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Abstract

Extracellular signakgulated kinase 5 (ERKS) is a member of the mitogen activated
protein kinase (MAPK) family responsible for activating a number of transcription
factors in the cell nucleu®ownstream effects of ERKS5 activation have been linked to
cell survival, proliferation and differentiation. Overexpression of ERK5 has been
observed in a number of tumour cell lines and has been linked with poor prognosis in
cancer patients. ERK5 gene kkauat studies have proved it plays a role in
angiogenesis. Inhibition of ERK5 with XMI28(12) showed correlation with tumour
growth. All ERKS5 validation experiments to date have lacked a compound with good
ERKS5 potency, selectivity, cell permeability and metabolic stability. The aim of this
project is to prove the role of ERKS in cancer withugdike tool compound through

in vivovalidation experiments.

Small molecule ERKS inhibitors have been discovered through -dhnalghput

screen revealing indazekulphonamide hit compounds with moderate potency, such
asN-(1H-indazol6-yl)benzenesulfoamide30 (enzymatic ERK5s4= 4.7+ 0.04uM).

Hit expansiorvialibrary synthesis identified a set of sulphonamide aromatic groups

associated with good ERKS inhibitory activity.
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Structural optimisation around the sulphamide linker elucidated a key binding
interaction betweernLys39n the ERKS5S active site and an S=0O group. Removal of the
hydrogen bond donor capacity of the sulphonamide yielded compounds with potency
in the nM range. Alkylation or removal of heteroatomshe indazole indicated that
compounds form two hydrogen bonds with the hinge region of the kinase active site.
Molecular modelling using GOLD predicted th@ai@d 4positions were suitable for

substitution. Subsequent synthesis of key bromo intermedgateas conducted in a 68%
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yield over five steps allowing for library synthesis -@lklyl indazoles, including current

lead compoundl99 (enzymatic ERK5s4Z 12 £ 7 nM).

Br
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Compoundl99shows favourable druike propertiestMW = 318, CLogP = 4.7, LE =
0.51, Cace efflux ratio = 0.52) and good ERKS5 potency in transfected HEK 293 cells
(cellular ERKS5 4= 24nM). However, the compound is rapidly metabolised in mouse
liver microsomesNILM Ci,; = 378ul/min/mg) and has a poor oral bioavailability in

mice (24%). CompourftBb9was also screened for activity against a panel of 456

kinases but unfortunately showed poor selectivity.
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Figurel. A)Key interactions made betweamompound199 (cyan)in the ERK&ctive site(green);(B)
Structureof CompoundL99.

Metabolite identification conducted witi99revealed oxidation of the indazole and
cyclopropyl group as the major routes of metabolism by CYP enzymes. Unsubstituted
3-, 5, and 7 positions around the indazole were systematically blocked from
metabolism by chlorination, with data indicating thg8sition is most susceptible to
oxidation. Improving the LogP of the series was explored {mptinisation of the

sulphonamide aryl group and substitution of thg8sition. It was found that-amino

vii



compound269had excellent microsomal stability (MLM,Gt 8.3pl/min/mg) but
potency was inferior td 99 (enzymatic ERK55& 790 + 80nM).

269

The work presented in this thesis describes the synthesis and SARs of over 130 novel,
indazole compounds for the inhibition of ERKBrough SAR development a binding
mode has been proposed and a lead compoul®B) obtained with excellent ERK5
potency. Major routes of compound metabolism have been identified and methods to
impeded metabolism have been demonstrated. The indazole serieshe lead
optimisation phase with an aim to provide a tool compound able to critically assess the

anti-cancer effect of ERKS5 inhibitiamviva
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Chapter 1 Introduction

1.1 Drug Discovery
1.1.1 The Inception of Drug Discovery

The human race has been using medicines for centunmsever, the use of chemistry

in the discovery of new drugs is much more recent. The field of chemistry reached a

level of sophistication in the late f&entury which allowed its application in a
pharmacological setting. Before agreementars y R S tp&riditaile] @2 3+ RNR Q3
atomic hypothesis, and the ability to determine the structure of organic molecules, the
rational development of active drug compounds was not possible. Advances in the
biological sciences such as the elucidation of the struadfil@NA, protein synthesis

and the amino acid structures facilitated the formation of a crossover discipline which

could be described as medicinal chemistiyhen chemical dyes were studied by Paul

EriA OK Ay (GKS mMyTtnQa Ly I FFAYAGE 060SisSSy C
described. His discoveries lead to the development of Gram staining toaised

categorise bacteria. He also proposed the chemical exploitation of differences in cells

to a therapeuic end.

ArsphenamineX) was the first synthetic drug and was preparedhrlictQa € | 6 2 NI
in 1907 for the treatment of SyphillisSThe arsenic based structure was associated with

a host of side effects but wake treatment of choice until eventually superseded by
Penicillin. Arsphenamine was the first example of lead optimisatiokhd&clQa 3 NP2 dzLJ
synthesised, tested and modified structures to find the optimum-aatterial

compound for a specific strain.

OH H -0
H,N As [ :[ J<
2 ]@/ AS NH, N—
o)
HO /—~OH
o
1 2

Figurel. Apossible structure ofi@phenamine 1) and the structure of glbactam ).

A great number of medicinal products were isolated from natural sources, with opiates
and penicillin among the most commercially successful. Penicillin was first isolated
1



from Penicilliummould, and subsequently, many other derivatives were also defined
with varying properties. Chemical modification of natural products like Penicillin gave
rise to the first semsynthetic compounds such aslbactam ).2 The subtle

differences in these compounds improved the understanding of their biological

receptors and gave rise to some of the first structaivity relationships (SAR).

