd,) = 2.2, 3.1 Hz), 3.40 (2H, § = 7.3 Hz), 2.82 (2H, s),
1.81 (2H, m), 1.56 (2H, m), 0.84 (3HJ)t= 7.3 Hz);

¥%C NMR (DMSO-@): 6 177.2, 79.0, 49.9, 40.6, 28.6, 20.9, 11.1;

ESI-MS: 210 [M+H], 209 [M], 141 (100%):

IR (neat): 2970, 2883, 1695, 1438, 1406, 1345, 13202, 1205, 1188, 1150, 1026, 914, 886,
826, 789 crii;

HR-MS (m/z): calc GH;sNO3: 209.10519.
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Synthesis of 4-Butyl-10-oxa-4-azatricyclo[5.2.1jaee-3,5-diong45):
0O
[ i EN_/_\
O
45

The previously reported\-butyl substituted analogué5 was synthesised according to the
general method 4(4.2, using N-butylamine and norcantharidil3, affording a white

solid (818 mg, 93%). The determined melting poorresponds to literature reports [10].

Mp: 82-83°C;

'H NMR (DMSO-d): 5 4.82 (2H, ddJ = 2.2, 3.2 Hz), 3.41 (2H, §, = 7.3 Hz), 2.81, (2H, s),
1.80 (2H, m), 1.57-1.45 (4H, m), 1.23 (2H, m), 0(8H, t,J = 7.3 Hz);

%C NMR (DMSO-@): 6 177.2, 79.0, 49.8, 38.8, 29.6, 28.6, 19.9, 13.5;

ESI-MS: 224 [M+H], 223 [M], 181 (100%):

IR (neat): 2958, 2874, 1695, 1436, 1401, 1368, 13889, 1188, 1142, 1031, 999, 917, 890,
826 cn;

HR-MS (m/z): calc GH;/NO3: 223.12084.
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Synthesis of 4-Hexyl-10-oxa-4-azatricyclo[5.2.1mes-3,5-dione46):
0O
[ ii aYS
N
O
46

The previously reported-hexyl substituted analogué6 was synthesised according to the
general method 4(4.2, using N-hexylamine and norcantharidit3, affording colourless
oil (654 mg, 87%). Analysis by TLC of the crude gueot showed no traces of starting material

or other impurities. The product was not furtherified.

'H NMR (DMSO-d): § 4.80 (2H, m), 3.39 (2H, ] = 7.3 Hz), 2.80 (2H, s), 1.80 (2H, m),
1.57-1.43 (4H, m), 1.21 (6H, m), 0.81 (3H] & 7.3 Hz);

3C NMR (DMSO-d): § 177.2, 79.0, 49.8, 39.0, 31.2, 28.5, 27.4, 2% 213.9;

ESI-MS: 252 [M+H], 251 [M], 168 (100%);

IR (neat): 2954, 2859, 1700, 1437, 1400, 1372, 11662, 888, 825 cih

HR-MS (m/z): calc GH»NOs: 251.15214.
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Synthesis of 4-Octyl-10-oxa-4-azatricyclo[5.2.1]aee-3,5-dione47)
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The previously reportedN-octyl substituted analogué7 was synthesised according to the
general method4(4.2), using N-octylamine and norcantharidih3, affording a white solid

(714 mg, 86%). The determined melting point coroesis to literature reports [10].

Mp: 36-37°C;

'H NMR (DMSO-d): 5 4.81 (2H, m), 3.39 (2H, t] = 7.3 Hz), 2.80 (2H, s), 1.78 (2H. m),
1.58-1.43 (4H, m), 1.21 (10H, m), 0.82 (3H] & 7.3 Hz);

*C NMR (DMSO-@): 6 177.2, 79.0, 49.8, 39.1, 31.6, 29.0, 28.9, 287%,26.6, 22.5, 14.0;
ESI-MS: 280 [M+H], 279 [M], 168 (100%):

IR (neat): 2927.1, 2855.8, 1700.1, 1437.1, 1401371.4, 1347.0, 1308.2, 1185.8, 888.2,
825.6 cn;

HR-MS (m/z): calc GeHsNO3: 279.18344.
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Synthesis of 4-Decyl-10-oxa-4-azatricyclo[5.2.1]mlee-3,5-dione48)
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The previously reported-decyl substituted analogu#8 was synthesised according to the
general method4(4.2, using N-decylamine and norcantharidit8, affording a white solid

(623 mg, 68%). The determined melting point coroesis to literature reports [10].

Mp: 30-31°C;

'H NMR (CDCE): & 4.84 (2H, tJ = 2.1 Hz), 3.44 (2H, t) = 7.3 Hz), 2.81 (2H, s), 1.82-1.85
(2H, m), 1.52-1.59 (4H, m), 1.26 (14H, s), 0.88 (8H = 6.7 Hz);

3C NMR (CDCE): § 177.2, 79.1, 50.5, 39.2, 32.0, 29.5, 29.3, 2B17,27.6, 26.7, 22.7, 14.0;
ESI-MS: 308 [M+H], 307 [M], 168 (100%);

HR-MS (m/z): calc GH2NOs: 307.21474.
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The previously reporteti-dodecyl substituted analogd® was synthesised according to the
general method4(4.2, usingN-dodecylamine and norcantharidl3, affording a white solid
(820 mg, 82%).

Mp: 36-37°C;

'H NMR (CDCk): & 4.85 (2H, q,J = 2.3 Hz), 3.44 (2H, ) = 7.3 Hz), 2.83 (2H, s), 1.85-1.82
(2H), 1.60-1.50 (4H, m), 1.52-1.59 (4H, m), 1.20K2's), 0.87 (4H, m);

3C NMR (CDCE): 5 176.7, 78.5, 49.3, 38.5, 29.0, 28.9, 28.8, 2885),27.0, 26.1, 22.1, 13.5;
ESI-MS: 336 [M+H], 335 [M], 168 (100%);

HR-MS (m/z): calc GH3NOs: 335.24604.
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Synthesis of 4-Tetradecyl-10-oxa-4-azatricycloffdecane-3,5-dionexQ)
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The N-tetradecyl substituted analog®® was synthesised according to the general method

(4.4.2, usingN-tetredecylamine and norcantharidig, affording a white solid (856 mg, 79%).

Mp: 45-46°C;

'H NMR (CDCk): & 4.84 (2H, qJ = 2.2 Hz), 3.42 (2H, 1) = 7.3 Hz), 2.82 (2H, s), 1.83 (2H,
quin,J = 4.5 Hz), 1.56 (2H, m), 1.23 (20H, s), 0.86 (2);

3C NMR (CDCE): 5 176.7, 78.5, 49.3, 38.5, 29.1, 29.0, 28.5, 2801, 22.1, 13.5;

ESI-MS: 364 [M+H], 365 [M], 168 (100%);

HR-MS (m/z): calc GH3NOs: 363.27734.

74



Chapter 4
Development of Ring Closed Cantharimides PoteRigl and PP2A Inhibitors

Synthesis of 4-Octadecyl-10-oxa-4-azatricyclo[§detane-3,5-dionex(l)
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The N-octadecyl substituted analog®d was synthesised according to the general method

(4.4.2, usingN-octadecylamine and norcantharidig, affording a white solid (1.00 g, 80%).

Mp: 62-64°C;

'H NMR (CDCL): § 4.86 (2H, g, = 2.3 Hz), 3.54 (2H, t] = 6.8 Hz), 2.86 (2H, s), 2.33 (2H, t,
J=7.4 Hz), 1.83-1.91 (4H, m), 1.58 (2H, m);

3C NMR (CDCH): § 177.1, 176.7, 78.5, 49.3, 37.5, 30.4, 28.0, 213(8;

ESI-MS: 420 [M+H], 419 [M], 168 (100%);

HR-MS (m/z): calc GH4NOs: 419.33994.
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The N-(sec)-butyl substituted analog®@ was synthesised according to the general method

(4.4.2, usingsecbutylamine and norcantharidir8 affording a white solid (654 mg, 98%).

Mp: 44-46°C;

'H NMR (DMSO-d): § 4.82 (2H, s), 4.03 (1H, m), 2.77 (2H, m), 1.9201(A), 1.64-1.52 (m),
1.30 (3H, dJ = 7.0 Hz), 0.79 (3H, t] = 7.5 Hz);

3C NMR (DMSO-4): § 177.5, 79.2, 50.1, 49.5, 28.6, 25.9, 17.5, 10.9;

ESI-MS: 224 [M+H], 223 [M], 168 (100%);

IR (neat): 2968, 2878, 1696, 1462, 1398, 1367, 13074, 1188, 888, 824 ¢in

HR-MS (m/z): calc GHiNOs: 223.12084.
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The N-cyclohexyl substituted analogue3 was synthesised according to the general method

(4.4.2, using cyclohexylamine and norcanthari@ihaffording a white solid (604 mg, 81.5%).

Mp: 97-99°C;

'H NMR (DMSO-d): 5 4.78 (2H, m), 3.86 (1H, m), 2.73 (2H, s), 2.05 (2h), 1.77 (4H, m),
1.53 (6H, m), 1.16 (4H, m);

%C NMR (DMSO-@): 6 177.3, 79.1, 51.9, 49.4, 28.6, 28.6, 25.8, 25.0;

ESI-MS: 250 [M+H], 249 [M], 168 (100%):

IR (neat): 2922, 2853, 1695, 1456, 1398, 1373, 13368, 1258, 1198, 1150, 1039, 1000, 894,
826 cn;

HR-MS (m/z): calc GH1dNO3: 249.13649.

77



Chapter 4
Development of Ring Closed Cantharimides PoteRigl and PP2A Inhibitors

Synthesis of 4-Allyl-10-oxa-4-azatricyclo[5.2.1]dae-3,5-dione39)
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The N-allyl substituted analogu&9 was synthesised according to the general methad?),
using 1-aminopropyl-2-ene and norcanthariidnaffording a white solid (463 mg, 75%).

Mp: 116-117°C;

'H NMR (CDCE): § 5.71-5.76 (1H, m), 5.16-5.22 (2H, m), 4.88-4.98(?), 4.08 (2H, dd] =
4.0,1.3 Hz), 2.89 (2H, s), 1.85-1.88 (2H, m), 11562 (2H, m);

3C NMR (CDCE): 5 176.0, 129.8, 116.9, 78.4, 49.4, 40.3, 28.0;

ESI-MS: 208 [M+H], 207 [M], 168 (100%);

HR-MS (m/z): calc GH1NOs: 207.08954.
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The but-3-enyl substituted analogbd was synthesised according to the general method
(4.4.2, using 1-aminobut-3-ene and norcantharidBnaffording a white solid (204 mg, 31%).

Mp: 64-65°C;

'H NMR (DMSO-d): § 5.65 (1H, m), 4.99 (2H, m), 4.66 (2H, m), 3.37 (2H = 6.9 Hz), 3.00
(2H, s), 2.17 (2H, q] = 6.9 Hz), 1.61 (4H, br s);

3C NMR (DMSO-4): § 177.1, 78.6, 59.5, 49.4, 41.3, 27.9;

ESI-MS: 222 [M+H], 221 [M], 168 (100%);

HR-MS (m/z): calc GHiNOs: 221.10519.
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The previously 2-hydroxyethyl substituted analodife was synthesised according to the
general method4(4.2), using 2-hydroxyethylamine and norcantharidi® affording a white

solid (503 mg, 80%). The determined melting poorresponds to literature reports [10].

Mp: 164-166°C;

'H NMR (DMSO-&): § 4.86 (2H, qJ = 2.1 Hz), 3.70 (2H, t] = 4.8 Hz), 3.64 (2H, q] = 3.6
Hz), 3.01 (1H, br s), 2.89 (2H, s), 1.84 (2H, mBIL(2H, m);

3C NMR (DMSO-4): § 177.1, 78.6, 59.5, 49.4, 41.3, 27.9;

ESI-MS: 212 [M+H], 168 (100%);

HR-MS (m/z): calc GH1NO,: 211.084486.
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The 6-hydroxyhexyl substituted analoga@was synthesised according to the general method
(4.4.2, usingN-6-hydroxyhexylamine and norcantharidif8 affording a white solid (330 mg),
yield 62%.

Mp: 56-57°C;

'H NMR (DMSO-d): 5 4.80 (2H, m), 3.54 (2H, m), 3.41 (2H, m), 2.82 (2] 2.15 (2H, m),
1.57 (2H, m), 1.48 (2H, m), 1.27 (4H, m);

3C NMR (DMSO-d): § 179.1, 79.5, 68.9, 63.0, 49.6, 28.4, 22.1;

ESI-MS: 240 [M+H], 72 (100%);

IR (neat): 3447, 2953, 1696, 1350, 1305, 1190, 11@97, 996, 979, 882, 827, 576 tm
HR-MS (m/z): calc GH1NO,: 267.14706.
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The 2-hydroxy-1-methylethyl substituted analogfevas synthesised according to the general
method 4.4.2, using 2-amino-propan-1-ol and norcantharidi3 affording a white
solid (352 mg, 49%)

Mp: 104-107°C;

'H NMR (DMSO-d): 5 4.84 (2H, m), 4.26 (1H, m), 3.80 (1H, m), 3.70 (1h), 2.83 (2H, s),
2.14 (1H, s), 1.84 (m), 1.58 (2H, m), 1.28 (3HJ &, 7.1 Hz);

*C NMR (DMSO-@): 6 177.9, 79.3, 63.5, 50.4, 49.7, 49.6, 28.6, 28%;1

ESI-MS: 226 [M+H], 168 (100%);

IR (neat): 3500-3250, 2959, 1768, 1685, 1465, 143F5, 1310, 1190, 1134, 1062, 1038,
1000, 886, 825 cih

HR-MS (m/z): calc GH:sNO,: 225.10011.
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The 2-hydroxy-1,1-dimethylethyl substituted analdi8 was synthesised according to the
general method4(4.2), using 2-amino-2-methyl-propan-1-ol and norcarittia 13 affording a

pale yellow solid (328 mg, 46%).

Mp: 134-136°C;

'H NMR (DMSO-d): § 4.78 (2H, ddJ = 2.3, 3.1 Hz), 3.71 (2H, s), 3.52 (1H, br ) 2(ZH, s),
1.78 (2H, m), 1.52 (2H, m), 1.39 (6H, s);

3C NMR (DMSO-4): § 179.1, 79.5, 68.9, 63.0, 49.6, 28.4, 22.1;

ESI-MS: 240 [M+H], 168 (100%);

HR-MS (m/z): calc GH1NO,: 239.11576.
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The 1-hydroxymethylpropyl substituted analodgi®ewas synthesised according to the general
method 4.4.2), using 2-amino-butan-1-ol and norcantharidi® affording a pale yellow
oil (349 mg, 49%). Analysis by TLC of the crude guot showed no traces of starting material
or other impurities. The product was not furtherified.

'H NMR (DMSO-d): 5 4.79 (2H, s), 4.05 (1H, m), 3.87 (1H, m), 3.63 (h), 3.01 (1H, br s),
2.81 (2H, ¢J = 11.6 Hz), 1.79-1.38 (6H, m), 0.79 (3H] £ 7.4 Hz);

3C NMR (DMSO-d): § 178.2, 79.2, 62.1, 56.5, 49.6, 49.4, 28.5, 28047,210.3;

ESI-MS: 240 [M+H], 168 (100%);

HR-MS (m/z): calc GH1NO,: 239.11576.
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The 2,3-dihydroxypropyl analogud2 was synthesised according to the general method
described in Scheme 4.3.2.3 by adding 120 mg of a 2.5% Os@olution int-BuOH
(0.012 mmol, 0.5 mol%) dropwise to a stirred saltiof the allyl analogue3@) (500 mg,
2.41 mmol),N-methylmorpholineN-oxide (310 mg, 2.65 mmol) in acetone/water (5:2) nilhe
resulting solution was heated at 80°C for 16 h teebeing diluted ether (100 mL) and washed
with water (3 x 20 mL). The organic layer was cancatedin vacuoto afford a brown solid.
Flash chromatography (70% EtOAc/hexanes) affordecpate white solid which was
recrystallised from EtOAc to afford a white crysited solid (197 mg, 34%).

'H NMR (DMSO-d): § 4.73 (1H, dJ = 4.6 Hz), 4.66 (2H, s), 4.51 (1H,X= 5.7 Hz), 3.63
(1H, g, = 5.7 Hz), 3.23-3.32 (2H, m), 3.00 (2H, s), 1.8BI(S);

3C NMR (DMSO-4): § 177.4, 78.3, 67.9, 63.9, 49.3, 41.8, 27.8;

ESI-MS: 242 [M+H], 168 (100%);

HR-MS (m/z): calc GH2N20,: 241.09502.
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Synthesis of 4-(3-Hydroxy-2-methoxypropyl)-10-osaedtricyclo[5.2.1.02,6]decane-3,5-dione
(41)

0
O_
N‘&
OH
o
41

The methoxylated analogyd was synthesised according to the general methestritbed in
Scheme 4.34(2.3 by adding (1S)-(+)-10-camphorsulfonic acid (15, @6 mmol) to a stirred
solution of epoxide40) (220 mg, 0.98 mmol) in methanol (4mL). The resuoitsolution was
warmed to 35°C and stirred for 16 h before beingceatratedn vacuoaffording a clear oil.
Flash chromatography (70% EtOAc/hexanes) affordetlite solid (195 mg, 78%).

Mp: 95-96°C;

'H NMR (DMSO-d): & 4.88-4.89 (2H, m), 3.94-3.96 (1H, m), 3.60-3.6Bi,(?), 3.38 (3H, s),
3.33-3.39 (2H, m), 2.91 (2H, s), 1.85-1.88 (2H, B0-1.63 (2H, m);

3C NMR (DMSO-4): § 177.0, 78.6, 73.5, 67.7, 58.7, 49.4, 41.7, 28.0;

ESI-MS: 256 [M+H], 168 (100%);

HR-MS (m/z): calc GHiN20,: 255.11067.
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Synthesis of 4-Oxirananylmethyl-10-oxa-4-azatricjR.1.02,6]decane-3,5-diondqQ)
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The oxirananylmethyl substituted analogifawas synthesised according to the general method
described in Scheme 4.3.2.3 by addingm-chloroperbenzoic acid (2.15 g, 77% in water,
9.66 mmol) in one portion to a cooled and stirretutson at 0°C of the allyl analogu&9)

(2.0 g, 4.83 mmol) in DCM (20 mL). The resultingugmn was warmed to room temperature
and stirred for 16 h before being diluted with DEGBO mL). This was washed with NaHGO

(3 x 10 mL, saturated). The organic layer was d(Nd&S0O,), filtered and concentrated in

vacuo affording a white solid (1.08 g, 76%).

Mp: 83-84°C;

'H NMR (DMSO-d): & 4.82 (2H, m), 3.65 (4H, il = 4.7 Hz), 3.48 (2H, t), 2.81 (2H, s), 2.37
(4H, m), 2.30 (2H, tJ = 5.0 Hz), 1.81 (2H, m), 1.70 (2H, s), 1.55 (2H; m

*C NMR (DMSO-@): 6 177.2, 79.0, 66.8, 55.8, 53.4, 51.3, 49.9, 3B%,24.2;

ESIMS: 295 [M+H], 168 (100%);

IR (neat): 2958, 1695, 1443, 1404, 1348, 1310, 12887, 1115, 1070, 997, 916, 888,
824 cn;

HR-MS (m/z): calc GH2N20,: 294.15796.
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Synthesis of 4-Morpholin-4-yl-10-oxa-4-azatricy8d].1.02,6]decane-3,5-dionéqQ)

The N-morphilino substituted analogugd was synthesised according to the general method
(4.4.2 using 4-aminomorpholine and norcantharidi8 affording a yellow solid (324 mg,
43%).