An improved understanding of enzyme and receptor function, along with advances in
X-ray crystallography, permitted the rational design and optimisation of drug
molecules! The publication of the human genome project in 2003 supplied a great

number of previously unknown possible drug targets tdrbestigated’

1960s:
guantitative
structure-

1907
Development 1990s: Combinatorial
chemistry and
molecular modelling
become

commonplace

of activity

Arsphenamine,
the first

synthetic drug

relationship
method
established

1929:
Discovery of
Penicillin

1970s: Protein
databases; PDB
and Uniprot
launched

2003: The
human
genome map

1953: The is completed

structure of
DNA elucidated

Figure2. Timeline showing significant advances to, aidd leading to modern medicinal chemistry.
Advances in organic synthesis in the lat& 2@ntury gave rise to combinatorial
chemistry that allows th synthesis of libraries afillions of compoundéThe first

clinical trials were conducted well before the inceptiortioé Food and Drugs
Administration(FDAX SIFNIe | a gAUK WIFYSa

potential scurvy remedieSOver time the methods used have developed to include

[ a MTNT

placebos, control groups, double blind controls, and randomised screening
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The FDAegan in 1906 with the passing of the Pure Food and Drugs Act which
regulated the quality of commercial medicines and foods in the UB¥s body as well

as European and regional equivalents have controlleditdemcing of medicines to
ensure the safety of the relevant populations and make the purveyors accountable for
their products. Sanctions such as mandatory animal testing and the clinical trial tier
system ensures that compounds are well vetted before gaheslease. In modern
practice a large amount of preclinical data must be obtained to prove compounds are

of limited risk to the patients in phase 1 clinical trials.

The basic outline of diical trials is shown in TableWsually, clinical evaluationkas
0SG6SSY mMmn YR mp &@SFENE® LY O2YLI NR&Z2Y W
of citrus fruit for the treatment of scurvy was declared curative, although this is only a

dietary treatment®

Tablel. Progression of clinical trials.
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1.1.2 Modern Medicinal Chemistry

The modern drug discovery cascade begins with a therapeutic need and target
identification. Once the role of the target is determined and a therapeutic effect from
its modulation has been demonstrated, an assay is required. If the target is a member

of a well-studied protein family it is likely that an assay format can be
3



transferred/adapted, for example assays exist in some format for almost the entire

kinome. However, consistent expression of protein and optimisation of the exact assay

conditions can beitne consuming. The primary assay is typically a-thigbughput
OA2O0KSYAOFf YSIF&AdaNBE 2F | O2YLRdzyRQa FFFAYyA(GE
antagonist. For simplicity and speed, assays are ofterreellwhich gives the fewest

variablesalthoughthis is not always possible and depends on the nature of the target.

Target Identification Lead Pre-
and Validation Optimisation clinical

- Compound - Structure
library activity - Improvement
screening relationships of ADMET - In vivo testing
- Structure - Rationale drug profile
based design design

- Protein expression
- In vitro function
- Knockout studies
- In vivo validation

Figure3. Progression of the modern drug discovery process.

1.1.3 Hit Identification

For wellestablished biological targets, active compounds or licenced drugs may have
been disclosed. Literature data also exists on a wide range of natural products which
regularly exhibit biological activities. Many drugs have come to market as unmodified
natural products, such aspibatidine @) andmorphine @) (Figure 3. Active

compounds have been sourced from a wide diversity of life including plants, bacteria,
fungi, marine life and animals. Natural products are often large macromolecules with a
highdegree of chirality. Synthesis of such molecules has become-digslon d

organic chemistry and has a reputation for pioneering novel synthetic methods.
However, total syntheses are commonly low yielding Emdjthy and not viable for

scale up. Where possible natural products or precursors are isolated from an organism,
for example paclitaxce®j can besynthesised from a precursor isolated from

European yew tree needlést could be argued that a large portion of natural products
are not suitable leads for a drug discovery campaigns due fo ititeerent complexity

and large sizeThe lipase inhibitoorlistat (5) was derived frontipstatin @), by a



medicinal chemistry campaign to optimise the SAR, and is one of many drugs

discovered in this way (Figur¢.4

HO™
Epibatidine 3 Morphine 4 Orlistat 5 Lipstatin 6

Figured4. Structures of Epibatidines), Morphine @), Orlistat 6) and Lipstatin®).

Alternatively and increasingly popularly, hits are found in a library of synthetic
scaffolds. Combinatorial chemistry along with microwagsisted synthesis have
simplified the production of drugke compoundibraries which can be screened for
activity™ Library sizes range from a few thousand to millions of compounds.
Organisations like the European Lead Factory allow the companrtsir possession
(approximately300,000 to be used by applicants, but most large pharmaceutical
companies restrict access to th@iroprietarylibraries!* Focussed libraries contain
compounds that are most likely to have affinity to a particular class of target which
al @Sa GAYS YR NB&A2dzNOS&ad ¢KS LIKF NXYI OSdzi
philosophy to minimise losses on deadd researctwhich is inherent in the design of

these large compound banks.

A well curated compound library should only contain compounds which make good
lead compounds. High molecular weights (MW) and highly halogenated systems can
lead to culde-sacs during developemt or are singletons in the first screen. Efforts

have been made to remove toxicophores such as nitro groups, unstable ring systems
and electrophilic species but maintain a representative libfaryrequent hittirg are
structures which are routinely flagged up as potent against many targets and target
types. Privileged structures appear in drug compounds, so starting a project from one
can limit the novelty of the project and may present problems with intellectual
property (Table2).* The heterocycles in Tableappear repeatedly in hit compounds

due to their drug like structures, which is unsurprising giveirthbundance in nature



Table2. Selected privileged scaffls and their appearance in biologically active compouAdapted
from Welshet al**

Natural product

Privileged scaffold  Drug examples

Examples
@ Medmain Okaramine
N Oxypertine Nostodione A
Indole Psilocybin Vinblastine
7 NS N\> Abacavir Caffeine
NN Pentoxifyilline 1,3 Dimthylisoguanine
Purine Cafaminol 3,7 Dimethylisoguaning
o) Nabilone Metachromin T
©;)L Levcromaklim Phaseolin
3,3-Dimethylbenzopyrar Centchroman Acronycine
©:N\> Zoxazolamine  Pseudopteroxazole
o Flumoxaprofen Antibiotic A 16886A
Benzoxazole Benzoxaprofen  Antibiotic A23187
0
Efloxate Tricin
@fj Favoxate Homothamnione
Chromf)ne Cromolyn Cissampelflavone

It has been estimated that £Bdrug like structures are possible and that so far only an
infinitesimal proportion of that space has been explored (estimated at 2.7 x 10
compounds)?® **With that in mind taking a privileged scaffold as an initial hit is
unnecessary bybecause of the way mosigh throughput screerHT$ compound
libraries are maintainedt is recurrent. A modermlternative to HTS of large

compound libraries is fragment library screening. Fragment libraries are collections of
low MW (<300 Da) structures. Complexity ranges from unsubstituted heterocycles to
moderately functionalised heterocycles. By generatingt &rbm such a small

compound there is greater freedom of development with regard to increasing LogP,
MW and other such parameters deing drug likeness (Chapter 1.1.5lits from a

fragment screen have lower affinity for the target than hits from a HItShould have
6
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the target in proportion to compound si{&ee Chapter 1.116r full definition).
Structurebased fragment discovery gives rise to hits with theiefattions defined

from the outset. In contrast, larger HTS hits may require preliminary SAR studies to
identify their pharmacophore. It is possible for fragments to bind in one or more
locations of the protein active site. In this case fragments can kedior one grown

to incorporate the interactions of others with isosteres. When crystallography is
employed in the identification of fragments merging ligands is made simpler through

visualisation data.
1.1.4 Methods of Drug Administration

The parameters efining drug likeness change depending on the method of
administration. Topical treatments are applied directly to the target and need only to
permeate the areavhereasan oral drug is required to pass through the stomach and
permeate the intestine to redcthe blood before passing through the liver and
eventually the cell memlame to reach the target (Tablg.3ntravenous drugs only

need to permeate the cell membrane but are less popular and are not commonly self
administered, therefore, most drug discayeprojects aim to provide an orally

available compound.

(



Table3. Routes of drug administration.

Route of Organs passed before _
- _ _ Advantages Disadvantages
administration reaching the blood
Can be self Highestexposure to
Oral Stomach, Gut o _
administered metabolic enzymes
Rapid onset,
Intravenous/ lowest exposure ta  Not favoured with
Subcutaneous metabolic patients
enzymes
Slow absorption,
Topical N/A Nonrrinvasive limited to skin
disease
Excellent for lung Dose received is
Inhaled Lungs _ _ _
related iliness highly variable
Avoids stomach
_ and hepatic portal ~ Not favoured by
Suppository Gut o .
vein (first pass patients
metabolism)

1.1.5 Metrics of Drug_ikeness

Lipinskiet alwas the first to define guidelines for the design of orally bioavailable drug
O2YLRdzyRaz (y26Y | & 4 'ATharyles yeke@aduchdaf S 2F p oO0¢ | 0o
analysing 2245 small molecule drug structueesering phase Il clinical trials (not

including peptides, polymensatural productsor phosphatesy! It was found that a

correlation exists between oral bioavailability and all the physiochemical ptiepe

give in Tabld.
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Parameter Definition Rule
MW Mass of the compound <500 Da
I YSF&adaNB 2F | 02Y
LogP water by partition with octanol. <5
LogP = Log(p@]/[octanol])
HBA Hydrogen bondicceptors <10
HBD Hydrogen bond donors <5

A compound must be small enough to pass through the gut wall to reach systemic
blood flow which generally requires a molecular weight below 500 Da. The compound
must be soluble in $#D/blood but also lipophilienough to pass through the cell
membrane which is of course made up of lipids. As ionised drugs cannot pass
membranes the desirable range for LogP is between 0 and 5 but a better measure of
this is LogD which takes into account the pKthe drug compoundHBA are better
tolerated than HBD and both are relevant to the solvation of the compound in the

body.

Since these guidelines were published in 1997 they have been widely adopted by the
medicinal chemistry community but some flaws have been identifiedrafidements
YIRS 9ELI yarzya 2y [ALAyYyalAQa YSOINROa
surface area (tPSA), number of aromatic rings, number of rotatable bonds and number
of toxicophores to give a quantitative estimatédrug likeness (QED) (Talp).'®

Parameters were chosen baden known effects on drugikeness, for instance the
number of toxicophores, but also values easily measurable in a library of compounds

where distinct trends exist.

K|



Table5.CF OG2NB G(KFd AYTtdSyOS | -idehastiscdry RD @zav § 5 LB I/ dzia yk @& G wili
(Table 3

Parameter Desirable range

Topological polar surface area (tPSA) defiasc A
Vander Waals radius of all HBDs and HBA: <140
Number of aromaticings <3
Number of rotatable bonds <10
Number of toxicophores <2

¢KSNBE NS YlIye RNHZA& ¢gKAOK R2 y2G aldArafe I ff
therefore a trigger for the definition of a new metric, QED, was to obtain a score

function (01, wherel is most drugike) as aposed to a binary yes/no system.

/| 2YL2dzyRa | LIIINPOSR o6& GKS C5! |NB FNBIljdsSyif e
(median patented compound has a cLogP of 4.1 and MW of 450 Da) meaning that the

majority of research is on compounds with poor drug QED scores (represented in

Figure5).'* The pharmaceutical industry has a very poor attritiate resulting in

failure of 9396% of candidate compounds in the cliffi@his may be attributed to the

poor druglikeness of compounds submitted.

(S )]
o O

(= Lipinski fail
I Lipinski pass |

- } .|I||I|‘||||||||“I|II

QEDw_mo

S
o

Frequency
N W
o O

=l
o

o

0.0

Figureb. Graph showing distribution of QED scores and proportion of drugs that passed/failed Lipinksi's
rules of 771 FDA approved drugs.(taken from Hopé&tral)
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1.1.6 Ligand Efficiency Metrics

The ligand efficiency (LE) is a method of quantifying each atoms contribution to
potency given by; LEGGG/N whereqiG is Gibbs free energy and N is the number of
heavy atoms i.e. not hydrogen. The equation can be transformed by substitpBng

out to give:

pE X, )€

, %

The formula above is representative of ligand binding energy per heavy atom and gives
a high scee for high efficiency (desirable values are over 0.3). This metric is

particularly useful when identifying hit compounds and scrutinising functionalities. LE

is commonly defined in simpler terms as LE s¢f\Gwhich is referred to as the ligand

efficiency index (LEI).