Mp: 169-171°C;

'H NMR (DMSO-d): & 4.78 (2H, m), 3.71 (4H, t] = 4.7 Hz), 3.18 (4H, t) = 45 Hz), 2.73
(2H, s), 1.78 (2H, m), 1.53 (2H, m);

*C NMR (DMSO-@): 6 175.1, 79.1, 66.7, 51.2, 47.9, 28.5;

ESI-MS: 253 [M+H], 168 (100%);

IR (neat): 3585, 3479, 2961, 2925, 2863, 1716, 14886, 1362, 1309, 1270, 1200, 1110, 896,
875, 821, 753 cih

HR-MS (m/z): calc GH:1¢N;O,: 252.1101.

88



Chapter 4
Development of Ring Closed Cantharimides PoteRigl and PP2A Inhibitors
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The N-ethylmorphilino substituted analogu@&l was synthesised according to the general
method 4.4.2 using 4-ethylaminomorpholine and norcantharifaffording an orange brown
solid (306 mg, 37%).

Mp: 109-111°C;

'H NMR (DMSO-d): & 4.82 (2H, m), 3.60 (4H, tl = 4.5 Hz), 3.55 (2H, 1) = 4.5 Hz), 2.84
(2H, s), 2.48-2.43 (6H, m), 1.80 (2H, m), 1.56 (2);

3C NMR (DMSO-4): § 177.1, 79.0, 67.0, 55.1, 53.4, 49.9, 36.6, 28.6;

ESI-MS: 281 [M+H], 168 (100%);

IR (neat): 2997, 1698, 1404, 1207, 1160, 1115, 1806, 668 cri;

HR-MS (m/z): calc GH2N,0,: 280.14231.
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The N-propylmorphilino substituted analogus8 was synthesised according to the general
method 4.4.2 using 4-propylaminomorpholine and norcantharidi8 affording a
orange/brown oil (58 mg, 7%). Analysis by TLC oftlrude product showed no traces of

starting material or other impurities. The prodwess not further purified.

'H NMR (DMSO-d): & 4.82 (2H, m), 3.65 (4H, il = 4.7 Hz), 3.48 (2H, t), 2.81 (2H, s), 2.37
(4H, m), 2.30 (2H, m), 1.81 (2H, m), 1.70 (2H,K%5 (2H, m);

%C NMR (DMSO-@): 6 177.2, 79.0, 66.8, 55.8, 53.4, 51.3, 49.9, 3B%,24.2;

ESI-MS: 295 [M+H], 168 (100%);

IR (neat): 2958, 1695, 1443, 1404, 1348, 1310, 12887, 1115, 1070, 997, 916, 888,
824 cn;

HR-MS (m/z): calc GH2N,0,: 294.15796.
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Synthesis of Bis-3,6-epoxycyclohexane-1,2-dicanioi)-trimethyl (bis-norcantharimide-

propyl linker) 62)
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The bis-norcantharimide-propyl linker analogé® was synthesised according to the general
method 4.4.2 using 4-propylaminomorpholine and norcantharitidaffording a yellow solid
(892 mg, 80%).

Mp: 159-160°C;

'H NMR (DMSO-d): § 4.86 (2H, m), 3.43 (2H, m), 2.86 (2H, s), 1.85 (4}, 1.58 (2H, quin);
3C NMR (DMSO-4): § 176.5, 78.5, 49.4, 35.6, 28.0, 24.7;

ESI-MS: 375 [M+H], 168 (100%);

HR-MS (m/z): calc GH2N,0g: 374.14779.
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Synthesis of Bis-3,6-epoxycyclohexane-1,2-dicanbioki)-dodedecylmethyl (bis-
norcantharimide-dodecyl linkerbg)
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The bis-norcantharimide-dodecy! linker analog3ewas synthesised according to the general
method ¢.4.2 using 4-propylaminomorpholine and norcantharitihaffording a white solid
(924 mg, 62%).

'H NMR (DMSO-d): § 4.85 (2H, qJ = 2.2 Hz), 3.43 (2H, ) = 7.3 Hz), 2.84 (2H, s), 1.85
(2H, m), 1.59-1.51 (4H, m), 1.22 (10H, m);

3C NMR (DMSO-d): § 176.6, 78.5, 49.3, 38.5, 28.9, 28.8, 28.5, 276(D;2

ESI-MS: 501 [M+H], 168 (100%);

HR-MS (m/z): calc GHadN,Og: 500.28864.
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Synthesis o#-Phenyl-10-oxa-4-azatricyclo[5.2.1.02,6]decane-8iéne 64)

0O

v

o
64

The phenyl analogué4 was synthesised according to the general metdodl?, using

aminobenzene and norcantharitiBiaffording a bone coloured solid (572 mg, 79%).

Mp: 171-173°C;

'H NMR (CDCk): & 7.42-7.45 (2H, m), 7.25-7.28 (2H, m), 4.97 (2HJg= 1.1 Hz), 3.01
(2H, s), 1.87-1.90 (2H, m), 1.63-1.65 (2H, m);

3C NMR (CDCE): § 175.7, 128.5, 128.1, 125.0, 78.9, 49.5, 28.1;

ESI-MS: 244 [M+H], 168 (100%);

HR-MS (m/z): calc GH1NOs: 243.08954.
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Synthesis o#l-(4-Hydroxyphenyl)-10-oxa-4-azatricyclo[5.2.1.02&cane-3,5-dionesb)
0O

o

O
65

The hydroxyphenyl analogueb was synthesised according to the general methdd?, using
4-aminophenol and norcantharidif@ affording a white solidg5) (347 mg), yield 45%.

Mp: 172-173°C;

'H NMR (CDCE): & 7.11 (2H, dJ = 8.1 Hz), 6.86 (2H, dl = 0.9 Hz), 4.98 (2H, gl = 0.9 Hz),
3.01 (2H, s), 1.56-1.62 (4H, m);

3C NMR (CDCE): § 181.5, 127.4, 115.4, 78.9, 49.4, 28.1;

ESI-MS: 260 [M+H], 168 (100%);

HR-MS (m/z): calc GH1NO,: 259.08954.
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Synthesis o#l-(4-Nitro-phenyl)-10-oxa-4-azatricyclo[5.2.1.02¢g&jcane-3,5-dion&56)

O
O
66

The nitrophenyl analogué6 was synthesised according to the general methed?, using

4-aminonitrobenzene and norcantharitiBaffording an orange yellow solid (652 mg, 76%).

Mp: 207-209°C;

'H NMR (CDCk): & 8.29 (2H, dJ = 7.1 Hz), 7.55 (2H, dJ = 7.1 Hz), 4.99 (2H, m), 3.07
(2H, s), 1.90-1.94 (2H, m), 1.66-1.69 (2H, m);

3C NMR (CDCE): 5 174.9, 1465, 136.8, 126.4, 123.7, 79.1;

ESI-MS: 289 [M+H], 168 (100%);

HR-MS (m/z): calc GH1N,Os: 288.07462.
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Synthesis 0{4-(3,5-Dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]déeyl)-benzoic acidq?)

NOCOZH

O
67

The benzoic acid analog®s was synthesised according to the general metha@d?, using

4-aminobenzoic acid and norcanthariiaffording a white solid (307 mg, 36%).

Mp: 275-277°C;

'H NMR (CDCE): & 8.13 (2H, dJ = 8.4 Hz), 7.30 (2H, d] = 8.1 Hz), 4.96 (2H, gl = 1.9 Hz),
3.00 (2H, s), 1.88 (2H, m), 1.63 (2H, m);

3C NMR (CDCE): § 175.3, 160.1, 134.3, 132.2, 129.8, 125.3, 78.%,48.0;

ESI-MS: 288 [M+H], 168 (100%);

HR-MS (m/z): calc GH1NOs: 287.07937.
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Synthesis of 4-Benzyl-10-oxa-4-azatricyclo[5.2. B&cane-3,5-dione6g)
0O
N
I io?}
68

The previously reported benzyl substituted analo§8ewas synthesised according to the
general method 4(4.2 from benzylamine and norcantharidiB. Recrystallisation from
ethylacetate/petroleum spirit gave pale yellow @igs(697 mg, 91%). The determined melting

point corresponds to literature reports [10].

Mp: 114-116°C;

'H NMR (DMSO-d):  7.22 (5H, m), 4.81 (2H, m), 4.56 (2H, s), 2.81 () 1.77 (2H, m),
1.54 (2H, m), 1.21 (2H, m);

3C NMR (DMSO-4): § 176.7, 135.3, 128.4, 127.8, 127.5, 78.9, 49.83, 4B 4;

ESI-MS: 258 [M+H] (100%):

IR (neat): 3009, 2959, 1652, 1601, 1581, 1496, 14309, 1340, 1308, 1177, 998, 887cm
HR-MS (m/z): calc GH1NOs: 257.21576.
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Synthesis of 4-(4-Methoxybenzyl)-10-oxa-4-azatiafy2.1.02,6]decane-3,5-dion€%)

0O
N
e O
69
OMe
The 4-methoxybenzyl substituted analog§@avas synthesised according to the general method

above (4.4.2) from 4-methoxybenzylamine and notedin 13 afforded crude yellow oil.

Recrystallisation from ethylacetate/petroleum spg@ive yellow crystals (778 mg, 91%).

Mp: 77-80°C;

'H NMR (DMSO-d): § 7.26 (2H, dJ = 8.7 Hz), 6.81 (2H, d] = 8.7 Hz), 4.87 (2H, m), 4.56
(2H, s), 3.77 (3H, s), 2.85 (2H, s), 1.84 (2H, MBO (2H, m);

3C NMR (DMSO-d): § 176.8, 159.2, 129.7, 127.8, 114.0, 79.0, 55.2),512.0, 28.6;

ESI-MS: 288 [M+H], 168 (100%);

HR-MS (m/z): calc GH1NO,: 287.11576.
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Synthesis of 4-(3,4-Dimethoxybenzyl)-10-oxa-4-azatio[5.2.1.02,6]decane-3,5-dion&Q)

0O
O _Q*OMe
70
OMe
The 3,4-dimethoxybenzyl substituted analogi@®ewas synthesised according to the general

method 4.4.2 from 3,4-dimethoxybenzylamine and norcantharidi® affording a white
solid (718 mg, 76%).

Mp: 155-157°C;

'H NMR (DMSO-dy): 5 6.89 (2H, m), 6.77 (1H, m), 4.87 (2H,&j= 2.4 Hz), 4.56 (2H, s), 3.84
(3H, s), 3.83 (3H, s), 2.86 (2H, s), 1.84 (2H, MBO (2H, m);

3C NMR (DMSO-d): § 176.3, 148.5, 148.1, 127.6, 120.1, 110.9, 1185,55.3, 49.5, 41.7,
28.0;

ESI-MS: 318 [M], 168 (100%);

HR-MS (m/z): calc GH:NOs: 317.12632.
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Synthesis of 4-(2-Amino-benzyl)-10-oxa-4-aza-ttaf$c2.1.02,6]decane-3,5-dion&X)
0O
@:((N NH,
o O
71

The 2-aminobenxyl analogud was synthesised according to the general methdd? from

2-aminomethylphenylamine and norcanthariti@affording a yellow solid (349 mg, 43%).

Mp: 159-160°C;

'H NMR (DMSO-d): § 7.09-7.00 (2H, m), 6.68 (1H, d), 6.54 (1H, t),4(2H, s), 3.84 (2H, s),
2.74 (2H, s), 1.54-1.46 (4H, m);

3C NMR (DMSO-4): § 174.1, 146.8, 129.8, 128.9, 118.7, 116.1, 1183, 53.7, 29.0;
ESI-MS: 273 [M], 168 (100%);

HR-MS (m/z): calc GH:1N,0s: 272.11609.
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Synthesis of4-(1-Phenylethyl)-10-oxa-4-azatricyclo[5.2.1.02 &dedne-3,5-dionér2)

s,

The phenylethyl analogué2 was synthesised according to the general methat?( from

2-aminomethylphenylamine and norcantharitidaffording a yellow solid (414 mg, 51%).

Mp: 159-160°C;

'H NMR (DMSO-d): § 7.09-7.00 (2H, m), 6.68 (1H, d), 6.54 (1H, t), 4(2H, s), 3.84 (2H, s),
2.74 (2H, s), 1.54-1.46 (4H, m);

3C NMR (DMSO-4): § 174.1, 146.8, 129.8, 128.9, 118.7, 116.1, 1183, 53.7, 29.0;
ESI-MS: 272 [M+H], 168 (100%);

HR-MS (m/z): calc GH1N,0s: 271.12359.
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4.4.3 General Synthesis of Amino acid and Acidic aminessituted ring-closed

cantharimides analogues
To a solution of norcantharidin (500 mg, 2.98 mM) dry DMF (20ml) was added the

respective amine (2.98 mM). The reaction mixtures agated at reflux for 36 hrs using a
Radley Carousel Reactor, cooled to room temperatlitged with ethylacetate (30 mL), and
washed with saturated aqueous ammonium chloridgieol(6x20 mL). The combined organic
phase was dried (MgS}) filtered, and concentratesh vacuo Reaction progression was
monitored by TLC, and in cases by GC-MS. Final gsialwas by NMR.

Synthesis of (3,5-Diox0-10-oxa-4-azatricyclo[5.@216]dec-4-yl)acetic acid/@)

O
N
o
O O
73

The ethanoic acid substituted analogiewas synthesised according to the general method
above $#.4.3 from aminoethanoic acid and norcantharidll3. Recrystallisation from
EtOAc/hexanes affording white crystals, (463 mg/%9

Mp: 132-135°C.

'H NMR (DMSO-d): § 4.81 (2H, s) 3.46 (2H, ¢}, = 7.1 Hz), 2.80 (2H, s), 1.80 (2H, m), 1.55
(2H, m), 1.09 (3H, t = 7.21 Hz);

3C NMR (DMSO-d): § 176.9, 176.0, 79.0, 49.9, 33.9, 28.5, 27.8;

ESI-MS: 226 [M+H], 225 [M], 127 (100%);

HR-MS: calc 225.05986.
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Synthesis of 2-(3,5-Dioxo-10-oxa-4-azatricyclo[5.Q2,6]dec-4-yl)-2-methylpropionic acid

(74)
o)
N
Cao
o O
74

The N-2’-(2methylpropanoic acid) substituted ana®@4 was synthesised according to the
general method 4(4.3 from 2-amino-2-methylpropionoic acid and norcamithn 13.

Recrystallisation from EtOAc/hexanes affording wthatystals (490 mg, 65%).

Mp: 221-224°C.

'H NMR (DMSO d): § 4.68 (2H, m), 3.00 (2H, s), 1.59 (4H, m), 1.52 (&)
3C NMR (DMSO @): § 177.3, 173.2, 78.7, 59.8, 49.0, 27.8, 23.3;
GCMS: 253 [M], 208 (100%);

HR-MS: calc 253. 092716.
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Synthesis of (3,5-Diox0-10-oxa-4-azatricyclo[5.2216]dec-4-yl)butyric acid7b)

o
o
N~\_>~OH
o
75

The N-butyric acid substituted analogd® was synthesised according to the general method
(4.4.3 from 4-aminobutyric acid and norcantharidi® Recrystallisation from EtOAc/hexanes

affording white crystals (339mg, 45%).

Mp: 151-154°C.

'H NMR (DMSO d): § 4.84 (2H, m), 3.53 (2H, t] = 6.8 Hz), 2.84 (2H, s), 2.32 (2H, 2=
7.4),1.86 (4H, m), 1.57 (2H, m);

3C NMR (DMSO @): 5 177.2, 177.1, 79.2, 50.0, 38.1, 30.9, 28.6, 22.7;

GCMS: 253 [M], 68 (100%);

HR-MS: calc 253.092716.
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Synthesis of 6-(3,5-Dioxo-10-0xa-4-azatricyclo[5.22,6]dec-4-yl)hexanoic acid§)

O

N O>\~OH

03
(@)
76

The N-hexanoic acid substituted analo@@evas synthesised according to the general method
(4.4.3 from 6-aminohexanoic acid and norcantharidiB. Recrystallisation from

EtOAc/hexanes affording white crystals (368 mg, 44%

Mp: 103-106°C.

'H NMR (DMSO d): § 4.66 (2H, m), 3.29 (2H, il = 7.1 Hz), 2.99 (2H, s), 2.14 (2H,}t= 7.3
Hz), 1.61 (4H, m), 1.43 (4H, m), 1.19 (2H, m);

3C NMR (DMSO d): 5 177.4, 174.2, 78.4, 49.3, 37.8, 33.4, 27.9, 286, 23.9;

GCMS: 281 [M], 68 (100%);

HR-MS: calc 281.081273
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Synthesis of 2-(3,5-Dioxo-10-0xa-4-azatricyclo[5.22,6]dec-4-yl)propionic acid/{)

O
N
OH
(OJNNO)
77

The D-alanine substituted analogtitwas synthesised according to the general methdd3(
from D-alanine and norcantharidir8. Recrystallisation from EtOAc/hexanes affordingiteh
crystals (363 mg, 51%).

Mp: 151-155°C.

'H NMR (DMSO @): & 4.77 (2H, m), 4.71 (1H, gl = 7.2 Hz), 3.02 (2H, m), 1.76 (2H, m),
1.62 (2H, m), 1.41 (3H, d,= 7.2 Hz);

3C NMR (DMSO d): 5 176.5, 170.4, 78.4, 50.9, 49.2, 28.0, 14.0;

HR-MS: calc 239.08932.
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Synthesis of 2-(3,5-Dioxo-10-oxa-4-azatricyclo[5.@2,6]dec-4-yl)-3-phenylpropionic
acid (78)

OH

78

The D-phenylalanine substituted analog@@was synthesised according to the general method
(4.4.3 from D-phenylalanine and norcantharidiB. Recrystallisation from EtOAc/hexanes

affording white crystals (507 mg, 54%).

Mp: 202-205°C.
'H NMR (DMSO d): § 9.21 (1H, bs), 7.00, (2H, d,= 8.3 Hz), 6.67 (2H, d] = 8.3 Hz), 3.26
(4H, m), 3.09 (3H, m), 1.67 (4H, m);

3C NMR (DMSO d): 5 176.5, 169.4, 155.7, 129.8, 127.1, 115.0, 78.77,5®.0, 33.7, 27.9;
HR-MS: calc 315.11872.
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Synthesis of 2-(3,5-Dioxo-10-oxa-4-azatricyclo[$.@2,6]dec-4-yl)-3-(4-
hydroxyphenyl)propionic acid’9)

OH

79

The D-tyrosine substituted analogi@was synthesised according to the general methdd3(
from D-tyrosine and norcantharidia3. Recrystallisation from EtOAc/hexanes affording

slightly pale yellow crystals (572 mg, 58%).

Mp: 158-161°C.

'H NMR (DMSO d): § 7.18 (2H, dJ = 7.3 Hz), 7.09 (2H, d] = 7.3 Hz), 4.73 (1H, q] = 4.6,
11 Hz), 4.65 (1H, m), 4.50 (1H, m), 3.30 (2H, MIB(2H, d,J = 11 Hz), 2.98 (1H, d] = 7.2
Hz), 2.89 (1H, dJ = 7.2 Hz), 1.56 (4H, m);

“C NMR (DMSO @): & 176.5, 169.3, 137.0, 128.9, 128.1, 126.4, 78.14,58.0, 48.9, 33.2,
28.0, 27.8;

HR-MS: calc 331.11963.
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Synthesis of 2-(3,5-Dioxo-10-oxa-4-aza-tricyclo[%.22,6]dec-4-yl)-4-methylhexanoic acid

(80)
O
N
sl
O O
80

The D-isoleucine substituted analogB@ was synthesised according to the general method
(4.4.3 from D-isoleucine and norcantharidih3. Recrystallisation from EtOAc/hexanes

affording slightly pale yellow crystals (385 mg,%k

Mp: 114-117°C.
'H NMR (DMSO &): § 4.70 (2H, m), 4.23 (1H, m), 3.09 (2H, m), 2.20 (1), 1.62 (4H, m),
1.35 (2H, m), 0.94 (3H, d,= 6.7 Hz), 0.80 (3H, m);

3C NMR (DMSO d): 5 176.9, 169.2, 78.6, 56.5, 48.9, 38.7, 27.9, 21655, 10.6;

HR-MS: calc 295.12981
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Synthesis of 2-(3,5-Dioxo-10-oxa-4-azatricyclo[5.22,6]dec-4-yl)-3-(1H-imidazol-4-

0 y JNH
N N~
OH
o O
32

The D-histidine substituted analog82was synthesised according to the general methodeab

yl)propionic acid 82)

(4.4.3 from D-histidine and norcantharidir8. Recrystallisation from EtOAc/hexanes affording

slightly pale yellow crystals (445 mg, 49%).