Ligand efficiency can be modifiéalinclude other compound properties such as
lipophilicity (lipophilic ligand efficiency, LLE or LipE). LLE is given by LiJ€ €pt@QP
with high scoring compounds having higher efficiency wetijard to the lipophilicity

and potency. LLE is useful when optimising the solubility of a compound as a drop in
potency may actually be beneficial to a compo@dverall profile if the LogP is

affected enough.

Comparison of LE values can be done to datee differences between functionalities

and also a group efficiency (GE) metric can be calculated by:

- P X, )& P X, ) &

GE can be used to compare different substituents and also predict potential benefits.
Whenchoosingiunctionaltiesto include thetheoreticalchange in heavy atoms is

known, as is the LE of original molecul&erefore the potency increase to maintain

the LE can be calculated. For example an addition of 3 atoms (e.g. primary amide) on a
molecule of 500 Da and d6s, of 10 nM must improve potency 4.6 fold in order to
maintain the LE® **Rough guidelines can be extracted from these type of calculations
such as the addition of 1 heavy atom needsmprove potency ~2old to be

worthwhile whilst the addition of a 6 membered ring needs to cause a potency
11



improvement over 3dold to be justified. This same logic can also be applied to LLE for

various groups, as shown in Fig@:&

0.1 1 10 100 : 1,000

Figure6. The fold increase in potency needed to maintain an LLE value of 0.3 of various substituents
(taken from Hopkinst af)
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1.2 AntiCancer Drudpiscovery
1.2.1 Introduction to Cancer

In 2012 Cancer Research UK estimated there were 8.2 million deaths as a direct result
of cancer and 14.1 million new cases worldwitla.cancer cell can be defined as a cell
that has escaped the intrinsic control mechanisms of the cell cycle. This change is
brought about by a modification to the genetic makeup of the cell, caused by mutation.
The total number of cells in the average humaody is in the region of tens of trillions
and therefore many mutation events occur as DNA is read and replicated in each cell.
Due to the length of DNA, each cell is thought to produce over 10,000 replication
errors each day’ The likelihood of mutation is further increased by overexposure to

UV or radiation of any kind or the consumption of mutagens such as those found in
cigarettes. Mutations ultimately affect the DNA code which leads to errors in the
aminoacid sequence of synthesised proteins. Commonly DNA mutations are identified
by repair mechanisms in the cell, however, in some cases the cell cycle progresses

resulting in a modified cell.

Some mutations, known as passenger mutations convey no beodfietcell and can

be described as biologically inert. These do not affect &delhdency to become

cancerous! If the mutation conveys a benefit over cells in the surrounding tissue it
willprosperina&d | NBAY ALY Wadz2NDAGEE 2F GKS FAOGGSaAL
called driver mutations as they are responsible for the cancerous properties of a

malignant tumour when accumulateéd The developmenof cancer is thought to

require a number of characteristic mutations in order to overcome certain processes

which normally facilitate the prevention of tumour formation. Cancer cells are capable

of invading tissues and therefore metastasising, resultinguiltiple sites of tumour

growth. Cancer fatality occurs when the function of vital organs is lost due to the

overwhelming presence of cancer cells.
1.2.2 The Hallmarks of Cancer

The hallmarks of cancéFigure J have been reported as a combination obperties
which allow the cell to grow without regulation but with sufficient access to necessary
resources> %

13



Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure7. The Hallmarks of cancer (taken fraanahan & Weinbefg)

Almost all cancer driver mutations that occur in a cell can be attributed to one of the
hallmarks of cancer. The order in which these mutations and properties occur is not
consistent but tycally all six are necessary for a malignant cancer. Driver mutations
result in either the loss of function, by which the expression of tumour suppressor
suppressed or the expression of a natural cell cycle inhibitbowe regulated or a

gain in funtion where a pathway becomes permanently active or expressed in greater
concentrations. Angiogenesis allows a cancer tumour to propagate its own blood

vessels ensuring an ample supply of resources necessary to sustain a constantly

replicating groupofcal® LF (GKA& 6SNByQid GKS OFas |

or rate of growth dependant on the tumo@rlocation. Cancer cells are resistant to
apoptosis which should be caused by recognition of the irregular genetic material,
elevated levels of signaily and other physical stresses the cell. Once pathways
which control DNA replication are bypassed the cell is predisposed to garner more

genetic variations causing rapid development into a cancer cell.
1.2.3 Classical Chemotherapy

The first chemicareatments for cancer were cytotoxic agents discovered as a result

of research into the sideffects of chemical weapons used in warfare during the early

20" century. Chemical warfare was subsequently banned by the Geneva protocol in
14
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1925 but mustard gass were modified and repurposed as pharmaceuti¢aghilst
cancer is by no means a new disease, a deep understanding of the key principles was
not present at this time and therefore treatments were highly toxadte patient.

Agents such as cyclophosphamid® ére still used today and work by linking DNA

bases together, typically the-Rl position of purine bases. DNA alkylation causes
apoptosis or programmed cell death as the replication of genetic materiatisepted.

The nitrogen mustards gave birth to not only a class ofeemicer drugs, DNA

alkylating agents, but also the founding principles of chemothef&piatinum basd
agents such asarboplatin 8) (Figure Y dso produce a therapeutic effect by forming

DNA adducts andike nitrogen mustardsare associated with toxic side effects.

Paclitaxel 9) prevents tubulin structures from disassembling causing the cell cycle to
halt before reaching metaphase, leadingapoptosis. Some early chemotherapy relies
on the higher rate of proliferation in cancer cells and therefore increased consumption
of resources to produce a higher concentration of the drug compound in cancer cells.
As a result most of these drugs causé dehth in normal body cells that are naturally
dividing leading to hair loss, gastrointestinal disorder and weakening of the immune
system”’ It has been shown that normal cells are replaced quicker than caedsr ¢
when put under the extreme stress of chemotherapy which may be due to the loss of
some cellular process in the cancer cells. However, patients treated with cytotoxic
agents suffer numerous side effects and extreme discomfort due to the narrow
therapettic index. Cisplatirpaclitaxelandvinblastine all cause nausea among more
serious side effects such as loss of sight. It is questionable in some circumstances
(when treatment is not curativehat the life extension they grant to a late stage

cancer paient is not worth the pain and hardship that chemotherapy preséfts.

15



Cyclophosphamid¢  Carboplatin Paclitaxel 9) - Anti-Tubulin 5-
(7) - DNA Alkylator (8)- DNA Fluorouracil
Alkylator (10) - Anti-
Metabolite

Figure8. Structures and mode of action of cytotoxic chemotherapy agents.

Due to the way in which a cell becomes cancerous, a tumour may contain several cell
linesthat have achieved the hallmarks of cancer through different means and

therefore possess different properties. Clonal evolution means that if one cancer cell
line issensitive to an administered agent another insensitive cancer cell line will
prosper. This means that intrinsic or acquired resistance to therapy is very common as
certain cell lines react differently to drugs. Genetic instability of the cancer genome
caues many cell lines to be created from one cancer cell line making targeting a
tumour even harderCytotoxic agents are generally administered as a cocktail of one
or more active ingredients to limit the effects of toxicity. Resistance to drugs can
developin a number of ways such as increased egpi@n of efflux pumps (Chapter

3.4).
1.2.4 Targeted Therapies

The hallmarks of cancer define the key differences between a normal and cancerous
cell and each hallmark is brought about by a change in expressiels ler activity of a
relevant protein. Targeted therapies aim to regain control of one of the presess
contributing to carcinogenesis or assisting tumour growth. A number of key driver
proteins have been identified in particular cancer typlest have been exploited with
effective drug compounds (Figug. Tractable targets such as androgen or growth
factor receptors have been exploited for the treatment of cancer as well as the

inhibition of signalling pathways. The strategy behind this targitdion is to create

16



better selectivity between cancerous and normal cells so a therapeutic effect is

brought about without the side effects associated with cytotoxic agents.

Aerobic glycolysis
inhibitors

EGFR
inhibitors

Sustaining
proliferative
signaling

Evading
growth
suppressors

Cyclin-dependent
kinase inhibitors

Immune activating
anti-CTLA4 mAb

Resisting
cell
death

Enabling
replicative
immortality

Proapoptotic Telomerase
BH3 mimetics Inhibitors

promoting
inflammation

AN

instability &
mutation

PARP
inhibitors

Selective anti-
inflammatory drugs

Inducing
angiogenesis

Inhibitors of
VEGF signaling

Figure9. The Hall marks of cancand associatedherapeutic targetgtaken from Hanahan &
Weinberd®)

Activating
invasion &

metastasis

Inhibitors of
HGF/c-Met

One particular targeted therapy success story is the kinase inhibiatjnib

(Gleeve®,11) which targets the BeAbl kinase. This is a mutant kinase encoded by the
Philadelphia chromosome, which is formed by a translocation event of chromosomes 9
and 22, and is expressed exclusively in chronic myeloid leukaemia cells. There are very
few side éfects associated witimatinib as the protein target is only present in cancer
cells and the compound is sufficiently selectivity to not affect other kinase signalling
pathways. Although the Békbl kinase is an isolated case of a mutant protein target,
numerous other kinase targets have been identified as overexpressed or activated in

cancerous cell¥?
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Figurel0. The structure of Imatinib (Gleevet].

1.3 Protein Kinases

The role of a kinase within a cell is to coordinate signalling through phosphorylation of
proteins. The phosphorylation causes the activation or suppression of protein function
by incurring a change in the conformation of the protein. The introduction of a
phosphate group has a profound effect on the shape of a protein, although itis not a
particularly large group the polarity is high and parts of the protein recoil due to
unfavourable ionic interactions such as similarly charged dipoles or hydrophobi. are
Other functionalities embrace and accommodate the oxygens through hydrogen
bonding and favourable dipole interactions. This change in shape presents a new
active site for a specific substrate or-detivates a site so it no longer functions. In

some caes the phosphorylation allows the protein to be recognised by another

protein orbetransported across a intercellular membrane.

For a phosphorylation to occur the kinase and substrate must be in the presence of
adenosine triphosphate (ATP). This is sberce of the phosphate group and is

converted to adenosine diphosphate (ADP) during the process. ATP is abundant in the
02Reé y20 2yfteée FT2N) dzaS Ay (AylLasS | OGAz2y o dz

cellular energy.
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Figurell The structure of Adenosine Triphosphate (ATP)

The human genome encodes approximately 500 kinases. Within a sirgle cel
phosphorylation occurs thousands of times a secgrahdis the primary method for
O22NRAY I GAYy3a | OStfQa NRdAziAyS FyR Aa GKS
Kinases are located throughout the cell in thembrane, cytoplasm, and nucleus

There are three categories of protein kinases: Ser/Thr km#s&t phosphorylate the
side-chain hydroxyl group of serine or threonine; Tyr kinases that phosphorylate the
phenolic hydroxyl group of tyrosine; and dual kinases whithat both.Even though

all kinases have the same cofactor, i.e. ATP, there is enargition between protein
structures to give selectivity in a drug, as subtle residue changes in the active site are
witnessed in all kinases. As expected, there are groups of kinases which display highly
conserved active site sequence and structure amdasigning selective drugs

becomes more difficult. An attractive feature of kinase inhibition is the type of

molecule that the active site demands. Compounds are typically entropically
constrained meaning that there are limited permutations that can bdgrened on

the structure. Most inhibitors are highly conjugated, have limited entropy and contain
aromatic rings, carbonyl and amide groups. Heterocycles feature heavily, as expected
when mimicking the binding of a purine baS&hese moieties fit nicely within drug

like compound criteria and generally suit pharmacokinetic demands.