Mp: 238-241°C.

'H NMR (DMSO @): § 7.54 (1H, m), 6.70 (1H, s), 4.62 (2H, m), 3.20 (1h), 2.95 (2H, m),
2.72 (1H, s), 1.59 (4H, m);

3C NMR (DMSO d): 5 176.6, 169.4, 134.5, 132.9, 78.2, 52.7, 49.1,,48®, 27.9, 25.3.;
HR-MS: calc 305.102746.
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Synthesis of 2-(3,5-Dioxo-10-0xa-4-azatricyclo[5.22,6]dec-4-yl)propionic acidd()

o
N—
_>*OH
0 O
81

The L-alanine substituted analog8& was synthesised according to the general methodeab
(4.4.3 from L-alanine and norcantharidit8. Recrystallisation from EtOAc/hexanes affording

slightly pale yellow crystals (370 mg, 52%).

Mp: 189-91°C.

'H NMR (DMSO @): & 4.77 (2H, m), 4.71 (1H, gl = 7.2 Hz), 3.02 (2H, m), 1.76 (2H, m),
1.67 (2H, m), 1.46 (3H, d,= 7.2 Hz).

3C NMR (DMSO d): 5 178.6, 178.4, 172.4, 80.5, 51.2, 51.1, 29.4, 2%,

HR-MS: calc 239.08932.
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Synthesis of 2-(3,5-Dioxo-10-oxa-4-azatricyclo[5.@2,6]dec-4-yl)-3-phenylpropionic
acid 82)

The L-phenylalanine substituted analo@Zwas synthesised according to the general method
above 4.4.3 from L-phenylalanine and norcantharidii3. Recrystallisation from

EtOAc/hexanes affording slightly pale yellow crysté616 mg, 55%).

Mp: 208-211°C;

'H NMR (DMSO &): § 9.10, 6.91 (2H, d] = 8.4 Hz), 6.57 (2H, dJ = 8.4 Hz), 4.62 (2H, m),
3.00 (2H, m), 1.60 (4H, m);

3C NMR (DMSO d): § 176.5, 176.4, 169.4, 155.7, 129.8, 127.1, 11980, 53.7, 49.0, 48.9,
32.3,28.0, 27.8;

HR-MS: calc 315.11872.
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Synthesis of 2-(3,5-Dioxo-10-oxa-4-azatricyclo[$.@2,6]dec-4-yl)-3-(4-
hydroxyphenyl)propionic aci®8)

The L-tyrosine substituted analogd® was synthesised according to the general methodeab
(4.4.3) from L-tyrosine and norcantharidiB. Recrystallisation from EtOAc/hexanes affording

slightly pale yellow crystals (503 mg, 51%).

Mp: 162-165°C;

'H NMR (DMSO d): § 7.18 (2H, dJ = 7.3 Hz), 7.09 (2H, d] = 7.3 Hz), 4.73 (1H, q] = 4.6,
11 Hz), 4.65 (1H, m), 4.50 (1H, m), 3.30 (2H, MIB(2H, d,J = 11 Hz), 2.98 (1H, d] = 7.2
Hz), 2.89 (1H, dJ = 7.2 Hz), 1.56 (4H, m);

C NMR (DMSO d): § 176.5, 169.3, 137.0, 128.9, 128.1, 126.4, 78.14,58.0, 48.9, 33.2,
28.0, 27.8;

HR-MS: calc 331.11963.
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Synthesis of 2-(3,5-Dioxo-10-oxa-4-azatricyclo[b.22,6]dec-4-yl)-4-methylpentanoic
acid 84)

The L-leucine substituted analog84 was synthesised according to the general methdd3(
from L-leucine and norcantharidii8. Recrystallisation from EtOAc/hexanes affordiniglsily

pale yellow crystals (402 mg, 48%).

Mp: 187-190°C;

'H NMR (DMSO d): & 4.69 (2H, m), 4.52 (1H, dd, = 4.4, 11.2), 3.09 (2H, ¢, = 7.4, 20.8
Hz), 1.95 (1H, m), 1.70-1.59 (4H, m), 1.34 (2H, B8O (6H, tJ = 6 Hz);

3C NMR (DMSO @): 5 176.8, 170.1, 78.5, 50.3, 49.2, 49.0, 36.0, 2778, 24.0, 23.1, 20.8;
HR-MS: calc 281.12879.
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Synthesis of 2-(3,5-Dioxo-10-oxa-4-azatricyclo[5.@2,6]dec-4-yl)-3-mercaptopropionic acid

(85)
o
<~—SH
N—
_>*OH
0 O
85

The L-cysteine substituted analogtfewas synthesised according to the general methdd3(
from L-cysteine and norcantharidir8. Recrystallisation from EtOAc/hexanes affordingiteh
crystals (460 mg, 57%).

Mp: 272-275°C;

'H NMR (DMSO d&): § 4.77 (2H, m), 4.71 (1H, §,= 7.2 Hz), 3.05 (2H, m), 3.02 (2H, m), 1.76
(2H, m), 1.67 (2H, m).

3C NMR (DMSO d): 5 178.6, 178.4, 172.4, 80.5, 51.2, 51.1, 29.4, 24 3.

HR-MS: calc 271.049873.
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Chapter 5
Development of Ring Opened Cantharimides as PoteatiPP1
and PP2A Inhibitors

5.1 Introduction

As previously noted the ring opening of cantharimirthe dicarboxylic form has been described
as an important characteristic for PP1 and PP2ikiggcthowever the previous development of
ring-opened analogues, such as the monoeeraqd ring-closed cantharimideSHapter 4)
including 32), both undermine the importance of this mecharf@nbinding [1] [2]. The data
presented herein raises some questions aboutrier studies, and challenges the original idea
that ring opening anhydride species is crucial iaintaining inhibition of PP1 and PP2A.
Furthermore, more recent molecular modelling deferted by McCluskegt. al and bioassay
results strongly suggests that the original hypgighef cantharidin analogues binding within
PP2A’s active site is erroneous [3]. Additionappart for this revised hypothesis has been
forthcoming from Shan’s laboratory [4]. Shan hasndnstrated that cantharidin is not a
competitive inhibitor of PP2A and this data suppdhte modelling findings from McCluskey's
laboratory [3].

0 o Q
OMe OH
OH /JNH
o) @ N~
PP1 = 4.7uM; PP2A = 0.41uM PP1 =3.221M; PP2A = 0.81uM
24 32

Given the lack of success in anhydride modificagjoaind these recent developments in both
enzyme kinetics and molecular modelling, the maitug of this chapter is to further examine
the McCluskey hypothesis, and to generate a nupfo@rg-opened cantharimide analogues for
screening. The range of amine substituents chasesjmilar to Chapter 4 (ring-closed
analogues), and represents the diverse range gidbleavailable, including aliphatic chains,
aromatic rings, alcohols, primary and secondarynas)i as well as morpholine moieties.

Substituents also varied in size, flexibility anglagal distribution. Analogues were initially
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screened for phosphatase and carcinoma cell liméiiion. The PP1 and PP2A 4¢and cell

line Glso (LM) of successful candidates were also determined

5.2 Results and Discussion — Chemical Synthesis

The generation of the ring-opened cantharimides,an elegantly simple one step modified
Gabriel synthesis, was developed by this laborat@pmmencing with the easily synthesised
norcantharidin 13), subsequent treatment with one equivalent ofréhevant amine at room

temperature in dry THF at room temperature, geadrdte respective ring-opened cantharimide
analogue precipitating overnight with generally gogelds. In a few isolated cases the ring
closed analogues could be detected in trace amoatnetdegree to which this occurred was
predicted by the inherent nucleophilicity of therthg amine. Highly nucleophilic amines

showed a propensity towards generating the ringetlcanalogues, fortunately in this instance

this was the exception rather that the rule.

Reaction rates varied as did yields, however gdlgettze quicker the reaction the better the
yield; typically a function of amine nucleophiligitReaction yields were also largely affected
by the quality of the precipitation. That is witlower precipitation, the larger needle crystals
formed, typically resulting in better yields. Linmdy factors inhibiting the types of amines used
included steric bulk associated with the amine Ipai of electrons, and was also dependant on
whether a primary or secondary amine was being rget as shown by the attempted
synthesis of morpholine-3,5-dione, and solubiilych as 2-aminoisobutyric acid. The synthesis
of the 3,5-dione analogue has since been carrieoh @ur laboratory, and required modest heat.

Refer toFigure 5.1for a proposed reaction mechanism.

(] (o}
( /\HZNR ( NHR i
o jind o —» NHR
[-H] H* OH
9 o)
13 B ©

Figure 5.1: Possible mechanism for the formation of ring agmkoantharimides
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5.3 Results and Discussion — Biological Assay
5.3.1 _Protein Phosphatase and Growth Inhibition

As in previous chapters two main areas of bioldgingestigations were pursued: protein
phosphatase inhibition (PP1 and PP2A) with inisateening conducted at 1GM drug
concentration, and cytotoxicity against an extenpl@ael of human carcinoma cell lines, again
at 100 uM drug concentration. These cell lines included;28Tand SW480 (colorectal
carcinoma), G401 (kidney carcinoma), MCF-7 (breadenocarcinoma), A2780 (ovarian
carcinoma), H460 (lung carcinoma), A431 (epidermaidrcinoma), DU145 (prostate
carcinoma), BE2-C (neuroblastoma) and SJ-G2 (gl&tbina). Where warranted bothd@nd

Glso determinations were undertaken. For results teféables 5.1through5.3.

Firstly, the PP1 and PP2A inhibition and cytotayicof a variety of simple ring-opened
cantharimides possessing alkyl substitu8s89 were analysed, as well as cantharidipgnd
norcantharidin 13) as controls as shown ifable 5.1 As previously described, the controls,
cantharidin §) and norcantharidin1@), display broad spectrum anticancer activity W)
displaying a 10-fold improved potency against iesnéthylated analogue. Of the compounds
displayed inTable 5.1, the most significant analogues proved to be tpergine 89) and
cyclopentyl 88). The piperidine analogue was by far the mosigning we have produced so
far; displaying more potent phosphatase inhibitiesults than the parent anhydride3), and
generally displayed an increase in cytotoxicityntlegther the parent anhydride the ring-closed
(Chapter 4) bis-analogueg3) across the cell lines evaluate. The cyclopenmgl@gue 88) also
displayed comparable cytotoxicity to the parentyainide (3) and also displayed moderate
PP2A selectivity. The ethyl86) and propyl 87) analogues showed moderate to poor
phosphatase and growth inhibition.

N/\MIO\N

63
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Table 5.1 Inhibition of PP1 and PP2A, and Growth Inhibitiohcantharidin §), norcantharidin{3) and a variety of functionalised ring-opened adkgt
cantharimidesg6-89) in a panel of human cancer cell lines. Inhibitievels of PP1 and PP2A are first expressed ash#bition at 100 M drug concentration
(in italics) and, if potent as I& 1M (in bold). Cytotoxicity levels are first expressed as %bitlon at 100 uM drug concentratiom (talics) and if potent, as
Growth Inhibition, G§, uM (in bold).

Compound R ICs0 (LM) Glso (LM)
PP1 PP2A HT29 SW480 MCF-7  A2780 H460 A431 DU145 2RE  SJ-G2
o)
NHR
OH
o)
6 P 11+20 1.2+01 32+01 45+03 75104 4@3 33+02 29+02 21+03 3.7+1.7+0.1
@Iﬁo 0.6
(0]
13 ? 9.0+14 3.0+04 57%5 44 + 6 68 +4 38+1 #43 31+1 28+3 43+6 23+ 3
Gre
O
86 Et 72+22 61491 12+33 5+31 12429 13i® 5149 6+1.9 <0 2+6.1 951
87 n-Pr 70+26 59+6.4 829 4+26 10432 14+26 5+6.2 9+22 <0 3+26 8%6.1
88 Cyclo-pentyl 90+3.2 87+14 89+09 >100 93+09 87+13 >100 96+1.3 >100 >100 98+5.6
18+15 17+1.0 44+30 27+45 48+25 56+10 29+43 32+20 33+40 31+20 31+15
89 Piperidine 3.0+05 44+02 14+12 93+04 14+09 #P0 19+17 14+02 16+03 14+03 18+19

NB: A value of 0% indicates that the compound fhile influence enzyme inhibition when compared wititireated controls (i.e., the higher the value the

greater the enzyme inhibition).
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Given the promising data displayedTiable 5.1, the effect of additional functionality was then
explored in the hope that this would have an impattthe ability of these analogues to
penetrate the cell membrane, hence improving tesultant cytotoxicityTable 5.2 shows the
phosphatase inhibition and cytotoxicity of a varief simple ring-opened cantharimides
possessing functionalised substituen§-102. Of the compounds displayed rable 5.2
several proved to be significant phosphatase itdrdias well as displaying good to excellent
cytotoxicity to the panel of cell lines, includinghe diol ©1), piperidinyl ethanol 42),
morpholine 93), thiomorpholine 94), piperazine 95 and dimethylmorpholine 97).
Interestingly, all of these analogues also exhibjpiroved cytotoxicty to the parent anhydride
(13).

Of particular significance, the morpholin@3] and thiomorpholine 94) analogues display
significant PP2A selectivity (>3 fold selectivityynd display comparable cytotoxicity to the
methylated anhydride6). The 4-aminomorpholine98) and 4-ethylaminomorpholine99)
analogues also displayed moderate phosphatasetyactmwever Gi, values were not
determined. The slight reduction in activity may &eesult of moving the morpholine moiety
away from the carboxyl group, whilst also incregsthe size and possible spatial hindrance.
The 2-aminopropanol90) analogue also displayed promising phosphataswitgactind
cytotoxicity. The pyrrolidinyl ethylaminelQ0), piperidinyl ethylamine X01) and piperazinyl
ethylamine {02 displayed poor phosphatase and growth inhibitlrom these results, it is
apparent that the introduction of an oxygen, sulunitrogen to the ring opened skeleton has
a significant effect on the phosphatase and cytotgxwhilst increasing structural diversity of
the ring opened analogues. Furthermore, the almolollogues allow a handle for further

modifications.
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Table 5.2 Inhibition of PP1 and PP2A, and Growth Inhibitioha variety of functionalised ring-opened canitmedes ©0-102) in a panel of human cancer
cell lines. Inhibition levels of PP1 and PP2A arstfexpressed as % inhibition at 100 M drug cotregion (n italics) and, if potent as l& 1M (in bold).
Cytotoxicity levels are first expressed as % it at 100 uM drug concentratioim (talics) and if potent, as Growth Inhibition, &M (in bold)

Compound R PP1 PP2A HT29 Sw480 MCF-7  A2780 H460 31A4 DU145 BE2-C SJ-G2
0
OR
OH
o]
90 4NH OH 8226 84+9.8 98136 >100 >100 >100 95+4996+19  >100 >100 9951
91 /_/OH >100 99+1.3 >100 >100 >100 >100 >100 >100 >100 >100 >100
'E'N\j 510 3+10 29+0 18+0 35+10 37+05 20+15 24+15 25+0 22+05 19%15
OH
92 N >100 98+1.2 >100 >100 >100 >100 99+1.7 >100 >100 >100 >100
5+10 4+04 19+05 12+29 17+10 18+05 14+08 17+08 17+03 15+0 16+0
OH
93 _g.N/_\O 13+2.0 28+0.1 74+21 55+01 7.7+18 83+04 18+28 85+13 14+03 6.0+0.6 11+0.6
N
94 _g_N/_\S >100 >100 >100 >100 >100 >100 99+1.7 >100 >100 >100 >100
/
32+0 5+04 10+10 40+05 70+08 80+08 12+13 84+03 11+10 4.7+04 9.4+0.7
95 -§-N/_\NH 32+20 93+08 17+0 17+09 20+17 24+25 21+16 23+30 29+15 20+0.7 13+3.0
/
96 -§-N/_\N— Insol. Insol. Insol. Insol. Insol. Insol. Insol. Slol. Insol. Insol. Insol.
/
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Table 5.2 (Continued)Inhibition of PP1 and PP2A, and Growth Inhibitiohaovariety of functionalised ring-opened canthadies ©0-102) in a panel of
human cancer cell lines. Inhibition levels of Pltl 8P2A are first expressed as % inhibition at M0frug concentrationr italics) and if potent as 16 uM

(in bold). Cytotoxicity levels are first expressed as %bitlon at 100 uM drug concentratiom (italics) and if potent, as Growth Inhibition, &M (in
bold)

Compound R PP1 PP2A HT29 SW480 MCF-7  A2780 H460 31A4 DuU145 BE2-C SJ-G2
0
OR
OH
0
97 /_( 9.3+12 44+0.1 1909 15%13 24+27 24+15 24+09 21+0 25+0 18+3.6 20+0.7
4N 0
98 -§-H—N/_\o 44+63 18+03 29%x53 29+10 12+38 7.0%x18 18%x04 3649 3.1+50 39%81 30+24
/
99 H_/_N/_\O 31+29 43+10 37%13 14+16 7530 14+12 10+3.7 23#b 17+6.9 26+20 19+48
_%.N \_/
100 -gH_/_NG <0 <0 39+3.0 24+31 59+66 84+28 7#4.8 6.3+2.8 <0 <0 5.7+3.3
101 H_/_N: ) <0 <0 13+4.7 51+83 13+1.8 11+06 127 4.8+34 <0 26+1.4 <0
4N
102 -g-H—/_NCNH <0 <0 4.0%65 40+19 7.0+47 7.0+09 3482 4031 <0 <0 <0

NB: A value of 0% indicates that the compound fhile influence enzyme inhibition when compared wititireated controls (i.e., the higher the value the
greater the enzyme inhibition).
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Given the promising data displayedTiable 5.2 we next examined the effect of the addition of
aromatic functionality on the phosphatase inhibit@md resultant cytotoxicityrable 5.3shows
the phosphatase inhibition and cytotoxicity of aietg of simple ring-opened cantharimides
possessing aromatic functionality03-109. The 4-pentyloxyphenylaminel@5) analogue
displayed excellent PP1 (>100%) and PP2A (97.5%)bition, with IG5 values for PP1
(12.5 uM) and PP2A (10 uM) comparable to resultdaiokd for cantharidin 6) and
norcantharidin 13). The indanylamine1(7) analogue displayed good phosphatase inhibition
with no significant PP1 or PP2A selectivity illstied. The indanylamineg%) analogue also
possessed an excellentsdGuM) values for PP1 (25.5 uM) and PP2A (22.5 pMhjch is
comparable to results obtained for cantharidh gnd norcantharidin1@). The analogues
possessing basic amine residue®4( 108109) yielded moderate to poor phosphatase inhibition
(65-29%).
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Table 5.3 Inhibition of PP1 and PP2A, and Growth Inhibitioha variety of aromatic ring-opened cantharimifig¥3-109) in a panel of human cancer cell
lines. Inhibition levels of PP1 and PP2A are fegpressed as % inhibition at 100 M drug concemtnafin italics) and, if potent as I uM (in bold).
Cytotoxicity levels are first expressed as % intfaini at 100 uM drug concentratioim (talics) and if potent, as Growth Inhibition, &M (in bold)

Compound R PP1 PP2A HT29 Sw480 MCF-7  A2780 H460 31A4 DU145 BE2-C SJ-G2
(0]
OR
OH
(0]
103 _§H N/\:/\O 6.5+24 79+0423+x16 29+0.7 20%x2.7 18%+3.8 19+31 218 17+16 13+41 21+23
104 +NH y )NH 35+55 56+87 21+46 33+x53 17+20 20#1 25+51 32+25 14+3.0 23+23 27=*3.7
N
105 'é'“‘@’o{/—\}} >100 98+14 77+x15 72+42 9421 59+x16 39%40 673 56+55 55+1.3 75+28
13+15 1020
106 _§H8 49+0.2 56+11 60+17 93+28 60+23 5331 98+31 7826 8448 96+1.8 85%*6.0
107 _gﬂ% 95+7.8 7924 44+21 60+43 29+36 31+24 5151 54+£4 45+39 52+52 58+43
26+35 23%15

108 46+3.8 29+41 23+33 26+36 1736 151 12+47 16+55 1.0+19 12+04 1516
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Table 5.3 (Continued) Inhibition of PP1 and PP2A, and Growth Inhibitioina variety of aromatic ring-opened cantharimif#3-109) in a panel of human
cancer cell lines. Inhibition levels of PP1 and RR2e first expressed as % inhibition at 100 M decogcentrationif italics) and if potent as 1§ uM (in

bold). Cytotoxicity levels are first expressed as %hbiiton at 100 uM drug concentratioim (talics) and, if potent, as Growth Inhibition, UM (in bold)

Compound R PP1 PP2A HT29 SW480 MCF-7  A2780 H460 31A4 DU145 BE2-C SJ-G2
(0]
OR
OH
(0]
109 /_@ 65+24 50+3.1 32+14 49+50 27+29 25#11 42+15 24+45 19+18 28+19 37+29
4NH N

NB: A value of 0% indicates that the compound fhile influence enzyme inhibition when compared wititireated controls (i.e., the higher the value the

greater the enzyme inhibition).
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5.3.2 _General Summary

The nucleophilic ring opening of the parent norbantlin (L3) with a series of amines has
allowed the generation of a variety of novel notbhandin analogues that are more potent than
the original lead compounds. Both the phosphatasbition and cytotoxicity were shown to be
enhanced. In particular, further evaluation of stited morpholino analogues should be
investigated. Furthermore, since canthari@dindisplays greater potency, PP2A selectivity and
cytotoxicity than the demethylated analog8)( it is also hypothesised that the generation of
cantharidin based variants 8, 91, 92 and94, may lead in to the development of novel potent
analogues. For example, the synthesis of the mbnghecantharidin analoguel10) since
developed by our laboratory, is more potent inaspects than the parent cantharidip gnd

related morpholino-norcantharimide displayed able 5.2[5].

Table 5.4 Inhibition of PP1 and PP2A, and Growth Inhibitiohthe Morpholino Cantharimide

analogue110) in a panel of human cancer cell lines.

PP1 PP2A HT29 SW480 MCF- A2780 H460 A431 DU145BE2-C SJ-G2

r

0]

110

6+22 08+01 3+x00 4+01 602 5+04 $B8B01 3+01 2+00 3+x03 201

NB: A value of 0% indicates that the compound fthite influence enzyme inhibition when

compared with untreated controls (i.e., the highervalue the greater the enzyme inhibition).
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5.4 Experimental Synthesis of the Ring-opened Candglnimides

5.4.1 _General Reaction Scheme
To a solution of 13) (200 mg, 1.19 mM), in dry THF (20 mL), was addeéquivalent of the

respective amine (1.19 mM). The reaction mixtueeswhen stirred at room temperature for

approximately 24 hrs using a Radley Carousel Reat€tte reaction mixture was cooled in an
ice-water bath, and the precipitate was collectgdfillration, and washed with cold THF
(4-8°C). The solid filtrate was then dried under higlcwam, and final analysis carried out

using LCMS and NMR. A general reaction scheme &deed inScheme 5.1

0

0
a NR
O + RNH, — »
OH
o o)

Scheme 5.1Reagents and Conditions; (a) THF RT, 24h.

13
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Synthesis of 3-Ethylcarbamoyl-7-oxabicyclo[2.2.ia@e-2-carboxylic aci@86):

The N-ethyl substituted analog8é was synthesised according to the general methadlf
using ethylamine (70%) and norcantharidiiB affording pure yellow/white crystals
(134.8 mg/0.632 mM), yield 53%.

Mp: 123-126°C;

'H NMR (DMSO):§ 7.24 (1H, bs), 4.69 (1H, bs), 4.45 (1HJds 3.7 Hz), 2.98 (1H, m), 2.77
(2H, s), 1.47 (4H, m), 0.95 (3H,X= 7.2 Hz);

3C NMR (DMSO0):5 176.9, 174.8, 82.4, 81.2, 57.4, 56.7, 37.2, 3275, 29.4, 18.4;

ESI-MS (m/z): 258, [M+2Na] (100%), 236 [M+Na], 198-17];

HR-MS (m/z): calc GH1NOy; 213.10385.
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Synthesis of 3-propylcarbamoyl-7-oxabicyclo[2.2edtane-2-carboxylic aci{B7):

The N-propyl substituted analog8& was synthesised according to the general methadl(
using propylamine and norcantharidi® affording pure white crystals (270.0 mg/1.19 mM),
yield 100%.

Mp: 131-134°C;

'H NMR (DMSO):§ 7.26 (1H, bs), 4.71 (1H, bs), 4.46 (1HJds 3.7 Hz), 3.00 (1H, m), 2.77
(2H, s), 1.57 (4H, m), 1.47 (2H, g, J = 7.2 HzD(3H, t.J = 7.2 Hz);

3C NMR (DMSO0):5 176.9, 174.7, 82.4, 81.1, 57.4, 56.6, 37.2, 325, 18.4;

ESI-MS (m/z): 273, [M+2Na] (100%), 250 [M+Na], 2{d-17];

HR-MS (m/z): calc GH1NOy; 227.12855.
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Synthesis of 3-cyclopentylcarbamoyl-7-oxabicycih[Aheptane-2-carboxylic aci(B8):

N

H

OH
88 ©

The N-cyclopentane substituted analo@8awvas synthesised according to the general method
(5.4.)) using propylamine and norcantharidin13 affording pure  white
crystals (264.1 mg/1.04 mM), yield 88%.

Mp: 169-171°C;

'H NMR (DMSO):8 7.30 (1H, d,J = 7.1 Hz), 4.82 (1H, d] = 3.3 Hz), 4.56 (1H, d] = 3.7 Hz),
4.11 (1H, m), 2.91 (2H, m), 1.60 (12H, m);

3C NMR (DMSO0):5 176.3, 173.8, 82.7, 80.7, 56.8, 55.5, 54.0, 38631, 32.8, 32.3, 27.4;
ESI-MS (m/z): 298, [M+2Na], 276 [M+Na] (100%), 284+H], 236 [M-17];

HR-MS (m/z): calc GH1NOy; 253.12945.
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Synthesis of 3-(Piperidine-1-carbonyl)-7-oxa-bicy212.1]heptane-2-carboxylic aci@9):

®

N

)
OH

89 ©

The piperidine analogu89 was synthesised according to the general metbotll) using
piperidine and norcantharidi8 affording (252.1 mg/0.99 mM), yield 83%.

Mp: 152 — 154°C;

'H NMR (DMSO):$ 7.31 (1H, dJ = 7.1), 4.83 (1H, dJ = 3.3 Hz), 4.57 (1H, d] = 3.7 Hz),
4.11 (1H, m), 2.94 (2H, m), 1.60 (12H, m);

“C NMR (DMSO):$ 176.5, 173.8, 82.7, 80.8, 56.8, 55.7, 53.9, 38631, 35.2, 32.8, 32.3,
27.4;

ESI-MS (m/z): 298, [M+2Na], 276 [M+Na] (100%), 284+H], 236 [M-17];

HR-MS (m/z): calc GH1NOy; 253.12945.
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Synthesis of 3-(2-Hydroxy-1-methylethylcarbamoydx@-bicyclo[2.2.1]heptane-2-carboxylic
acid (90):

(0]
J\/OH
N
H
OH
90 ©

The 2-hydroxy-1-methyanalogued0 was synthesised according to the general methadlf
using 2-amino-propan-1-ol and norcantharidia3 affording pure light yellow
crystals (72.1 mg/0.30 mM), yield 25%.

Mp: 132-134°C;

'H NMR (DMSO):§ 7.27 (1H, bs), 4.70 (1H, bs), 4.47 (1HJds 3.7 Hz), 3.00 (1H, m), 2.77
(2H, s), 2.87 (1H, m), 1.57 (2H, §= 7.2 Hz), 1.01 (3H, 1] = 7.2 Hz);

3C NMR (DMSO0):5 176.8, 174.6, 82.0, 81.1, 57.5, 56.6, 37.1, 325, 18.4;

ESI-MS (m/z): 288, [M+2Na], 266 [M+Na] (100%), 24d+H], 236 [M-17];

HR-MS (m/z): calc GH1NOs; 243.10836.

133



Chapter 5
Development of Ring-opened Cantharimides as Piatd?P®1l and PP2A Inhibitors

Synthesis of 3-[Bis-(2-hydroxyethyl)-carbamoyl]x&ebicyclo[2.2.1]heptane-2-carboxylic acid
(9D):

oUa

@)
OH

91 ©

The N-diethanol analogu@l was synthesised according to the general metGadl) using
diethanolamine and norcantharidi8 affording pure white crystals (187.6 mg/ 0.69 mM),
yield 58%.

Mp: 149-152C;

'H NMR (DMSO):§ 7.26 (1H, bs), 4.72 (1H, bs), 4.45 (1HJds 3.7 Hz), 3.00 (1H, m), 2.77
(2H, s), 1.57 (4H, m), 1.47 (4H,2= 7.2 Hz);

3C NMR (DMSO0):5 175.8, 175.0, 82.2, 80.8, 63.1, 62.5, 56.7, 254, 52.3, 32.8, 31.9;
ESI-MS (m/z): 318, [M+2Na] (100%), 296 [M+Na], 2[M+H], 256 [M-17];

HR-MS (m/z): calc GH:NOg; 273.12385.
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Synthesis of  3-[2-(2-Hydroxyethyl)-piperidine-14sanyl]-7-oxa-bicyclo[2.2.1]heptane-2-

HO/\/(Nj
o
o

carboxylic acid(92):

H

92 ©

The 2-hydroxyethylpiperidine analog®? was synthesised according to the general method
(5.4.)) using 2-ethanolpiperidine and norcantharidin3 affording pure white
crystals (291.4 mg/ 0.98 mM), yield 82%.

Mp: 162-164°C;

'H NMR (DMSO):§ 7.29 (1H, dJ = 7.1), 4.85 (1H, dJ = 3.3 Hz), 4.57 (1H, d] = 3.7 Hz),
4.11 (3H, m), 2.94 (4H, m), 1.60 (12H, m);

“C NMR (DMSO):$ 176.5, 173.8, 82.7, 80.8, 56.8, 55.7, 53.9, 43683, 36.1, 35.2, 32.8,
32.3,30.2, 27.4;

ESI-MS (m/z): 342, [M+2Na], 320 [M+Na], 298 [M+HL00%);

HR-MS (m/z): calc GH»NOs; 297.16294.
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Synthesis of 3-(Morpholine-4-carbonyl)-7-oxa-bioy2l2.1]heptane-2-carboxylic aci@®3):
()
N
0

OH

93 ©

The morpholine analogu@3 was synthesised according to the general methddl) using 4-
aminomorpholine and norcantharidif§ affording (2.42 mg/ 0.94 mM), yield 80%.

Mp: 156°C;

'H NMR (DMSO0):5 4.67 (2H, bs), 3.59 (4H, bs), 2.83 (4H, bs), 219, s), 1.50 (4H, bs);
3C NMR (DMSO0):5 173.2, 78.9, 65.4, 65.4, 52.7, 44.5, 28.8;

ESI-MS (m/z): 300, [M+2Na] (100%), 278 [M+Na], 258+H], 238 [M-17];

HR-MS (m/z): calc GH1NOs; 255.10936.
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Synthesis of 3-(Thiomorpholine-4-carbonyl)-7-oxeyblo[2.2.1]heptane-2-carboxylic acid
(94):.

()
o)
OH
94 ©

The thiomorpholine analogl8t was synthesised according to the general methddl) using
4-aminothiomorpholine and norcantharidinl3 affording affording pure white
(196.8 mg/0.73 mM), yield 61%.

Mp: 203-205°C;

'H NMR (DMSO): § 4.65 (1H, m), 3.77 (2H, m), 3.51 (2H, m), 3.16 (1HJ = 9.6 Hz),
3.00 (1H, dJ = 9.5 Hz), 2,51 (2H, m), 1.52 (2H, m);

3C NMR (DMSO0):5 176.1, 173.5, 82.0, 81.5, 56.7, 52.3, 51.8, 43288, 32.2, 30.5, 30.3;
ESI-MS (m/z): 316, [M+2Na] (100%), 394 [M+Na], 2[d+H], 254 [M-17];

HR-MS (m/z): calc GH1NO,S; 271.09423.
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Synthesis of 3-(Piperazine-1-carbonyl)-7-oxa-bicfZR.1]heptane-2-carboxylic ac®5):

H
[Nj
N
@]
OH

95 ©

The piperazine analogugs was synthesised according to the general metbat1) using
piperazine and norcantharidi® affording (146.1 mg/0.58 mM), yield 48%.

Mp: 146-148°C;

'H NMR (DMSO):5 4.65 (2H, bs), 3.61 (4H, bs), 2.84 (4H, bs), 219, s), 1.50 (4H, bs);
3C NMR (DMSO0):5 173.5, 78.9, 65.4, 56.7, 52.8, 44.7, 28.9;

ESI-MS (m/z): 299, [M+2Na] (100%), 377 [M+Na], 258+H], 237 [M-17];

HR-MS (m/z): calc GH:aN,0y; 254.13394.
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Synthesis of 3-(4-Methyl-piperazine-1-carbonyl)xa-icyclo[2.2.1]heptane-2-carboxylic acid
(96):

®

96 ©

The methylpiperazine analog®6 was synthesised according to the general metbaH1(

using 4-methylpiperazine and norcanthariti@affording (126.1 mg/0.47 mM), yield 40%.

Mp: 228-230°C;

'H NMR (DMSO0):5 4.63 (2H, m), 3.84 (2H,m, br), 3.12 (1HJ & 9.5 Hz), 2.98 (1H, d= 9.5
Hz), 2.34 (LH, m br), 2.16 (4H, s), 1.51-1.46 (4#),

3C NMR (DMSO0):5 172.1, 169.3, 77.8, 77.6, 53.9, 53.7, 52.7, 464, 28.7, 28.3;

ESI-MS (m/z): 313, [M+2Na] (100%), 291 [M+Na], 269+H], 251 [M-17];

HR-MS (m/z): calc GH:aN,0,; 268.14398.
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Synthesis of 3-(2,6-Dimethyl-morpholine-4-carboffyt)xa-bicyclo[2.2.1]heptane-2-carboxylic

acid (97):
Ty

(@]
OH

97 ©

The dimethylmorpholine analog® was synthesised according to the general methadl)

using 2,6-dimethylmorpholine and norcantharitidaffording (226.1 mg/0.80 mM), yield 67%.

Mp: 165-167°C

'H NMR (DMSO): Not determined

%C NMR (DMSO): Not determined

ESI-MS (m/z): 328, [M+2Na] (100%), 306 [M+Na], 284+H], 266 [M-17];
HR-MS (m/z): calc GH,:NOs; 283.32283.
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Synthesis of 3-(Morpholin-4-ylcarbamoyl)-7-oxa-lic§2.2.1]heptane-2-carboxylic ack98):

)
e
NH

@)
OH

98 ©

The 4-aminomorpholine analog9®& was synthesised according to the general methagdl)

using 4-aminomorpholine and norcantharitiaffording (136.2 mg/0.50 mM), yield 42%.

Mp: 156-158°C

'H NMR (DMSO): Not determined

%C NMR (DMSO): Not determined

ESI-MS (m/z): 315, [M+2Na] (100%), 293 [M+Na], 2[+H], 253 [M-17];
HR-MS (m/z): calc GH1N;0s; 270.28273.
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Synthesis of 3-(2-Morpholin-4-ylethylcarbamoyl)*abicyclo[2.2.1]heptane-2-carboxylic acid

(99):
[

e >N
(@)
OH
O
99
The 4-ethylmorpholine analog® was synthesised according to the general metGatl)
using 4-ethylaminomorpholine and norcantharidik8 affording pure white crystals
(193.7 mg/0.65 mM), yield 55%.

Mp: 116-119°C;

'H NMR (DMSO): 6.96 (1H, bs), 4.72 (2H, m), 3.60 (2H), 4.10 (2H, m), 2.91 (4H, m), 2.21
(2H, m), 1.60 (10H, m);

“C NMR (DMSO):$ 177.0, 175.2, 82.5, 82.3, 81.2, 70.1, 69.9, 68689, 39.4, 32.9, 32.5,
21.5;

ESI-MS (m/z): 343 [M+2Na], 321 [M+Na], 299 [M+H] 84 [M-17] (100%);

HR-MS (m/z): calc GH2N,Os; 298.33473.
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Synthesis of 3-(2-Pyrrolidin-1-yl-ethylcarbamoyhlsXa-bicyclo[2.2.1]heptane-2-carboxylic

acid (100):
HN/\/’\Q

(6]
OH

Q
100

The ethylpyrrolidine analogu200 was synthesised according to the general metbat 1]
using ethylaminopyrrolidine and norcantharidid3 affording pure white crystals
(317.5 mg/1.12 mM), yield 94%.

Mp: 134-136°C;

'H NMR (DMSO): 7.01 (1H, bs), 4.65 (2H, m), 3.59 (2H), 4.11 (2H, m), 2.91 (4H, m), 1.60
(12H, m);

3C NMR (DMSO): 177.1, 175.4, 82.5, 82.1, 81.5, 7689, 60.0, 57.3, 39.4, 33.0, 32.6, 21.3;
ESI-MS (m/z): 327, [M+2Na], 305 [M+Na], 283 [M+H265 [M-17] (100%);

HR-MS (m/z): calc GH2N,0,; 282.34485.
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Synthesis of 3-(2-Piperidin-1-ylethylcarbamoyl)x&bicyclo[2.2.1]heptane-2-carboxylic acid

(10D):
HN/\/'\O

(6]
OH

o)
101

The ethylpiperidine analogu®1 was synthesised according to the general methddl) using
ethylaminopiperidine and norcantharidi affording pure white crystals (158.8 mg/0.54 mM),
yield 45%.

Mp: 64-67°C;

'H NMR (DMSO): 6.98 (1H, bs), 4.65 (2H, m), 3.60 (2H), 4.11 (2H, m), 2.92 (4H, m), 1.61
(12H, m), 1.49 (2H, m);

“C NMR (DMSO):$ 177.1, 175.0, 82.7, 82.4, 81.0, 70.0, 69.7, 6870, 39.5, 33.8, 32.9,
325, 21.4;

ESI-MS (m/z): 319 [M+Na], 297 [M+H], 279 [M-OH] (1I%);

HR-MS (m/z): calc GH2N,0,; 296.35785.
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Synthesis of 3-(2-Piperazin-1-yl-ethylcarbamoybxé-bicyclo[2.2.1]heptane-2-carboxylic
acid (102:
NH

NS

(6]
OH

102

The ethylpiperazine analogue®?2 was synthesised according to the general metbat1f
using ethylaminopiperazine and norcantharidi® affording pure off white crystals
(261.7 mg/0.88 mM), yield 74%.

Mp: 83-86°C;

'H NMR (DMSO): 6.96 (1H, bs), 4.65 (2H, m), 3.59 (2H), 4.11 (2H, m), 2.91 (4H, m), 1.60
(12H, m);

3C NMR (DMSO): 177.0, 175.3, 82.4, 82.4, 81.4, 7629, 60.1, 57.2, 39.3, 32.9, 32.6, 21.4;
ESI-MS (m/z): 342 [M+2Na], 320 [M+Na], 298 [M+H] .89 [M-OH] (100%).

HR-MS (m/z): calc GH2N:0,; 297.35485.
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Synthesis of 3-(4-Morpholin-4-yl-phenylcarbamoyx@-bicyclo[2.2.1]heptane-2-carboxylic
acid (103):

7
Lon
\©\NH

(6]
OH

(e}

103

The 4-morpholinephenyl analog®3 was synthesised according to the general methddlf
using 4-morpholin-4-yl-phenylamine and norcantharid3 affording pure white crystals
(201.8 mg/58 mM), yield 48%.