HO HO
H H H

O @) o

OH

Serine Threonine Tyrosine

Figurel2. The structures of amino acid phosphorylation sites; setimeonine and tyrosine.
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Although the kinase active site varies between every kinase, the key features of the
site and binding mode are conserved. The binding of ATP (Figushows the key

areas to exploit in inhibitor design, most hydrogen bondingusd in the hinge region

at the end of a blobed cleft. A pocket accommodates the ribose with the phosphate
chain projecting into solveréxposed open space. Any area in this model not used by
ATP holds potential to give a drug a competitive edge. Thesas vary between
LINPGSAYyar K2gSOSNE || KERNRLK20AO LIR2O1 S
kinase structure. Around 82% of the gatekeepers are defined as small or medium
residues and the most common is methionine, accounting for 40% of therdly

mapped kinase¥ The smaller the residue here the more accessible the pocket behind
it becomes. As such from a drug design point of view, a small residue is favourable due
to the potential for exploitation Most active sites also contain a glutamic acid along
the cleft which is not involved with ATP binding. This highly conserved feature can be
utilised in the design of negelective kinase inhibitors which are suggested to yield
higher efficacy and saferags by synergistic effects and targeting multiple kinaées.
However, selective kinase inhibitors remain the chief target to most research groups
and as such drug interactions with highly conserved residuesvarided unless
selectivity can be derived elsewhere. Previous crystal structures of kinase #dund
show that the association is not very strong, this is yet another attractive feature of
protein kinases as a drug target. An inhibitor needs to form a geointeraction than

the substrate it is displacing to be competitive, if this original substrate complex has a

weak binding energy the task is smaller to achieve greater ertérgy.

20
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Hydrophobic pocket
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Conserved Glu

R = Gate keeper residue
/ = Hydrogen bonding

'Ribose' pocket

Figurel3. The Binding of ATP in a generic kinase active site.
A key aspect of the kinase activity is the activation loop which needs to adopt a
particular conformation for the protein to accept its substrate. Although this is crucial
in kinase activity it is the source of most variation as it is a moveablestrergind
acids The activation loop contains a conserved sequence of residues DFG (aspartate,
phenylanaline, glycine) and activated kinasesraferred(i 2 | aA y4b6 @BENJz{MB CADF

inactive.

In the last 35 years there has been an explosion of researclthattherapeutic
application of these proteins due to the crucial roles many of them play in various
pathways. It is quite common for kinases to be eggpressed, over activated or

mutated in a cancer cell.
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1.3.1 Types of Kinase Inhibitors

Kinasenhibitors can be classified by the key interactions they make with the kinase

active site. Four classes exishich are shown in Tabg®

Table 6 Kinase inhibitor classes.

Class of kinase

Description

inhibitor

Mimics the interactions made by ATP at the hinge and
adjacent pockets. Bind to the active or DirGkinase form
Compounds bind to the DF@ut or inactive kinase
conformation and are therefore not AJd®@mpetitive
1] Compounds bind a site adjacentttee ATP binding location

\Y Allosteric kinase inhibitors

1.3.2 MitogenActivated Protein Kinases (MAPKS)

The Mitogenractivated protein kinase (MAPK) family is one of the largest described
making up 8% of the kinom@The MAPKare a large family of prolinglirected
serine/threonine kinases that coordinate an important portion of cellular processes
including cell differentiation, proliferation and apopto$i§: MAPK pathways begin

with an extracellular stimulus resulting in a kinase signalling cascade terminating at the
activation of transcription factors or cytoplasmic substrates by the MAPK resulting in

the expression or activ@n of a specific protein.

There are 14 MAPKs defined in mammalian cells which are characterised as typical and

atypical? The typical MAPKs are further divided into four groups namely: Extracellular
sigral-regulated kinase 1/2 (ERK1/2)Jen amino Nerminal kinases or stress

FOGAGIGSR LINRPGOSAY {1AYlFI&ASE MKHKO OWbY 2NJ {!tVYwm
MAPKSs are ERK3/4, ERK7 and Nkkedkinase (NLK), however, much less is known

about the function @these pathway$?

MAPK signalling cascades are activated by mitogens, which are defined as chemical

substances that trigger mitosis, and therefore largely consist of extracellular growth
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factors, e.g. eglermal growth factor (EGF), platelet derived growth factor (PDGF) or
nerve growth factor (NGF), cytokines and stress factors. Before the MAPKs are
involved these extracellular signals bind to membrane bound receptor proteins such as
tyrosine kinases or-@rotein coupled receptors (GPCR) and downstream pathways are

activated®

The conventional MAPKSs are the focus of a three tiered pathway, beginning with the
MAPK kinase kinase (MAPKKK) which activates the MAR¢ KMAPKK) which
subsequently activates the MAPK (Figi#g** The MAPKK activates the MAPK by a

dual phosphorylation event on a FXTyr motif on the activation looff. These two
phosphorylation sites are separated by one residue which varies between each
sub-group of MAPKSs. In ERKSs the separating residue is a glutamic acid, whereas it is a
bulkier proline in JNK and a much smaller glycine in p38 isoforms. Once activated t
MAPK goes on to phosphorylate either a protein upstream of a transcription factor or
the factor itself which in turn causes the production of specific proteins related to a

range of processes.
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Figurel4. Typical MAPIKignalling cascade.

Atypical kinase signalling is not consistently a three membered cascade and although
all are activated by dual phosphorylation on the activation loop, the motif is not
conserved, (only one atypical MAPK has theXfyr sequence (ERK.7YUnifying
characteristics of all typical and atypical MAPKSs include dual phosphorylation
activation, high sequence homology in the kinase domain and downstream activation

upon serine/threonine residues followed kyroline (i.e. prolinedirected).

MAPK pthways are predominantly found as part of a scaffbtilind complex
containing all three members of the conventional three tier system and a specific
scaffold proteif®. Cross pathway signalling is limited bg formation of these
complexes despite the similar activation motifs and sequence homology between
equivalent proteins. All MAPKs bind the upstream MAPKK by an ionic interaction
between negatively charged residues on the MAPK and positive on the MAPKK but

each of these protenprotein interactions is unique to the particular pathway.
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Table7. Details of Typical and Atypical MAPK signal cascades.