Mp: 176-178°C;

'H NMR (DMSO0):6 10.9 (1H, bs), 9.35 (1H, s), 7.36 (1H,Jds 8.9 Hz), 6.85 (1H, d, 8.9 Hz),
4.76 (1H,dJ=2.1 Hz), 4.60 (1H, dl = 3.7 Hz), 2.88-3.02 (6H, m), 1.47-1.56 (4H, m);

%C NMR (DMS0):5 173.1, 169.6, 148.0, 132.5, 121.2, 116.3, 79.6/,&7.0, 54.4, 52.5, 50.0,
29.8, 29.3,

ESI-MS (m/z): 392 [M+2Na], 370 [M+Na], 348 [M+H]3® [M-OH] (100%).

HR-MS (m/z): calc GH2:N,0y; 347.16140.
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Synthesis of 3-[2-(1H-Imidazol-4-yl)-ethylcarbanjesdoxa-bicyclo[2.2.1]heptane-2-
carboxylic acid(104):

HN
<\1\/\
N NH
O
OH

104

The ethylimidazole analogu®4 was synthesised according to the general methddl) using
(1H-imidazol-4-yl)-ethylamine and norcantharidid3 affording pure cream crystals
(172 mg/0.62 mM), yield 52%.

Mp: 163-165°C;

'H NMR (DMSO): Not determined

%C NMR (DMSO): Not determined

ESI-MS (m/z): 324 [M+2Na], 302 [M+Na], 280 [M+H]62 [M-OH] (100%);
HR-MS (m/z): calc GH27N304; 279.29362.
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Synthesis of 3-(4-Pentyloxyphenylcarbamoyl)-7-axaibd[2.2.1]heptane-2-carboxylic acid

(205):
) i o+
oH
105°

The pentyloxyphenyl analogu05 was synthesised according to the general metbed 1}
using 4-pentyloxyphenylamine and norcantharidi8 affording pure white crystals
(216.7 mg/0.62 mM), yield 52%.

Mp: 162-164°C;

'H NMR (DMSO): § 11.97 (1H, bs), 9.54 (1H, s), 7.50 (2H,X= 8.9 Hz), 6.93 (2H, d,
J=9.0 Hz), 4.87 (1H, m), 4.71 (1H, m), 4.00 (2HJ &£ 6.4 Hz), 3.06 (2H, m), 1.66 (6H, m),
1.46 (4H, m), 0.99 (3H, § = 7.0 Hz);

¥%C NMR (DMS0):5 176.2, 172.8, 158.5, 135.3, 124.8, 118.3, 82.8,80.5, 57.3, 55.6, 32.9,
32.4,31.7,25.8, 17.8;

ESI-MS: 392 [M+2Na], 370 [M+Na] (100%), 348 [M+H330 [M-17];

HR-MS (m/z): calc GH2sNOs; 347.41212.
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Synthesis of 3-(Indan-1-ylcarbamoyl)-7-oxabicycla[2]heptane-2-carboxylic acifl 06):

oIz

106°

The tetrahydronapthalene analodwas synthesised according to the general methddi)
using 1,2,3,4-Tetrahydronaphthalen-1-ylamine andtardharidin13 affording white crystals
(203.4 mg/0.67 mM), yield 57%. NMR shows a mixtafeliastereoisomers.

Mp: 149-151°C;

'H NMR (DMSO):§ 7.73 (1H, dJ = 7.8 Hz), 7.48 (1H, dJ = 7.8 Hz), 7.05-7.23 (10H, m),
4.71 (2H, bs), 4.51 (2H, dd,= 13.9, 4.1 Hz, 2H), 4.13 (1H, bs), 3.51 (1H, 12s§2-2.89 (4H,
m), 2.68 (4H, qJ = 6.7 Hz), 1.45-1.83 (m, 20H);

C NMR (DMSO):§ 173.5, 173.4, 171.1, 171.0, 138.5, 138.4, 13739,8, 129.7, 129.5,
129.4, 129.2, 128.0, 127.4, 126.7, 78.8, 79.5, 7B, 67.9, 54.0, 53.7, 53.0, 52.9, 47.2, 47.1,
30.5, 29.7, 29.6, 29.4, 26.5, 20.9, 20.7, 19.6;

ESI-MS (m/z): 360 [M+2Na], 338 [M+Na] (100%), 3181{H];

HR-MS (m/z): calc GH2NO,; 315.16.
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Synthesis of 3-(Indan-1-ylcarbamoyl)-7-oxa-bicy2l@[1]heptane-2-carboxylic acid 07):

R

107°

The indane analogue was synthesised accordingetgeheral methodb(4.1) using Indan-1-
ylamine and norcantharidit3 affording white crystals107) (198.7 mg/0.67 mM), yield 55%.

Mp: 205-206°C;

'H NMR (DMSO): 7.87 (1H, m), 7.22 (3H, m), 4.98 (Lhh), 4.84 (1H, m), 4.63 (1H, m),
2.98 (2H, m), 2.80 (1H, m), 1.77 (10H, m);

3C NMR (DMSO0):5 181.0, 178.5, 138.6, 128.4, 125.9, 76.0, 74.8,31.3, 28.9, 27.7;
ESI-MS (m/z): 346 [M+2Na], 324 [M+Na] (100%), 30RI{H];

HR-MS (m/z): calc GH:NOy; 301.34253.
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Synthesis of 3-[(Pyridin-4-ylmethyl)-carbamoyl]-Xabicyclo[2.2.1]heptane-2-carboxylic acid

(108):
(0]
N/\©
; Hoo |
OH N
108°

The para-substituted pyridine analogL@8 was synthesised according to the general method
(5.4.1) using C-Pyridin-4-ylmethylamine and norcantharidiB affording pure white crystals
(300.8 mg/1.09 mM), yield 91%.

Mp: 196-198°C;

'H NMR (DMSO): § 8.44 (2H, m), 8.05 (1H, m), 7.24 (2H, m), 4.74 (i), 4.55 (1H, m),
4.23 (2H, m), 2.91 (2H, m), 1.47 (4H, m);

3C NMR (DMSO0):5 176.3, 174.9, 153.3, 152.6, 126.1, 82.7, 80.8,55.9, 45.2, 32.9, 32.4;
ESI-MS (m/z): 321 [M+2Na], 299 [M+Na] (100%), 27M{H], 259 [M-17];

HR-MS (m/z): calc GH1NOy; 276.28943.
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Synthesis of 3-[(Pyridin-2-ylmethyl)-carbamoyl]-Xabicyclo[2.2.1]heptane-2-carboxylic acid

(109):
O
S
N/\O
OH N/
109°

The ortho-substituted pyridine analogl@9 was synthesised according to the general method
(5.4.) using C-Pyridin-2-ylmethylamine and norcantharidli3 affording pure white
crystals (150.2 mg/0.54 mM), yield 46%.

Mp: 153-155C;

'H NMR (DMSO):5 8.45 (1H, m), 8.03 (1H, my.71 (1H, m), 7.32 (LH, m), 7.22 (1H, t), 4.73
(1H, d), 4.54 (1H, d), 4.30 (2H, dq), 2.96 (1H, 2087 (1H, d), 1.45 —1.56 (4H, m);

“C NMR (DMSO): 5172.6, 171.0, 158.4, 148.5, 136.6, 122.1, 120.97,786.9, 53.4, 53.1,
28.9, 28.7;

ESI-MS (m/z): 321 [M+2Na], 299 [M+Na] (100%), 27MH)], 259 [M-OH];

HR-MS (m/z): calc GH:NOy; 276.28943.

152



5.5

Chapter 5
Development of Ring-opened Cantharimides as Piatd?P®1l and PP2A Inhibitors

References

Honkanen, R.E. and T. Goldéregulators of Serine/Threonine Protein Phosphatdse
the Dawn of the Clinical Era€urrent Medicinal Chemistry, 2002. p. 2005-2075.
McCluskey, A., Keane, M. A., Mudgee, L., Sim,A.R., Sakoff, J. AAnhydride
Modified Cantharidin Analogues. Is Ring Opening ¢miant in the Inhibition of

Protein Phosphatase 2A2uropean Journal of Medicinal Chemistry, 208R.p. 957-
964.

McCluskey, A., Walkom, C., Bowyer, M. C., AckrS. P., Gardiner, E., Sakoff, J. A.,
Cantharimides: A New Class of Modified Cantharidimalogues Inhibiting Protein
Phosphatases 1 and 2Bioorganic and Medicinal Chemistry Letters, 2001.p.
2941-2946.

Shan, H., Cai, Y., Zeng, W., Chen, H., FanlR&i, X., Xu, Z., Wang, B., Xian, L.,
Cytotoxicity of Cantharidin Analogues Targeting ®io Phosphatase 2Anti-cancer
Drugs, 200617: p. 905-911.

Hill, T.H., Stewart, S. G., Sauer, B., Gilbért, Ackland, S, P., Sakoff, J, A.,
McCluskey, A. Hetrocyclic Substituted Cantharidin and Norcantlgdmi Analogues-
Synthesis, Protein Phosphatase (1 and 2A) Inhibigmd Anti-cancer Activity.
Bioorganic Medicinal Chemistry Letters, 20a7: p. 3392-3397.

153



Chapter 6

Development afthydroxylactam Derivatives as Potential PP1 andAIRBibitors

Chapter 6
Development ofa-Hydroxylactam Derivatives as Potential
PP1 and PP2A Inhibitors

6.1 Introduction

Recent evaluation of the cantharidin SAR data hglslighted a number of structural features
which may lead to the development of new phospkatdsbitors, including the presence of the
ethereal bridgehead of cantharidin, at least oneéhef carboxyl groups, and the possible
interaction of a basic residue [1] [2]. The synthed the o-hydroxylactam analogue<€) or
allows the investigation of moving one of the camdates away from the 7-oxa bridgehead.
Furthermore the synthesis of thehydroxylactam analogues allows the investigatidn o
previously unexplored chemical space in relatiopliosphatase activity, such as the presence
of thea-hydroxy moiety instead of the parent anhydrideetaited ring-closed cantharimide, and
the direct comparison with the latter due to thditwh of similar amine reagents possessing
hydrophobic tails, acidic and basic residues, artdiin increasing the structural diversity of our

cantharidin analogue libraries.

The initial aim of this chapter was the trans-arioraof the enol-lactone analogugl() to
form the corresponding amide analogue for bioldg®ereening (Refer tdScheme 6.1
However NMR studies of initial trials indicated thecleophilic addition of the amine to the
lactone ring in preference to the ester side ctaform the corresponding lactam and removal
of the enol double bond to form thehydroxyl. This will be further described in theléaving

section Section 6.2.
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0 0 0
N—R -— 0 + HNR  —X> o)
H OEt \ OEt \ NHEt
C o) 111 o o)

Enol Lactam

Scheme 6.1 Preferential Formation of thehydroxylactam in lue of the Trans-aminated Enol

Lactam

Due to the unexpected chemistry and the structsirallarity to the previously described
cantharimides reported i€hapter 4 (ring-closed analogues) archapter 5 (ring-opened
analogues), a range ofhydroxylactam analogues were developed for songerithe amine
reagents chosen were similar to the previous destrchapters, including aliphatic amines,
aromatic substituted amines, amino-alcohols, ad aglthe morpholino amines which has
shown interesting activity with the cantharimidealgues. These modifications allowed
variation in size, flexibility, spatial distributiband functionality of the modification, as well as
possible handles for further manipulation. Thesalayues were designed to examine the
effects of skeletal modifications on the resultifg inhibition and, consequently, anticancer

activity.
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6.2 Results and Discussion — Chemical Synthesis

Synthesis of the-hydroxylactam library commenced with the readitgessible norcantharidin
(13). Treatment of13 with the phosphoranell?) (generated by treatment of ethyl
bromoacetate with triphenyl phosphine followed brHemoval with NaOH) facilitated the
rapid installation of the enol lactone ester moigglding 111 via the Wittig reaction. It should
be noted that attack of either carbonyl carbonhef parent anhydride is possible with the
formation of either enantiomerl{1A and 111B) as a racemic mixture which were not

separated. Refer tacheme 6.2

o)
o)
P /  ToEt
a
o + Phﬁ/ﬁ(oa —_— o + o
o) \ OEt
o) (0]

13 112 111A o 111B

Scheme 6.2Reagents and Conditions; (a) Dry toluene, RTh24

Similar Wittig chemistry involving anhydrides torfo enol lactoned 13 and 114 has been
previously described by Miket. al and in particularMurray et. al. who both reported

comparable structural analogues to our enol ladi®nid].

0
o)
O \ ? OEt
S )\
\ OEt ©
R
113 % Q 114

The further treatment df11 with ethylamine in dry toluene at room temperatwes shown to

illustrate rapid (< 24 hrs) and complete conversisrshown by TLC analysis (the appearance
of a single spot with a much reduceg. Concentrationn vacuo afforded a yellow crystalline

solid which on spectroscopic examination interegyirdisplayed an OH peak in the IR at
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3373 cnt (broad) which was further supported by the obg@maof the [M-HO] ion by

GCMS. Subsequent'thnd C* NMR analysis revealed the presence of two ethgligs, and
the formation of thesp® hybridised quaternary carbon indicated by the dimith signal

(~90 ppm) on the € spectra and absence of the expected numbsy’ dfybridised methylene
carbons, indicating the formation of thehydroxy. All evidence clearly points to the facil
nucleophilic addition of the amine reagent to gateitheo-hydroxylactaml115 as shown in
Scheme 6.3

0 0
_a . _/
° HZN—/ N
\ OEt HG OEt
111 (o] 1 15 O

Scheme 6.3Reagents and Conditions; (a) Dry toluene, RTh24

The unexpected nucleophilic attach of the electitmptarbonyl carbon of the lactone ring and
subsequent formation of thehydroxylactam in preference to the direct transetion of the
ester was most likely due to steric effects hintgnieaction rates. The further nucleophilic
attach of the amide nitrogen via thef-unsaturated carbonyl carbon (i.e., via a modified
Michaels reaction) was catalysed by the proton sfexnforming the a-hydroxylactam.
Examination of NMR data showed no doubling of peatmind the hydroxyl carbon indicating

the formation of a single enantiomer. RefeFigure 6.1for a proposed reaction mechanism.
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B
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A Y Hy
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—T— ('O —_— H2
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H-transfer
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H-transfer n TN
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————————— H ————— OH
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11E

Figure 6.1 Possible mechanism for the formation of éhleydroxylactanil15.

This directly contrasts the products described lyr®yet.al. Interestingly, Murray synthesised
a variety of substituted pyrrolidine-2-one biphéestrazolesl16 and117 for screening as an
antagonist of the angiotension Il receptor [3]. sTimvolved the treatment of the parent
anhydride with 2-[(4-aminomethyl)phenyl]phenyltatote in pyridine at 40 — 100°C over
molecular sieves, allowing the formation of the letectam analogues via nucleophilic
substitition. This significant difference in chetmysis most likely due to the presence of the
non-protic nonpolar solvent used in our reactioemdp ‘dry’ toluene. The formation of the
a-hydroxylactone moiety as characterised in ourisgidllows significant differentiation and a

handle for further synthetic development.
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6.3 Results and Discussion — Biological Assay

With our libraries ofa-hydroxylactams in hand we set about determiningr thiological

activity. As before our primary interest was ire timvestigation of the protein phosphatase 1
and 2A inhibition and cytotoxicity. Interestinglyn all instances we observed no protein
phosphatase inhibition, suggesting that the maifiocs made have removed the inhibitory
action usually associated with norcantharidin agaés. However, given our original hypothesis

that a carboxylate was required for protein phogs®inhibition, the masking as the ethyl ester

may be responsible for this.

The cytoxoicty data suggests that this is not @eecas previous studies from our group has
shown rapid cleavage by endogenous esterases aet pytotoxicity as a result of protein
phosphatase inhibition. The lack of protein phosgpdm inhibition suggests that these
a-hydroxylactams are more correctly thought of ascatharidimide analogues rather than
norcantharidin analoguesable 6.1shows the growth inhibition effects of N-alkyl situted
alpha-hydroxylactamsl1(5, 118-12% on HT29 (colon) and G401 (kidney) cell lines. €tk

studies were conducted at a single drug conceortrafi 100uM.

Table 6.1: Growth inhibition (%) of a variety of alkyateg-hydroxylactam 115 118124)
analogues on HT29 (colon) and G401 (kidney) ce#idiat 10QuM drug concentration.

6]
N-R
HO
o7 o™
Compound R HT29 (colon)  G4010 (kidney)
115 Et - 14+1.8
118 n-Pr <10 204£3.0
119 n-Bu <10 16+0.5
120 n-Hexyl 11454 35+2.8
121 n-Octyl 33+12.8 28+1.5
122 sec-Butyl <10 20+1.3
123 c-Hexyl <10 17+2.0
124 Hexanol 10+4.5 <10

NB: A value of <10% indicates that the compoundethito influence cell growth
when compared with untreated controls (i.e., thghdr the value the greater
cytotoxicity).
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Whilst the growth inhibition is essentially non-stant, and somewhat surprising, they
correlated well with poor phosphatase (<0%) infobit It should be noted that with an increase
in the alkyl chain length as with analogu&2@-121, display slightly improved cytotoxicity in
comparison to the shorter and branched or cyckgl @nalogues. This corresponds with the
results displayed by the ring closed cantharimig@a@gues, which is most likely a response of
improved cellular uptake due to the lypophillic dlkchain. It appears that moving the
carboxylate and the presence of the hydroxyl hasgaificant effect on cytotoxicity and
phosphatase activity. Further examination of tlfisct was examined by our laboratory with
the synthesis of the-hydroxylactone 125), enforcing the negative effect presence of the

hydroxyl on both cytotoxicity and phosphatase\étgti

0 0
o o
\  OH " OH
0
HT29 Gk, = 39£9uM:; HT29 Gl, = < 10%;
G401 Gly = N/A G401 GLy = N/A
111 125

Scott Stewart, Tim Hill, Jennette Sakoff & Adam Mua€key — unpublished data.

As can be seen frofable 6.2 the introduction of terminal functionality in thé-substituent
(126-135), such as alcohol, amine, morpholine and arongatiaps, had essentially no effect on
cytotoxicity.  Again, this contrasts some of thethaty displayed by the ring closed
norcantharimides as well as the more promising datavn by the ring opened analogues,
further illustrating the effect of the introductiarf the a-hydroxy substituent on removing
activity. In particular, structural modificatiorsich as the introduction of an aromatic ring,
such as the ring closed benzyl8) analogue, or the introduction of extra oxygenctionality,
such as morpholine98) analogue, described in Chapter 4 and Chapter Secagely, were
shown to improve protein phosphatase inhibition aywbtoxicity in the parent ring opened
analogues. Unfortunately, these styles of modificest have little to no effect on cytotoxicity of

thea-hydroxylactone analogues.
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o ()

HT29 Gk = 74.1uM; HT29 Gk, = < 10%j;
G401 Gy = 62.7uM G401 Gk, = N/A
68 93

Table 6.2: Growth inhibition (%) of a variety of functionalidex-hydroxylactam 126-135)

analogues on HT29 and G401 cells at id0drug concentration.