Activation
Gatekeeper
MAPK MAPKKK MAPKK loop .
. residue
motif

Typical/ conventional MAPKSs

ThrGlw
ERK1/2 Raf1/A/B, cMos MEK1, MEK2 GIn

Tyr
MEKK314, DLK, MLK2, Fp) Thr-Gly
MEK3, MEK6 h
ASK1, TAK1, TAO1/2 Tyr

MEKK#4, DLK, MLK2, TFp| ThrPro-
JNK1/2/3 MEK4, MEK7 -
ASK1, TAK1, TAO1/2 Tyr
ThrGlu
ERK5 MEKK2/3Tpt2 MEK5 T Leu
yr

Atypical/ non-conventional MAPKs

SerGlu
ERKS3 -
Gly
SerGlu
ERK4 Unconfirmed -
Gly
ThrGlu
ERK7/8 -
Tyr
HIPK2 ThrGln
NLK TAK1 _ -
(unconfirmed) Glu

The numerous members of the MAPK fanaiftg of particular interest in oncology

because of the links to cell cycle progression and cell differentiation as well as other

downstream effects related to the hallmarks of cancer.
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1.4 Extracellular SigndRegulated Kinase 5 (ERK5)
1.4.1 The BiologicdRole of ERK5

ERKS5 was first described in 1995 as around twice the size of most MAPKs (816 amino
acids) and is ubiquitously expressed in human éefffEERK5 is encoded by the MAPK7
gene andhas 10 consensus phosphorylation sites in its 400 residue excess (which
shows no homology to any other MAPR}It is implicated in a number of important

cell functons such as proliferation, survival, and cell cycle progression among other

processeshat relate to the hallmarks of cancer.
1.4.2 The ERK5 Pathway

The ERK5 pathway consists of ERK#&ch is activated by MEK®&hich is in turn

activated by MEKK2/3. It has been noted that MEKK2, whiabtivated by growth

factors ircluding the nerve growth factor (NGF) and oxidative stress, has higher affinity
for MEK5 than MEKK3The roleof Rasrn the ERK5 signal cascade is not fully
understood, but it is thought to be involved under epidermal growth factor (EGF) and
NGFstimulated signalling: Leukaemia inhibitory factor (LIF) is a cytokine whiahses
activation of the pathway by activation of surface bound tyrosine kinase GRtBth

in turn activates Grbassociated binder (GAB1) and protein tyrosine phosphatase
(SHP2). Whether the GABBHP2 complex activates MEKK2/3 is disputed but this
trigger has only been witnessed in cardiomyocytes and causes elongation of the cell.
Other routes have been described for the activation of the ERK5 signalling cascade and

are shown schematically in Figu6.>
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Figurel5. ERKS signalling cascade (© 2009 QIAGEN, all rights re)s'grved

Like many other MAPK pathways the ERK5 pathwaypsosted by scaffold proteins
whenpropagating signal¥.The relevant kinases are joined together on a framework
which ensures that phosphorylation of the next kinase in the pathway is made quick
and specific due to the proximity of the target. Theiaation of MEK5 by MEKK?2 is
aided by the Lclassociated adaptor (Lad) which increases the rate of association and

therefore phosphorylatior’> MEKSis activated by dual phosphorylation on Ser 311
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and Thr 315 by either MK 3 and goes on to doubly phosphorylate ERKS5 as

discussed previoush.*>’ At present MEKS5 is thought to be the only activator of ERK5

odzi Oly SEA&G Ay (62 *MEKKIZLOMNSIOIMEKSDYthe'N |y R
terminallobe which is alsahe ERKS5 binding sitend therefore disassociation of the

MAPKKK is required before ERK5 caadtiwated>®

ERKS5 can be diffeméated from other typical MAPK family members ERK1/2 by its
extended @erminus despitepossessing the same F&IuTyr activation motif. ERK5
has a nuclear localisation domain which allows transport from the cytosol into the cell
nucleus and an additial transactivation domain (TAD), both of which are absent in all
other typical MAPK&.The TAD regulates autophosphorylation which may be required
for nuclear localisation and activation of ERKS5 itSélfnce activated ERKS5 is able to
partially unfold allowing it to pass into the nucleus and activate several transcription
factors such as-Fos,c-Myc, Myocyte enhancer factor 2 (MEF2) arduo affecting cell
cycleprogression, proliferation, differentiation and cell survi¥gERKS5 is deactivated

by resuming its folded conformation which causes transportation back to the éystol.
1.4.3The Role of ERKS5 in the Cell Cycle

Cell proliferation is induced by several transcription factors, importantly ERK5 has been

shown to be essential in epidermal growth factor (EGF) activated cell division. Using an

inactive mutant of ERKproliferation cawsed by EGF ceasdsy RA OF GAy 3 9wYpQa

involvement®

Transcription factors MEF2 anedlan are both implicated in cell praifation and are
substrates oERK5. MEF2 also activatedun, which drives the exgssion of cyclin

D1 Cyclin D1 is a cofactor of cyclin dependant kinase 4 and 6 (CDK4/6)(Egure
These CDKs are vital to the cell cycle check point between the first gap phpaadG
the synthesis phase (S) mactivation of the retinoblastoma protein (Rb) which is a
tumour and cell cycle suppressBiAs expression of the CDKs is constant throughout
the cycle, the level of specific cyclins is the controlling factor. Egioresf eJun is
inversely proportional to expression of the tumour suppressor p53 by binding to the
p53 promoter causing deregulated cell proliferatimn cancer cells with up regulated

ERKS the production of cln D1 is increased and levels of natural CDK inhibitor p21
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arereducedDue to decreased p53 expression the calhmore readily entesthe

synthesis phase of the cell cycle.

CDK11-cyclinL

CDK1-cyclinB

CDK1-cyclinA

RESTRICTION CDK4-CyclinD
POINT CDK6-CyclinD

CDK3-CyclinC (humans)

CAK
(CDK-activating kinase)
CDK7-cyclinH/Mat1

CDK2-cyclinA CDK2-cyclinE

Figure 16 The Cell cycle showing the functions of Cyclipatelant kinase proteins (CDKs) and the
various stages of cell divisionaken fromD. MorganControlling the cell cyckides”).