6]
N-R
HO
0”0
Compound R HT29 (colon) G401 (kidney)
126 - 11+4.7 19+5.0
N
\
127 T\ <10 19.8+3.0
\
(@]
128 3 \_}LOH 19+6.4 17+1.6
129 Q <10 15+0.8
-4 OH
_\‘03}
130 -§—N/_\o 15.2+4.7 19.3+1.6
/
131 - 10+7.6 16+2.1
§\_N/—\O
132 7 N o <10 <10
/

133 ?a\@ <10 14+1.8
134 f’a\©\ <10 20+£3.0
O/

135 A\/@ <10 16+3.0
\O O/

NB: A value of <10% indicates that the compoundethito influence cell growth
when compared with untreated controls (i.e., ttghéi the value the greater the
growth inhibition).
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6.4 Experimental — Synthesis of Lactam derivatives

6.4.1 _Synthesis of the Ylid
(Triphenyl-A*-phosphanylidene)-acetic acid ethyl ester (112):

. .
OEt
PhsP”
o)
112

To a solution of triphenylphosphing3g) (15.0 g, 0.06 mol) in anhydrous toluene (50 miasw
added ethylbromoacetat®3() (9.5 g, 0.06 mol). The mixture was stirred at 872 hrs. The
resultant white product was filtered, and then weasWith cold toluene (5 mL) and petroleum
spirit (5 mL), affording crude phosphorane salt.g&neral reaction scheme is shown in
Scheme 6.4

a + <
PPhy+ B O == php O
(0] (0]

136 137 112

Scheme 6.4Reagents and Conditions; (a) Dry toluene, NaOHY/R hrs

The crude ylid was dissolved in dichloromethane (@0 and placed in a separatory funnel
containing 40 mL of water. A 5 mL aliquot of 3M NBQOwvas added to the funnel and shaken
vigorously until the aqueous layer had obtainedHaop>10. The organic layer was eluted and
the aqueous layer extracted with dichloromethanex (20 mL). The organic layers were
combined and dried with MgSQand solvent removeid vacuo. To the resultant oil was added
chilled petroleum ether (5 mL), and stored in theefer with occasional swirling until white
crystals formed. A further addition of cold petune ether (10 mL) was added, and product
filtered to afford pureX(12) (16.4 g, 82%).
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6.4.2 _Enol-lactone derivate
(5-Ox0-4,10-dioxa-tricyclo[ 5.2.1.02,6] dec-3-ylidene)acetic acid ethyl ester (111):

\ OEt

111 o

To a solution of norcantharidirlg) (2.0 g, 0.01 mol) in anhydrous toluene was adied
ylid (2.83g, 0.01 mol). The mixture was stoppered atirred at RT for 24 hrs, and concentrated
invacuo affording crude 111). The crude product was purified using flash chatography
(EtOAc/petrol; 1:3) and concentratadvacuo afforded pureX11) (1.46 g, 65%).

'H NMR (CDCk): & 5.61 (1H, s), 4.83 (2H, dd, J= 4.3 Hz), 4.12 (2H,Jg= 7.2 Hz),
3.69 (1H,dJ= 7.8 Hz), 2.88 (1H, dJ = 7.9 Hz), 1.75 (2H, m), 1.55 (2H, m), (3H, t,
J=7.3 Hz);

*C NMR (CDCk): 5 173.6, 168.7, 166.5, 97.1, 82.8, 79.9, 60.13, 4B&, 28.2, 28.0, 14.1;
GCMS: 239 [M+1] (1%), 238 [M] (7%), 170 (100%);

HR-MS: 238.07981;

IR: 3089, 2986, 2956, 2909, 2874, 1816, 1704, 1660.
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6.4.3 _General Synthesis @hydroxylactam derivatives

To a mixture of {11) (100 mg/0.42 mmol) in dry toluene (10 mL), wasled the respective
amine (~0.42 mM). The reaction mixture was therresti for 24 hrs using a radley carousel
reactor at room temperature, and concentriait@edcuo. Reaction progression was monitored by

TLC, and final analysis by GCMS and NMR. All sampigere dried under high vacuum.

Synthesis of (4-Ethyl-3-hydroxy-5-oxo-10-0xa-4-aza-tricyclo[ 5.2.1.02,6] dec-3-yl)acetic  acid
ethyl ester (115

"\
HO
EtO” ~O
115

The N-ethyl substituted analoguel5 was synthesised according to the general met&ad3(
using ethylamine (70%) and the enol-lactddd affording pure pale yellow crystals (120 mg,
99%). Analysis by TLC and GCMS showed no tracestafting materials. The product was not
further purified.

Mp: 72-74°C;
'H NMR (CDCE): & 4.82 (1H, d,J = 5.1 Hz), 468 (1H, dJ = 4.3 Hz), 4.08 (2H,
dg,J = 7.1 Hz), 3.19 (2H, dg] = 7.2 Hz), 2.81 (2H, m), 2.61 (2H, m), 2.61 (2H, M71 (2H,
m), 1.48 (2H, m), 1.20 (3H,d,= 7.1 Hz), 1.07 (3H, t] = 7.2 Hz);

3C NMR (CDCH): § 173.3, 169.1, 89.8, 78.3, 77.9, 60.8, 51.5, S4B, 34.1, 29.4, 26.8, 14.4,
14.0;

GCMS: 266 [M-17] (6%), 265 [M-18] (35%), 196 (100%)

HR-MS: 283.14362;

IR: 3373, 2981, 2878, 2459, 2247, 1738, 1673, 18356, 1418, 1373, 1344, 1188, 1130,
1087, 1030, 934, 897, 820, 754, 668.
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Synthesis of (3-Hydroxy-5-oxo-4-propyl-10-oxa-4-aza-tricyclo[5.2.1.02,6] dec-3-yl)-acetic acid
ethyl ester (118

0

-
HO

Et0” O
118

The N-propyl substituted analogud 8 was synthesised according to the general methdd3(
using N-propylamine and the enol-lactodé 1 affording pure pale tan crystals (128 mg, 99%).
Analysis by TLC and GCMS showed no traces of stgrinaterials. The product was not
further purified.

Mp: 42-44°C;

'H NMR (DMSO): § 5.1 (1H, s), 4.68 (2H, dJ = 5.1 Hz), 409 (2H, qJ = 7.1 Hz),
3.58 (1H, d,J = 7.3 Hz), 3.34 (2H, m), 3.10 (1H, m), 2.80 (1H, @64 (1H, m), 1.70 (2H, m),
1.51 (4H, m), 1.22 (3H, § = 7.1 Hz), 0.81 (3H, ] = 7.4 Hz);

“C NMR (DMSO):5 176.3, 167.1, 160.9, 91.3, 82.5, 79.2, 59.5, 49644, 41.9, 28.8, 28.3,
19.4,14.3, 11.0;

GCMS: 280 [M-17] (5%), 279 [M-18] (31%), 210 (100%)

HR-MS: 297.15989;

IR: 3359, 2982, 2887, 1743, 1658, 1456, 1381, 13487, 1131, 1039, 997.
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Synthesis of (4-Butyl-3-hydroxy-5-oxo-10-0xa-4-aza-tricyclo[ 5.2.1.02,6] dec-3-yl)acetic  acid
ethyl ester (119

HO
EtO” ~O
119

The N-butyl substituted analoguEl9 was synthesised according to the general met&dd3(
using N-butylamine and the enol-lactorid 1 affording pure tan yellow oil (130 mg, 99%).
Analysis by TLC and GCMS showed no traces of stgrinaterials. The product was not
further purified.

'H NMR (CDCL): & 4.86 (1H, d,J = 5.2 Hz), 4.71 (1H, dJ = 4.4 Hz), 4.12 (2H, dq,

J=7.2Hz), 3.12 (2H, m), 2.85 (2H, m), 2.62 (2H, .73 (2H, m), 1.54 (4H, m), 1.31 (2H,
m), 1.26 (3H, tJ = 7.2 Hz), 0.88 (3H, t] = 7.2 Hz);

3C NMR (CDCH): & 173.5, 169.2, 89.8, 78.5, 78.1, 60.9, 51.5, 54824, 39.5, 31.4, 29.5, 26.7,
20.5,14.1, 13.7;

GCMS: 294 [M-17] (5%), 293 [M-18] (24%), 41 (100%);

HR-MS: 311.16978;

IR: 3361, 2979, 2870, 1742, 1662, 1443, 1374, 13491, 1130, 1038, 998.
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Synthesis of (4-Hexyl-3-hydroxy-5-oxo0-10-oxa-4-aza-tricyclo[5.2.1.02,6] dec-3-yl)acetic acid
ethyl ester (120)

o)
N
HO _\_M‘?
Et0” YO
120

The N-hexyl substituted analogue0 was synthesised according to the general methdd3(
using N-hexylamine and the enol-lactorfEll affording pure yellow oil (143 mg, 99%).
Analysis by TLC and GCMS showed no traces of stgrinaterials. The product was not
further purified.

'H NMR (CDCk): & 4.89, (1H, dJ = 5.2 Hz), 4.69 (1H, d] = 4.4 Hz), 4.09 (2H, m), 3.17 (2H,
m), 3.09 (2H, m), 2.81 (2H, m), 2.61 (2H, m), 1(2®, m), 1.48 (4H, m), 1.21 (6H, m), 0.81
(3H, m);

3C NMR (CDCH):  173.3, 169.0, 89.5, 77.9, 77.7, 60.5, 51.6, B, 31.2, 29.0, 28.9, 26.8,
26.7,22.3,13.9, 13.7;

GCMS: 322 [M-17] (1%), 321 [M-18] (6%), 234 (100%);

HR-MS: 339.20442;

IR: 3360, 2980, 2871, 1740, 1659, 1443, 1373, 13489, 1131, 1038, 998.
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Synthesis of (3-Hydroxy-4-octyl-5-0x0-10-oxa-4-aza-tricyclo[5.2.1.02,6] dec-3-yl)acetic acid
ethyl ester (121)

0]

N_\_M
HO 5
Et0” O

121

The N-octyl substituted analogue1 was synthesised according to the general met&ad3(
using N-octylamine and the enol-lactordd 1 affording yellow oil (178 mg). Analysis by TLC
and GCMS showed presence of starting material. pifeeluct was purified by gradient

recrystallisation in petroleum spirit (40-60°C)faaéling pure clear crystals (117 mg, 76%).

Mp: 57-59 °C

'H NMR (CDCk): & 4.87, (1H, dJ = 5.3 Hz), 4.68 (1H, d] = 4.3 Hz), 4.09 (2H, m), 3.17 (2H,
m), 3.09 (2H, m), 2.81 (2H, m), 2.61 (2H, m), 1(2®, m), 1.48 (6H, m), 1.21 (6H, m), 0.81
(3H, m);

3C NMR (CDCh): § 173.2, 169.1, 89.5, 77.9, 77.7, 60.5, 51.6, B, 31.2, 29.0, 28.9, 26.8,
26.7,26.6,24.1, 22.3,13.9, 13.7;

GCMS: 350 [M-17] (1%), 349 [M-18] (4%), 262 (100%);

HR-MS: 367.24387;

IR: 3362, 2978, 2869, 1741, 1660, 1445, 1374, 13490, 1129, 1036, 998.
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Synthesis  of  (4-sec-Butyl-3-hydroxy-5-oxo-10-0xa-4-aza-tricyclo[ 5.2.1.02,6] dec-3-yl)acetic
acid ethyl ester (122

0]

e

HO
Et0” ~O
122

The N-(sec)-butyl substituted analoguE22 was synthesised according to the general method
(6.4.3 using sec-butylamine and the enol-lactonkll affording pure off white crystals
(131 mg, 99%). Analysis by TLC and GCMS showed racds of starting materials. The
product was not further purified.

Mp: 43-46°C;

'H NMR (CDCE): § 4.84 (1H, m), 4.70 (1H, m), 4.12 (2H, &= 7.2 Hz), 3.15 (1H, m), 2.83
(2H, m), 2.55 (2H, m), 1.73 (4H, m), 1.51 (2H, M3 (6H, m), 0.80 (3H, m);

3C NMR (CDCL): 5 173.5, 169.3, 90.5, 78.9, 78.3, 60.8, 54.4, SHOA), 43.7, 29.5, 6.8, 26.4,
18.6,14.1, 11.8;

GCMS: 294 [M-17] (5%), 293 [M-18] (23%), 238 (100%)

HR-MS: 311.16978;

IR: 3360, 2975, 2876, 1738, 1661, 1444, 1373, 13488, 1130, 1036, 997.
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Synthesis of  (4-Cyclohexyl-3-hydroxy-5-oxo-10-0xa-4-aza-tricyclo[ 5.2.1.02,6] dec-3-yl)acetic
acid ethyl ester (123

0]

0

HO
EtO” ~O
123

The N-cyclohexyl substituted analogu€3 was synthesised according to the general method
(6.4.3 using cyclohexylamine and the enol-lactahil affording off white solid (180 mg).
Analysis by TLC and GCMS showed presence of stniraterial. The product was purified
using speedy column chromatography (hexane/ett#5),1and concentrated vacuo affording

pure off white crystals (100 mg, 71%).

Mp: 114-116°C;

'H NMR (CDCE): 5 4.84 (1H, dJ = 5.2 Hz), 4.71 (1H, d] = 4.2 Hz), 4.14 (2H, m), 3.07 (2H,
m), 2.82 (2H, m), 2.58 (2H, m), 2.23 (2H, m), 1.@H, m), 1.50 (6H, m), 1.25 (3H, t,
J=17.1Hz), 1.18 (4H, m);

3C NMR (CDCH): & 173.3, 169.3, 90.6, 78.8, 78.2, 60.9, 53.1, 51989, 43.4, 30.4, 29.5, 29.4,
26.8,26.2,25.1, 14.1;

GCMS: 320 [M-17] (3%), 319 [M-18] (17%), 238 (100%)

HR-MS: 339.18962;

IR: 3330, 2981, 2933, 2853, 1735, 1676, 1536, 14831, 1311, 1253, 1189, 1128, 1045,
1031, 998.
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Synthesis of [3-Hydroxy-4-(6-hydroxy-hexyl)-5-ox0-10-oxa-4-aza-tricyclo[ 5.2.1.02,6] dec-3-yl] -
acetic acid ethyl ester (124)

o]
N OH
EtO” ~O
124

The N-hexanol substituted analogu®4 was synthesised according to the general method
(6.4.3 using 6-aminohexan-1-ol and the enol-lactoh#l affording pure yellow oll
(146 mg, 98%). Analysis by TLC and GCMS showed racds of starting materials. The
product was not further purified.

'H NMR (CDCL): § 4.86 (1H, dJ = 5.0 Hz), 4.71 (1H, d = 4.1 Hz), 4.12 (2H, q] = 7.1 Hz),
3.58 (2H, tJ = 6.2 Hz), 3.41 (1H, s), 3.14 (2H, m), 2.84 (2H, @B3 (2H, m), 1.79 (2H, m),
1.52 (6H, m), 1.30 (4H, m), 1.23 (3H)t= 7.1 Hz);

3C NMR (CDCH): & 173.6, 169.2, 89.9, 78.5, 78.0, 62.6, 60.9, HHO05], 43.4, 39.4, 32.4, 29.4,
29.1, 26.8, 26.6, 25.1, 14.4;

GCMS: 356 [M+1] (2%), 338 [M-17] (18%), [M-18] (45), 250 (10%), 31 (100%);

HR-MS: 355.19974;

IR: 3500-3250, 2936, 2859, 1738, 1682 1536, 1483111311, 1253, 1189, 1128, 1045, 1031,
998.
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Synthesis of [4-(2-Dimethylamino-ethyl)-3-hydr oxy-5-ox0-10-oxa-4-aza-
tricyclo[5.2.1.02,6] dec-3-yl] acetic acid ethyl ester (126)

o)
N
.
HO \
Et0” Yo
126

The N-dimethylaminoethyl substituted analogi26 was synthesised according to the general
method 6.4.3 using dimethylethylamine and the enol-lacton&ll affording
crude (26) (126 mg). Analysis by TLC and GCMS showed tracéstarting materials. The
product was purified using flash chromatography tfraeol/dichloromethane; 1:40), and

concentratedn vacuo affording pure off white crystals (59 mg, 43%).

Mp: 76-78 °C;

'H NMR (CDCE): § 5.03 (1H, dJ = 4.5 Hz), 4.71 (1H, d] = 4.3 Hz), 4.08 (2H, m), 3.64 (1H,
m), 2.91 (1H, m), 2.69 (4H, d,= 6.7 Hz), 2.25 (6H, s), 2.17 (1H, m), 1.70 (28, 48 (2H,
m), 1.46 (4H, m), 1.17 (2H,d,= 7.1 Hz);

3C NMR (CDCH): & 173.6, 169.4, 87.5, 78.5, 77.9, 60.6, 56.8, 5011, 46.2, 45.0, 38.0, 28.4,
28.2,14.2;

GCMS: 309 [M-17] (1%), 308 [M-18] (5%), 263 (1098 (100%);

HR-MS: 326.18295;

IR: 3440, 2985, 2875, 2831, 2781, 1732, 1700, 187464, 1420, 1370, 1311, 1266, 1132,
1080, 1030, 999.
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Synthesis of [4-(3-Dimethylamino-propyl)-3-hydroxy-5-oxo0-10-oxa-4-aza-
tricyclo[5.2.1.02,6] dec-3-yl] acetic acid ethyl ester (127)

@]
\
A
B
EtO (@]
127

The N-dimethylaminopropyl substituted analogl@/ was synthesised according to the general
method 6.4.3 using dimethylpropylamine and the enol-lactdiEl affording pure yellow
oil (145 mg, 99%). Analysis by TLC and GCMS showexl traces of starting materials. The

product was not further purified.

'H NMR (CDCE): 5 4.94 (1H, dJ = 4.5 Hz), 4.68 (1H, d] = 4.3 Hz), 4.03 (2H, m), 3.41 (1H,
m), 2.91 (1H, m), 2.57 (4H, d,= 6.7 Hz), 2.49 (1H, m), 2.23 (2H, m), 2.15 (2},x12 (6H,

s) 1.67 (2H, m), 1.46 (4H, m), 0.95 (2HJ& 7.1 Hz);

3C NMR (CDCH): & 173.4, 169.5, 89.3, 78.4, 77.4, 60.6, 55.0, 5808, 45.9, 43.9, 37.2, 28.5,
28.3,22.0, 14.1;

GCMS: 323 [M-17] (2%), 322 [M-18] (11%), 84 (64988 (100%);

HR-MS: 340.20495;

IR: 3444, 2980, 2873, 2827, 2782, 1732, 1702, 1874%4, 1418, 1370, 1311, 1266, 1190,
1132, 1080, 1029, 1001.
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Synthesis of 4-(3-Ethoxycarbonyl methyl-3-hydroxy-5-oxo-10-oxa-4-aza-tricyclo[ 5.2.1.02,6] dec-
4-yhbutyric acid (128

The N-butyric acid substituted analogd@8 was synthesised according to the general method
(6.4.3 using 4-aminobutyric acid and the enol-lactdrid affording crude yellow/orange oil
(117 mg). The product was purified using flash amatography (1.5% methanol in

dichloromethane) and concentratadiacuo affording pure white crystals (84 mg, 58%).

Mp: 109-111°C;

'H NMR (CDCE): § 4.78 (1H, m), 4.72 (1H, m), 4.15 (2H, &= 7.1 Hz), 3.64 (2H, m), 3.48
(1H, m), 2.71 (1H, dJ = 7.4 Hz), 2.34 (2H, t) = 7.2 Hz), 1.83 (8H, m), 1.59 (2H, m), 1.28
(3H, t,J = 7.1 Hz);

%C NMR (CDC}): & 177.4, 176.6, 167.2, 160.5, 92.0, 82.7, 79.4, 54985, 46.6, 39.5, 30.6,
28.9,28.4,21.2, 14.4;

GCMS: 324 [M-17] (3%), 323 [M-18] (33%), 254 (429286 (76%), 41 (100%);

HR-MS: 341.14925;

IR: 3500-3000, 2984 , 1738 , 1717 , 1698, 1682218263, 1417, 1330, 1292, 1147, 1096,
1045, 1005.

174



Chapter 6

Development afthydroxylactam Derivatives as Potential PP1 andAIRBibitors

Synthesis of 6-(3-Ethoxycarbonyl methyl-3-hydroxy-5-oxo-10-oxa-4-aza-tricyclo[ 5.2.1.02,6] dec-
4-yl)hexanoic acid (129

TheN-hexanoic acid substituted analodi®9 was synthesised according to the general method
(6.4.3 using 6-aminohexanoic acid and the enol-lactdié affording crude yellow oil
(139 mg). The product was purified using flash amtography (methanol/dichloromethane;

1:50) and concentrated vacuo affording pure of white crystals (94 mg, 61%).

Mp: 126-128°C;

'H NMR (CDCE): & 4.77 (1H, m), 4.71 (1H, m), 4.16 (2H, 4,= 7.2 Hz), 3.63 (1H, d,
J=7.3Hz), 3.45 (2H, m), 2.69 (1H, 3= 7.3 Hz), 2.32 (2H, t] = 7.2 Hz), 1.78 (2H, m), 1.58
(6H, m), 1.32 (2H, m), 1.28 (3H,1,= 9.8 Hz);

3C NMR (CDCH): & 176.4, 167.3, 160.9, 91.6, 82.7, 79.3, 59.8, 48656, 40.3, 33.7, 28.9,
28.5,26.1,25.9, 24.2, 14.4;

GCMS: 352 [M-17] (5%), 351 [M-18] (12%), 264 (739251 (68%), 41 (100%);

HR-MS: 369.18232;

IR: 3500-3000, 2950, 2875, 1742, 1716, 1699, 16284, 1447, 1418, 1330, 1287, 1143, 1046,
1002.
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Synthesis  of  (3-Hydroxy-4-morpholin-4-yl-5-oxo-10-oxa-4-aza-tricyclo[5.2.1.02,6] dec-3-
yl)acetic acid ethyl ester (130)

The N-morpholine substituted analog@80 was synthesised according to the general method
(6.4.3 using 4-aminomorpholine and the enol-lactadé affording crude yellow oil (117 mg).
The product was purified using flash chromatografit$ methanol in dichloromethane) and

concentratedn vacuo affording pure off white crystals (67 mg, 48%).

Mp: 131-133°C;

'H NMR (CDCW): 6 4.89 (1H, dJ = 5.0 Hz), 4.74 (1H, d] = 4.2 Hz), 4.15 (2H, m), 3.71 (4H,
bs), 2.96 (1H, m), 2.69 (2H, m), 2.54 (1H, m), 1.@&H, m), 1.51 (2H, m), 1.24 (3H, t,
J=7.1Hz);

%C NMR (CDCH): § 172.2, 169.9, 89.1, 78.1, 77.8, 67.2, 60.8, 5938, 48.9, 42.6, 29.5, 27.0,
14.1;

GCMS: 323 [M-17] (1%), 350 [M-18] (2%), 168 (4098 (100%);

HR-MS: 340.1583;

IR: 3500-3000, 2961, 2856, 1970, 1740, 1701, 16459, 1418, 1372, 1305, 1245, 1188, 1117,
1076, 1004.
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Synthesis of [ 3-Hydroxy-4-(2-mor pholin-4-yl-ethyl)-5-ox0-10-oxa-4-aza-
tricyclo[5.2.1.02,6] dec-3-yl] -acetic acid ethyl ester (131)

o)
N —
BRSNS
HO /
Etl0” YO
131

The N-ethylmorpholine substituted analogd&1 was synthesised according to the general
method 6.4.3 using 4-ethylaminomorpholine and the enol-lactbf# affording crude yellow
oil (117 mg). The product was purified using flasitomatography (methanol/dichloromethane;

1:20) and concentrated vacuo affording pure yellow oil (101 mg, 65%).

'H NMR (CDCE): § 5.01 (1H, dJ = Hz), 4.65 (1H, dJ = Hz), 4.07 (2H, m), 3.65 (4H, m), 2.64
(6H, m), 2.44 (2H, m), 1.67 (2H, m), 1.47 (2H, m)17 (3H, tJ = Hz);

3C NMR (CDCH): & 173.5, 169.2, 87.8, 78.6, 77.9, 66.5, 60.6, 3565, 53.0, 50.1, 45.8, 37.3,
28.4,28.1, 14.0;

GCMS: 351 [M-17] (1%), 350 [M-18] (5%), 100 (100%);

HR-MS: 368.19274;

IR: 3500-3000, 2959, 2855, 1969, 1738, 1703, 16486, 1418, 1372, 1305, 1245, 1188, 1117,
1075, 1018, 1004.
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Synthesis of [ 3-Hydroxy-4-(3-mor pholin-4-yl-propyl)-5-oxo-10-oxa-4-aza-
tricyclo[5.2.1.02,6] dec-3-yl] acetic acid ethyl ester (132

0]

(—o
N_\_/NJ

EtO” ~O
132

The N-propylmorpholine substituted analog@82 was synthesised according to the general
method 6.4.3 using 4-propylaminomorpholine and the enol-laetdrll affording crude
orange/brown oil (142 mg). The product was purifieding flash chromatography
(methanol/dichloromethane; 1:40) and concentratedacuo affording pure white crystals
(119 mg, 74%).

Mp: 169-172°C;

'H NMR (CDCE): 5 4.91 (1H, d.J = 4.6 Hz), 4.68 (1H, d] = 4.4 Hz), 4.06 (2H, m), 3.69 (4H,
m), 3.43 (1H, m), 2.94 (1H, m), 2.62 (4H,Jd 9.7 Hz), 2.50 (2H, m), 2.42 (4H, bs), 2.16 (2H,
m), 1.66 (4H, m), 1.48 (2H, m), 1.19 (3HJt= 7.1 Hz);

3C NMR (CDCH): & 173.6, 169.4, 89.3, 78.5, 77.6, 66.1, 60.7, 588, 52.7, 50.3, 45.6, 36.8,
28.5,28.2,20.9, 14.1;

GCMS: 365 [M-17] (3%), 364 [M-18] (22%), 126 (48))0 (100%);

HR-MS: 382.21232;

IR: 3500-3000, 2981, 2954, 2873, 2833, 2787, 11882, 1463, 1444, 1403, 1370, 1350, 1308,
1255, 1219, 1189, 1148, 1076, 1038, 1007.
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Synthesis of (4-Benzyl-3-hydroxy-5-oxo-10-oxa-4-aza-tricyclo[5.2.1.02,6] dec-3-yl)acetic acid
ethyl ester (133

0]

N
e,
EtO” ~O

133

TheN-benzyl substituted analogd&3 was synthesised according to the general methdd3(
using benzylamine and the enol-lactdiel affording crude brown oil (127 mg). The product
was purified using flash chromatography (hexanefetti:5) and concentratemh vacuo

affording pure white crystals (104 mg, 72%).

Mp: 120-122°C;

'H NMR (CDCE): § 7.28-7.08 (5H, m), 4.81 (1M, d,= 4.3 Hz), 4.74 (1H, d] = 4.2 Hz), 3.86
(2H, m), 3.75 (2H, s), 2.76 (2H, s), 1.69 (2H, M}5 (2H, m), 1.06 (3H, § = 7.1 Hz);

3C NMR (CDCE): § 173.9, 169.1, 143.0, 138.1, 128.4, 127.6, 12628,6l, 89.7, 78.4, 77.8,
60.5, 51.8, 50.4, 46.3, 43.7, 42.2, 29.2, 27.18:13.

GCMS: 328 [M-17] (5%), 327 [M-18] (20%), 258 (23%8)L (100%);

HR-MS: 345.15973;

IR: 3330, 2983, 2957, 2877, 2836, 1733, 1687, 14B45, 1586, 1513, 14443, 1411, 1372,
1345, 1304, 1247, 1187, 1148, 1129, 1034, 999.
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Synthesis of [3-Hydroxy-4-(4-methoxy-benzyl)-5-oxo-10-oxa-4-aza-tricyclo[5.2.1.02,6] dec-3-
yl] acetic acid ethyl ester (134)

The N-methoxybenzyl substituted analoga84 was synthesised according to the general
method 6.4.3 using 4-methoxybenzylamine and the enol-lactbh# affording crude yellow
oil (148 mg). The product was purified using flashromatography (100% ether) and

concentratedn vacuo affording pure off white crystals (95 mg, 60%).

Mp: 129-131°C;

'H NMR (CDCk): & 7.17 (2H, dJ = 8.5 Hz), 6.78 (2H, d] = 8.5 Hz), 4.87 (1H, d] = 5 Hz),
479 (1H, dJ = 4.7 Hz), 3.9 (2H, m), 3.74 (3H, s), 2.83 (2H, M5 (2H, m), 1.61 (2H, m),
1.13 (3H, tJ = 7.2 Hz);

3C NMR (CDCH): § 174.0, 169.1, 158.7, 130.2, 129.1, 113.8, 89.%, 788.0, 60.7, 55.2, 51.6,
50.4,43.5, 41.8, 29.5, 26.8, 13.9;

GCMS: 358 [M-17] (2%), 357 [M-18] (10%), 121 (100%)

HR-MS: 375.17856;

IR: 3500-3250, 2983, 2957, 2877, 2836, 1733, 18874, 1615, 1586, 1513, 14443, 1411,
1372, 1345, 1304, 1247, 1187, 1148, 1129, 1034, 999
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Synthesis of [ 3-Hydroxy-4-(2-methyl -4-methoxybenzyl )-5-ox0-10-oxa-4-aza-
tricyclo[5.2.1.02,6] dec-3-yl] acetic acid ethyl ester (135

HO
EtO” ~O OMe
126

The N-2-methyl-4-methoxybenzyl substituted analodudb was synthesised according to the
general method 6(4.3 using 2-methyl-4-methoxybenzylamine and the déactene 111
affording crude vyellow/brown oil (138 mg). The pwumd was purified using flash
chromatography (hexane/ether; 1:10) and concedtiateacuo affording pure slight yellow
crystals (99 mg, 66%).

Mp: 135-138 °C;

'H NMR (CDCL): § 7.16 (2H, dJJ = 8.4 Hz), 6.80 (3H, m), 4.87 (1H, di= 5 Hz), 4.79 (1H, d,
J=4.7 Hz), 3.9 (2H, m), 3.74 (3H, s), 2.83 (2H, &4 (3H, m), 1.75 (2H, m), 1.61 (2H, m),
1.13 (3H, tJ = 7.2 Hz);

%C NMR (CDC}): § 174.2, 1735, 169.4, 142.4, 128.6, 128.3, 12728,6, 104.0, 90.6, 78.9,
77.9,60.9, 52.6, 51.9, 50.3, 43.7, 29.6, 27.00,214.3;

GCMS: 342 [M-17] (4%), 341 [M-18] (19%), 168 (359405 (100%);

HR-MS: 389.18356;

IR: 3500-3250, 2984, 2960, 2877, 2836, 1733, 14804, 1614, 1586, 1513, 14443, 1411,
1372, 1345, 1304, 1187, 1148, 1129, 1033, 997.
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Chapter 7
Development of Lactone Derivatives as Potential PRdnd
PP2A Inhibitors

7.1 Introduction

The removal of one of the carbonyl carbons, as thighhydroxylactone3d), or ring opening to
form the disodium sal2@), has been shown to display good to comparablegitadase activity
in relation to the parent anhydrid&3j respectively [1, 2]. In this chapter we describe
complete removal of one of the carbonyl carborn®im the lactonesl(38-139, as well as the
selective reduction of the remaining carbonyl cartmform the lacton-ol derivatived 40). We

also synthesised the ring opened mono-sodium ealtative (L41) of the parent lactone.

o) O
ON
o a
ONa
OH o)
PP1 ICsq =24 pM PP1 ICsq = N/A
PP2a ICsq =5 uM PP2a ICsq = 0.17 uM
34 23

The described targets illustrate interesting stma¢tmodifications, and should attain valuable
information in relation to the cantharidin pharmgloore, specifically on the requirement of
both of the carbonyl carbons, as well the inhilitad ring opening to the dicarboxylic form, on

phosphatase and anticancer activity. Furthermbes;, &lso provide a possible handle for future

analogue development.

7.2 Results and Discussion — Chemical Synthesis

The generation of the lacton&38-139) and lacton-ol 140) analogues was carried out by
chemistry previously described by Spragee al., who reported the synthesis of
7-ozabicyclo[2.2.1]heptane analogues as inhibitmrdhromboxane APGH, [3]. However,

these modifications to the parent anhydride hadbeei biologically addressed in relation to

phosphatase of anti-cancer activity.
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The target removal a single carbonyl group of theept anhydridel3, 19) to form the lactones
(138139, was carried out by the selective reduction usodium borohydride at reduced
temperature (0°C). It should be noted that attechitber equivalent carbonyl carbon of the
parent anhydride is possible, which could leadhe tormation of either enantiomer as a
racemic mixture $cheme 7.1 However this was not investigated due to poaidgical

activity displayed.

== G - Oy
(@) (0}
13 138A 1388

Scheme 7.1Reagents and Conditions; (a) NaHHF, 0°C.

The selective reduction of the remaining carbonyglug on the lactonelB8) to form the
alcohol 40), was carried out using DIBAL at -78°C in dry tehe. Reaction completion was
confirmed by carbon NMR, which substantiated thesealse of carbonyl peaks, and the
presence of a down fielh® hybridised methane carbod 102.6 ppm). Examination of NMR
data (both proton and carbon) showed doubling akgeindicating the formation of a both
diasteriomers §cheme 7.2 Carbon NMR denotes the formation of approximatal 1:3
formation ratio of either diastereomer, however sthewere not isolated and hence
stereochemistry of the alcohol group was not resbiNFurthermore, as discussed above, it is
also possible that the lactone starting materied veeemic, therefore further enatiomers may

also have been formed. Again, due to poor bioldgictvity, this was not further investigated.

(@] 50H OH
G —= G - G
138 140A 140B

Scheme 7.2Reagents and Conditions; (a) DIBAL, dry toluet¥&°C.
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The attempted ring opening of the lactot&8§) to form the methoxylate ester analogtdi)
was trialled by stirring the lactone in methanol tiee presence of triethylamine at room
temperature, however NMR analysis showed no coiorestarting material. This was possibly
due to the reversible intramolecular ring closiranly thermodynamically favoured, and may
have been overcome by changing the reaction condj§uch as reduced temperature), but was
not further attempted. Instead, ring opening tanfdhe mono-sodium salil42) was achieved

by simply stirring the lactone in methanolic soditwdroxide. The mono-sodium42) adduct
was titrated slowly with 0.1M HCI to attempt to fiorthe free acid143), however, the ring
closed lactonel(38) was again formed.

o
G 4
OH
138 141
ONa _&_, OH
OH OH
142 143

Scheme 7.3 Reagents and Conditions; (a) MeOH, TEA, RT, 24b)sNaOH, MeOH, RT,
2hrs, (c) MeOH, HCI, 0°C ,1hrs.

.
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7.3 Results and Discussion — Biological Assay

As shown inTable 7.1 the growth inhibition on HT29 (Human colon caamnma) and G401
(Human kidney carcinoma) cells of cantharid@), the demethylated norcantharidib3) and
the lactone analogue$38-140, 14 was determined. The data clearly shows thateheval
of one or both of the carbonyl groups reduces ttigvigy significantly, highlighting the

importance of the second carbonyl carbon for maiirtg activity.

Table 7.2 Growth Inhibition (%) of cantharidin6], norcantharidin 3) and the lactone
analogues138-140, 1420n HT29 (colon) and G401 (kidney) cell lines. @wixicity levels are
first expressed as % inhibition at 100 uM drug emt@tion (n italics) and, if potent, as
Growth Inhibition, G§, uM (in bold)

Compound HT29 G401
Mean SE Mean SE

6 3.2 0.1 N/D N/D
13 57 5 N/D N/D
138 <10 6.3 171 1.2
139 <10 6.4 111 5.0
140 <10 8.1 153 6.4
142 <10 24 220 12.7

NB: A value of <10% indicates that the compoundefiito influence cell growth when

compared with untreated controls (i.e., the highervalue the greater the growth inhibition).
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7.4 Experimental — Synthesis of the Lactone derivates

7.4.1 _General Synthesis of the Lactone Analogues

To a stirring solution of the parent lactone (1ig)dry THF (25 mL), 1 eq. of sodium
borohydride in dry THF was slowly added at 0°C. Tesultant mixture was stirred under a
calcium chloride drying tube for approx. 4 hrs. Hadvent was removed under vacuum and the
solid residue added slowly with stirring to ice.eTtesulting mixture was acidified to pH3 with
conc. HCI and extracted with DCM (6 x 20 mL). Thembined extracts were dried (MgQO

and concentrateieh vacuo.

o 0
a
o b @:(/O
0
19 138
‘ o)

- o

139

Scheme 7.4Reagents and Conditions; (a), 3% Pd/C, Acetone 4 atm; (b) NaBH HF 0°C,
4 hrs
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Synthesis of 4,10-Dioxa-tricyclo[5.2.1.02,6] decan-3-one (138):

O

B

138

The lactone analogu&38 was synthesised according to the general metfotll) using
norcantharidirl3 affording white solid (709.5 mg, 77%).

Mp: 152-154°C;

'H NMR (DMSO-d): 5 4.84 (1H, d), 4.51 (LH, d), 4.40 (1H, t), 4.09 (@), 2.75 (1H, t), 2.69
(1H, m), 1.76 (2H, m), 1.53 (2H, m);

3C NMR (DMSO-q): § 177.5, 82.4, 79.7, 72.3, 49.7, 43.4, 28.8, 27.6;

GCMS: 154 [M], 70 (100%);

IR (neat): 3025, 2991, 2974, 2958, 2918, 2883, 11484, 1460, 1394, 1315, 1276, 1245,
1196, 1139, 1074, 1055, 1016, 968, 924, 899, 856, 8

HR-MS (m/z): calc @H;¢05: 154.05826
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Synthesis of 4,10-Dioxa-tricyclo[5.2.1.02,6] dec-8-en-3-one (139)

O

D8

139

The 5-6,unsaturated analogi89 was synthesised according to the general metict 1
using13 affording white solid (805.9 mg, 89%).

Mp: 161-163°C;

'H NMR (DMSO):5 6.45 (2H, m), 5.28 (1H, s), 4.97 (1H, s), 4.50 (LK = 9.1 Hz), 4.20 (1H,
m), 2.82 (1H, m), 2.73 (1H, m);

3C NMR (DMSO0):5 175.9, 136.8, 136.7, 84.3, 82.1, 71.6, 48.1, 41.9;

GCMS: 152 [M], 70 (100%);

IR (neat): 3024, 2995, 2974, 2960, 2882, 1771, 14859, 1394, 1315, 1276, 1245, 1196,
1139, 1074, 1055, 1016, 968, 925, 899, 856;

HR-MS (m/z): calc @HgOs: 152.04863.
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7.4.2 Synthesis of thehydroxy analoque
Synthesis of 4,10-Dioxa-tricyclo[5.2.1.02,6] decan-3-ol (140)

OH

@bo
140

To a stirring solution of the parent lacto(#89) (250 mg/1.623 mmol) in dry toluene (mL)
maintained at -78 °C using a liquid nitrogen/acetare bath was added a 1 M solution of
DIBALH in dry toluene (3.42 mL/3.42mmol) slowly owva 10 minute period. Stirring at -78 °C
was continued for 30 minutes, after which the rieactvas quenched with a solution of acetic
acid (215.7 mg/3.595 mmol) in toluene (10 mL). Téaction mixture was allowed to warm to -
30 °C, and then carefully treated with 10% HCI BR), allowing the reaction temperature to
rise to 0 °C. The aqueous phase was separate@éxtmadted with Chloroform (7 x 30 mL). The
combined extracts were washed with 5% NaHC@2 mL), dried with MgSQ@ and
concentratedin vacuo, yielding a mixture of diastereoisomer (169.0 &)%) in an

approximately a 1:3 ratio (B/A).

Mp: 133-134°C;
'H NMR (DMSO): § 4.50 (1H, d), 4.35 (1H, d), 4.10 (1H, t), 3.78 (Iid), 2.94 (LH, bs), 2.49
(1H, m), 1.63 (2H, m), 1.44 (2H, m);
3C NMR (DMSO): A5 102.6, 81.4, 78.52, 71.8, 56.4, 47.8, 28.8, 28.4;
B3 98.7, 78.5, 77.9, 68.8, 53.3, 48.9, 28.6, 27.3;
GCMS: 155 [M-H], 41 (100%);
HR-MS (m/z): calc GH1:05 156.08655.
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7.4.3 _Synthesis of the ring opened lactone analogue

Synthesis of 3-Hydroxymethyl-7-oxa-bicyclo[ 2.2.1] heptane-2-carboxylic sodium salt (142)

O

ONa
OH

142

To a stirring solution of the parent lacto(i88) (250 g/1.623 mmol) in MeOH (73 mL) was
added sodium hydroxide (16.3 mL) slowly over 5 nb@su The reaction was stirred at RT for 2
hours, after which the solvent was removed in vaéiibyl acetate (20 mL) was added to the
resultant residue and triturated for 20 minutese $blid product was collected and washed with
4 mL ethyl acetate yielding (214.8 mg , 68%).

Mp: 173-174°C;
'H NMR (DMSO): § 4.63 (1H, d), 4.37 (1H, d), 3.49 (1H, m), 3.36 (R, 2.54 (1H, d), 2.15
(1H, m), 1.63 (2H, m), 1.59 (2H, m), 1.41 (2H, m);

3C NMR (DMSO0):5 179.8, 80.8, 78.9, 63.1, 55.0, 51.2, 30.1, 30.0;

GCMS: 154 [M-17], 41 (100%);

HR-MS (m/z): calc GH1:05 194.06873.
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Chapter 8
Development of Heteroatom Substituted Anhydrides as
Potential PP1 and PP2A Inhibitors

8.1 Introduction

Substitution of the central oxygen atom of the ahide moiety with a heteroatom, such as
sulphur or nitrogen, has received moderate attentiditerature. Endothall thioanhydrid29)

and the 5-6 unsuturated analog&)(have been screened against PP2A (608 nM and 97%
respectively), with little effect on PP2A activiig comparison to cantharidin [1]. The PP1
activity of these two cantharidin analogues hasbean reported. Substitution with nitrogen, as
with (27), appears to have a negative effect on PP2A itibi{15%) [2]. Similarly its PP1

inhibition has not been reported.

O O O
S @ S @ NH
O O o
PP2a 1Cgg = 608 uM PP2A inhibition = 97% PP2A inhibition = 97%
29 28 27

One of the aims of this section was to extend amncantharidin analogue library, and to
examine the effect of substitution of the centraygen of the anhydride moiety on PP1 and
PP2A activity. Furthermore, the generation of hetsm substituted analogues may allow the

development of second generation analogues thrpatgntial ring opened adducts [1].
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8.2 Results and Disscussion — Chemical Synthesis

CompoundsZ47) was synthesised using a method described by Kaeat., via a simple diels
alder reaction involving furan and maleimide inlased vessel [3]. This was converted to the
5,6-unsaturated analogustd) in moderate yields using the previously describgdrogenation

procedure. Refer tScheme 8.1

O O - O

Scheme 8.1Reagents and Conditions; (a}@t RT, 48h; (b) Acetone, 4 atm, RT, 24h.

143

Compound 29) was synthesised with moderate yields frd)(using 1.5 eq. N&.9H0 and
tetrabutylammonium iodide as the phase transfelysas. Refer tdischeme 8.2Both reactions
are simple and require little monitoring. Althougtoderate yields are obtained, both could be

used in the generation of second generation anedoaftier ring opening.

o) o)
a
o — S
O O
19 29

Scheme 4.2Reagents and Conditions; (a}@t RT, 48h; (b) Acetone, 4 atm, RT, 24h.
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8.3 Results and Discussion — Biological Assay
As shown inTable 8.1 the growth inhibition of HT29 (Human colon caramna) and G401

(Human kidney carcinoma) cells of cantharid@), the demethylated norcantharidib3) and
the nitrogen substituted analogue®7,( 144 was determined. The data for the sulphur
substituted analogue9) is to follow ¢f). The data clearly shows that the substitutiorihef
central oxygen with nitrogen reduces the activigngicantly, highlighting the importance of

ring-opening for maintaining activity.

Table 8.1 Cytotoxicity of cantharidin®), norcantharidin {3) and the heteroatom substituted
analogues?7, 29, 143 analogues on HT29 (colon) and G401 (kidney) liedls. Cytotoxicity
levels are first expressed as % inhibition at 180drug concentrationii italics) and if potent,
as Growth Inhibition, Gh UM (in bold)

Compound HT29 G401
Mean SE Mean SE

6 3.2 0.1 N/D N/D

13 57 5 N/D N/D
144 158 6.6 99 9.9
27 26.2 6.1 243 12.1
29 tf - tf -

©)

tf = data to follow
NB: A value of <10% indicates that the compoundefiito influence cell growth when

compared with untreated controls (i.e., the lowentalue the greater the growth inhibition).
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8.4 Experimental — Synthesis of hetroatom derivaties

Synthesis of 10-Oxa-4-azatricyclo[5.2.1.02,6] dec-8-ene-3,5-dione (27)

o)
@ NH
27 O

To saturated furan water solution was added madinm an amount such that a 50% excess of
furan was present. This reaction was heated imkdealass tube for 10 hours at 90 °C. The
crystalline product was separated upon cooling r@edystallised from boiling water to yield
pure @7) (52%). Final analysis was carried out using GCang NMR.

Mp: 160-162 °C;
'H NMR (CDCL): § 6.52 (2H, s), 5.15 (2H, s), 2.89 (2H, S);

*C NMR (CDC}): 5 179.8, 137.6, 82.2, 50.1;

ESI-MS: 166 [M+H], 165 [M] (100%);

IR (neat): 3147.0, 3028.0, 1774.5, 1715.6, 1399355.8, 1288.1, 1205.2, 1190.0, 1143.3,
1091.2, 1020.2, 936.8, 897.3. 856.1;

HR-MS (m/z): calc GH,sNOs: 165.04827.
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Synthesis of 10-Oxa-4-azatricyclo[5.2.1.02,6] decane-3,5-dione (144)

0

NH
144 O

5 g of 27) was dissolved in dry acetone and hydrogenatechye at 4 atm with 10% Pd/C
catalyst. After completion the catalyst was remobsdfiltration with filter aid (kenite), and
concentratedn vacuo to obtain crudel(44). Recrystallisation from ethylacetate/petroleunmisp
(4:1) afforded purel@d4) (4.1 g/87%). Final analysis was carried out usa@MS and NMR.

Mp: 180-182 °C;

'H NMR (CDCL): § 4.65 (2H, m), 3.29 (2H, bs), 2.93 (2H, s);

*C NMR (CDC}): 5 179.0, 78.3, 50.8, 27.9;

ESI-MS: 168 [M+H], 167 [M] (100%);

IR (neat): 3054.1, 3006.0, 2779.8, 1755.3, 1703@¥4.5, 1403.4, 1360.1, 1306.1, 1262.0,
1239.9, 1201.6, 1006.9, 947.3, 922.8, 900.1, 819.1;

HR-MS (m/z): calc GH,sNOs: 167.05937.
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Synthesis of 10-Oxa-4-thiatricyclo[5.2.1.02,6] decane-3,5-dione @9)
O

S

29 O

To approximately 20 mL of 1:1 DCM/deionised watemsvadded 500 mg ofl38).
Approximately 1.5 equivelent of N8.9HO (~1 g) and 100 mg of tetrabutylammonium iodide
were added and stirring maintained at RT for 5 80Tihis reaction was monitored By NMR
and TLC. Recrystallisation from ethylacetate/pewoh spirit (4:1) afforded pure29)
(411 g/87%). Final analysis was carried out usi@Ms and NMR.

Mp: 74-76 °C;

'H NMR (CDCL): 8 4.96 (2H, s), 3.41 (2H, m), 1.74 (2H, m), 1.42 (2M);
*C NMR (CDC}): 5 207.0, 84.6, 66.5, 31.8;

ESI-MS: 185 [M+H], 184 [M] (100%);

HR-MS (m/z): calc GH,sNO3: 184.01473.
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9.1 Conclusions

The aim of this study was the synthesis of newanditaridin analogues for the development of
further SARs data, specifically PP1 and PP2A intwbj in the hope of developing novel
therapeutic agents. Previous studies have showinththaanhydride moiety displays moderate
tolerance to structural modification in relation ghosphatase activity. These include, but are
not limited to; (i) ring opening of the anhydrid@i) substitution of the central anhydride
oxygen, (iii) selective reduction of one of the wamyl carbons. Therefore, this study has
targeted structural modifications to the anhydritieiety, such as; the introduction of a
heteroatom to the central anhydride position, reah@¥ one or both of the carbonyl carbons,
and ring opening of the anhydride. This was toheirtexamine the tolerance to the described

modifications, as well as develop possible lead$uure work.

Based on the described targeted modificationsriassef compound families were synthesised
and screened for PP1 and PP2A inhibition, as weeltydotoxicity. These families include: a
series of ring closedChapter 4) and ring opened cantharimideSh@pter 5), possessing of
alkyl, cyclic, aromatic, and, in the case of thenier, functionalised by the nucleophilic
substitution of amino-acids; a seriesoofiydroxylactamsChapter 6), possessing an ester side
chain, and similarly, possessing a range of allgyiclic and benzyl functionality; the
lactone/lactonol and mono carboxylate ring openmedagues Chapter 7); and the heteroatom
substituted thio and amide anhydrid€hgpter 8).

The ring closed cantharimides, which had been pusly reported by McCluskegt. al.,
illustrated an interesting synthetic target [1].isTivas primarily a result of their retained PPs
activity, their unique nature relative to the natunhibitors, their ease of chemical synthesis
and readily available starting materials. Furtheemd is not yet known whether they hydrolyse
in vivo like anhydride moiety of cantharidin and tautomygrimarily due to the replacement of
oxygen with a primary amine. Of the ring closedtbanmides synthesied and assayed in this
study, the most potent analogues contained eitl&8-42 alkyl chains42-45), an allyl group
(49), a 1,2-diol moiety %6), a dodecyl-linked bis structuré3), or an amino-acid possessing a

basic residue3@) which corresponds to data described by McCluskegl. [2]. The dodecyl-
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linked bis-analogue6@) was the most potent analogue displaying pM potsmoxicities

against all the cell lines examined at levels thigrove on the lead norcantharidit8].

Further skeletal development of these analoguesl@aalyto other interesting analogues, such as
the investigation of analogues with longer carbbairc with varying degrees of functionality
including diol functionality at various section®ag the chain. Also, investigating other linkers
with or without functionality for the bis-analoguesay lead to other interesting and active
analogues. Also, as none of the ring-closed caintide analogues, including the previous
mentioned, proved to be significant PP1c, PP2A BR® inhibitors, suggesting a possible
different mode of action than the lead compoundgaatharidin {3). This may be a result of a
completely different mode of action, or an as yistavered mechanism. It should be further

iterated, that ring opening of these analogues moayrave occurreth vivo.

Similarly the ring opened cantharimides, which wereviously unreported, satisfy many of the
requirements for a new synthetic target. This wamarily due to their ease of chemical
synthesis and readily available starting matepiat, more importantly, they possess many of the
requirements needed for the related ring closethasimides, as well as providing a handle for
further modifications. More importantly, evidendeat thein vivo ring-opening of the ring
closed analogues is inhibited; these analogues praye to retain the activity of the parent
anhydride. Of the ring opened analogues, seveaalstio display good to excellent activity. In
particular, further evaluation of substituted manjiio analogues should be investigated.
Furthermore, since cantharidif) (displays greater potency, PP2A selectivity antbtoxicity
than the demethylated analogu@)( it is also hypothesised that the generationasitizaridin
based variants &9, 91, 92 and94, may lead in to the development of novel potemstiegues.
For example, the synthesis of the morpholine caitimaanalogue 110) since developed by our
laboratory, is more potent in all aspects thanpiaeent cantharidingj and related morpholino-

norcantharimide displayed rable 5.2 [3].

The development of the-hydroxylactams accesses previously unexplored watrapace in
relation to PPs and anticancer activity, howewverilar chemistry has been reported in literature
[4]. The development of this family of compoundingportant due to the structural diversity
compared to current cantharidin analogues, arndtésesting synthetic chemistry. Furthermore,
the a-hydroxylactams represented a third generation|yamithin our group. Investigation of
the removal or moving of one of the carboxylatesayavirom the 7-oxa, and addition of

hydrophobic tails, acidic and basic residues, palaieties and aromatic rings were approached
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in order to explore the chemical space and or bgaequirements of the-hydroxylactam
family for binding. However, it appears that movitige carboxylate and the presence of the

hydroxyl has a significant effect on cytotoxicitycdaphosphatase activity.

The development of the lactone and lactonol an@sguas of interest due to the complete
removal of one of the carbonyl carbons, and tostigate the inhibition of the ring opening of
the lactone. The development of the ring openetbm@canalogue was important due to the
resemblance of the bis-sodium saB)and mono-esterifiedl®-21) analogues, as well as in the
generation of new analogues including mono-esgerifor etheral analogues. However,
screening showed that complete removal of one,thadselective reduction of the remaining
carbonyl carbon has a significant effect on agtiviEurthermore, the mono-sodium analogue

also displayed poor activity, possible duért@ivo ring closing.

The development of norcantharidin analogues wite txygen of the anhydride moiety
substituted by a heteroatom, either nitrogen gohaui was investigated to evaluate the effect of
facile ring opening. That is, what effect, if ashyes replacement of the oxygen have on the rate
of ring opening, and what implication this has d!LAPP2A inhibition and anti-cancer activity.
The displayed activities have shown that replacémeéttn sulphur appears to retain activity;
where as the replacement with nitrogen has a negatifect on activity, hinting towards
inhibition of ring openingn vivo. Therefore, further investigation of ring openk tanhydride

analogues may lead to novel analogues possessangae activity.

These finding have allowed us to revisit the candiapharmacophore discussedGhapter 2,
in particular relation to the anhydride moieBidure 9.1). As noted, substitution of the central
oxygen atom of the anhydride is possible, with bmilphur and some amino acids. Also the
dodecyl-linked bis-analoguetd) prove a potent inhibitor. The ring opening to nfotthe
mono-amide analogues, as in the case of the manphderivative, also displayed retained
activity. The formation of a-hydroxyl appears to have a significant negatifeatfon activity,

as does the removal of one or both of the anhyaaaleonyl groups.
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PP1 and PP2B

anhydride opening possible,
with generation of mono-ester
or amide (morpholine, etc)
PP1 and PP2A inhibition
retained

o PP2A
Substitution with S possible,
also substition with basic amino
acids or bis-linked analogue

PP1 and PP2A

Removal of one or both of the
carbonyl carbons has a profound
effect on activity

Figure 9.1: Modifications to the Cantharidin Pharmacophore

Figure modified from [5]

9.2
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Heterocyclic substituted cantharidin and norcantharidin
analogues—synthesis, protein phosphatase (1 and 2A)
inhibition, and anti-cancer activity
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*Department of Chemistry, School of Environmental and Life Sciences, The University of Newcastle, Callaghan, NSW 2308, Australia
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Abstract—Norcantharidin (3) is a potent PP1 (IC5 =9.0 £ 1.4 uM) and PP2A (IC5, = 3.0 £ 0.4 uM) inhibitor with 3-fold PP2A
selectivity and induces growth inhibition (Glsg ~45 uM) across a range of human cancer cell lines including those of colorectal
(HT29, SW480), breast (MCF-7), ovarian (A2780), lung (H460). skin (A431), prostate (DU145). neuroblastoma (BE2-C), and glio-
blastoma ($J-G2) origin. Until now limited modifications to the parent compound have been tolerated. Surprisingly, simple hetero-
cyclic half-acid norcantharidin analogues are more active than the original lead compound, with the morphilino-substituted (%)
being a more potent (ICsq=2.8 = (.10 uM) and selective (4.6-fold) PP2A inhibitor with greater in vitro cytotoxicity (Glsy
~%9.6 uM) relative to norcantharidin. The analogous thiomorpholine-substituted (10) displays  increased PP1 inhibition
(ICs = 3.2+ 0 uM) and reduced PP2A inhibition (ICsp = 5.1 £ 0.41 pM ), to norcantharidin. Synthesis of the analogous cantharidin
analogue (19) with incorporation of the amine nitrogen into the heterocycle further increases PPl (1Csg = 5.9 % 2.2 uM) and PP2A
(IC 55 = 0.79 £ 0.1 uM) inhibition and cell cytotoxicity (Glsy ~3.3 pM). These analogues represent the most potent canthandin ana-
logues thus reported.

Crown Copyright © 2007 Published by Elsevier Ltd. All rights reserved.
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Norcantharimides, synthesis and anticancer activity: Synthesis
of new norcantharidin analogues and their anticancer evaluation
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®Department of Medical Oncology, Neweastle Mater Misericordiae Hospital, Waratah, NSW 2298, Australia
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Abstract—A range of amines was reacted with norcantharidin (2) to provide the corresponding norcanthanmides (9-43). Treatment
of norcantharidin with allylamine afforded the corresponding allyl-norcantharimide (20) which was amenable to epoxidation
(mCPBA, 22) and subsequent ring opening (MeOH/H™; 23) or alternatively, osmylation (OsO/NMO; 24). These simple synthetic
modifications of 2 facilitated the development of a novel saries of norcantharimides displaying modest to good broad spectrum cyto-
toxicity against HT29 and 8 W48() (colorectal carcinoma); MCF-7 (breast adenocarcinoma); A2780 (ovarian carcinoma); H460 (lung
carcinoma); A431 (epidermoid carcinoma); DU145 (prostate carcinoma); BE2-C (neuroblastoma); and 8J-G2 (ghoblastoma). Ana-
logues possessing a Cyg, Cj2 or €y, alkyl chain or a Cj; linked bis-norcantharimide displayed the highest levels of cytotoxicity.
Crown copyright ©® 2007 Published by Elsevier Ltd. All rights reserved.
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Norcantharidin Analogues: Synthesis, Anticancer Activity
and Protein Phosphatase 1 and 2A Inhibition

Timothy A. Hill,"™ Scott G. Stewart,” Christopher P. Gordon,”” Stephen P. Ackland,™
Jayne Gilbert,” Benjamin Sauer,”™ Jennette A. Sakoff,” and Adam McCluskey*?

Cantharidin (1} and fts derivatives are of significant interest as
serine/threonine protein phosphatase 1 and 24 inhibitors. Addi-
tionally, compounds of this type have displayed growth inhibition
of various tumour cell lines, To further explore both of these in-
hibition pathways, @ number of amide-acid norcantharidin ana-
logues (15-26) were prepared. Compounds 23 and 24, contain-
ing two carboxylic acid residues, showed good PP1 and PP2A ac-
tivity, with ICs, values of - 15 and —3 um, respectively. Substituted

1878 £ interScience:

© 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim

aromatic amide analogues 45, 48, 49, 52, 53, and 54 also dis-
played good PP1 and PP2A inhibition, with IC;; values in the
range of 15-10 um (PP1} and 11-5 um (PP2A). However, bulky
ortho substituents on the aromatic ring caused the aromatic n’n§
to be skewed from the NCO planarity, leading to a decrease in
PP and PPZA inhibition. A number of analogues, 20, 22, 25 and
46, showed excellent tumour growth inhibition, with 46 in partic-
ular being more potent than the lead norcantharidin 2.

ChemMedChem 2008, 3, 18781892
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Synthesis of 4-substituted-3-hydroxy-5-oxo0-10-oxa-4-azatricyclo[5.2.1]dec-
3-yl Acetic Acid Ethyl Esters as Norcantharidin Analogues

Benjamin Sauer’, Jayne Gilbert®, Jennette A. Sakoff® and Adam McCluskey**

Chemistry, School of Environmental & Life Sciences, The University of Newcastle, Callaghan, NSW 2308, Australia
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Abstract: A novel library of eighteen 4-substituted-3-hydroxy-5-oxo-10-oxa-4-azatricyclo[5.2.1]dec-3-yl acetic acid
ethyl esters was generated in high vield in two steps from norcantharidin, a known protein phosphatase 1 and 2A inhibitor
that displays good anticancer activity. Interestingly these analogues are bereft of anticancer and protein phosphatase activ-
ity, but possess the attributes needed for medicinal agents and could be used as scaffolds i other targets.

Keywords: Norcantharidin, Wittig reaction, Protein phosphatase 1 and 2A, Anticancer, Drug design scaffold.
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