ERKS5 has been shown to deactivate, by phosphorylation, the tumour suppressor
capacityof promyelocytic leukaemia protein (PMEPML, when active, upregulates
the expression of p21, and therefore ERKS5 activity contributes to ceilgredion by

p21 suppression itwo ways activation of gun and deactivation of PME.
1.4.4 The role of ERKS5 in Cell Survival and Differentiation

MEF2 is found in almost all cell types and is one of the oldest transcription factors in
encoded in the human genome. MEFRm®wn to assist in cell differentiation during
embryogenesis and beyond during the formation of skeletal muscle, the heart, the
brain/neurons, and bone&.These effects are achieved by ERK5 activation aad al
members of the p38 MAPK familERK5 knockout mice do not live longer than 10
days due to inhibited brain growth attributed to limited cell differentiation, however,

this is not caused when ERKS5 is only eliminatettimons’>

29



The transcription factor forkhead box O3A (FoxO3A) an@-Bskociated death
promoter (BAD) both lead to apoptosis when active in the nucleus armthondria
respectively (Fige 15.>* Phosphorylation of BAD and FoxO3A, which is chbge
ERKS5 directly (BAD) or by ERKS5 activated seandchglucocorticoidnducible kinase
(SGK)(FoxO3A) traps them in the cytoplasm thus inhibiting apoptdsis.

1.4.5 The Role of ERKS5 in Angiogenesis

Ablation of ERK5 activity via a conditional mutation could be triggeraduit mice

but caused deathlue to internalbleeding within 1 montH® It was concluded from this
data that ERKS5 plays an essential role in the maintenance of healthy blood vessels.
However, the concept has not been proven in other tissues and studies require a
specific inhibitor of the ERK5 pathway to eliminate the involvement of ERK1/2 in

vascular endothelial growth factor (VEGF) induced angiogetiesis.
1.4.6 Evidence of ERKS5 in Carcinogenesis

The downstream effectsf ERK5 discussed so far all have the potential to augment
cancer development if unregulated. Remarkably, ERKS is implicated in four of the six
original hallmarks of cancer (i.e. resisting cell death, sustaining proliferative signalling,
evading growth supressors, and inducing angiogenesis). There is some evidence for
ERKS5 effecting invasion or cell migration by increasing levels of matrix
metalloproteinase 1/2/9 (MMP1/2/9J MMPs normally break down extracellular

material to facilitate organ growth but are often found in high levels in aggressive
cancer cell$® This means that ERKS5 is of relevance to five out of six hallmarks. The
ERKS signalling pathway is also related tovkmoncogenes Ras aneMyc and ERK5

has been shown to be overexpressed or constitutively active in a number of cancer cell

lines®

The Myc family of transcription factors are one of the most commonly deregplilar
mutated groups in cancers and trigger the expression of various proteins related to cell
proliferation.”* *ERKS5 is not the only activating pathway dflgc but when ERKS is
overexpresed in cancers-Myc is also found to be over active inducing a proliferative

effect. Anaplastic lymphoma tyrosine kinase receptor (Ainiduced activation of ERK5

30



causes the transcription @tMycN, which has a strong correlation to proliferation in

neuroblastoma cell proliferatiof*

ERKS5 oveexpression has been witnessed in a number of common cancers such as
triple negative breast cancer (TNBC) which comprises 15% of breast ¢camckrs
prostate cancers which killed over 10,000 people in the UK in ZFEREK5/ERK5
has been shown to be overexpressed highly in 37% of malignant prostate cancers,
showing correlation to tissue iagion® Further to this high levels of ERKS5 in the
nucleus relate to poor patient prognosis and aggressive dis€&imilarly to this

ERKS expression in TNBC is lirtkeah aggressive phenoty@adevidence for its role
in cell proliferation has been shown through gene knockout and pharmacological
inhibition ® ERK5 it be found constitutively active in Hodgkin lymphoma sdihes
and shown to be responsible for cell proliferation and inhibited apoptSsisgh
expression of ERKS5 in oral squamous cell carcinoma is linked to tissue ifV&Rsh
has also been shown to be pivotal in the cancerous capacity of leukaemia T cells,
human mesothelioma cells and various other cell liff&Sln inflammaton-driven
cancer occurring in epidermal celERK5 has been found to activate substrates that

mediate inflammationmakingit a potential target for these cancer typés.

ERKS requires full validation as anticancer targetdespite the wide range of cell
lines in whicht is found in high levels and been shown to play a key role in growth or

another cancer hallmar ®°s.
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1.4.7 MAP Kinase p38

Lloyh &KFNBa | 1 NBS | Y2dzy (48 Fequedéiidedtisy aAGS K2Y

in the kinase domain and 56% in tA&@Pbinding site, even though its closest family
member is again ERKsharing 51% and 78% sequence identity respectively to ERK5. A
key variation here comes from the gatekeeper residue in each activarsiRK2 it is a

large glutamine residugs K SNBS I & Ay gt ¥nmallet (¥URinelalodythreonine,

respectively)p38" | f a2 (1y2¢6y Fa {!'tYuw Aad 2yS 2F F2dzNJ A

is a stress activated protein kinase (SAPK). The stresses these kinases respond to
include oxidative, ultraviolet light, osmolarity, cytokines and various others. The p38
pathway begingg A G K 0 KS a! t YYY Q4 MUK and podsiblyyathErs.a 9 Y Y m

These phosphorylate and activate MKK3ifich activate the MAPK® y h ki k' k4 ® [ A1 S

the ERKS5 pathway this is the conventional route and the p38 isoforms go on to activate
transcription factorsaand other kinase pathways. The main responses derived from the
p38 pathway are inflammatory and immune responsikse to the nature of their
activation. There is also evidence for p38 inhibiting the cell cycle by suppressing the
release of cyclins and pdacing CDK inhibiting proteirisp38 activity may also play a

role in initiation of apoptosis.

CNRBEY SOARSYOS 3IIFIGKSNBR G2 RFEGS AdG | LIS NB GKI

the cell cycleso inhibition of this site in cancer cells would likely induce a negative

effect. p38 isoforms may be appropriate targets for the production of-anti

inflammatory drugs, but for the purpose of this proje¢tloy " | QUG AGAGe Aa y2i
9.9 order to minimise offarget effects, compounds made in this project are

counterda ONBSY SR | Al Ayad Lloyh o
1.4.8 ERKS5 Inhibitors in the Literature

In 2010 Deng et al reported the discovery of beejoyrimido[5,4-b][1,4]diazepin
6(11H)-ones as ERKS5 inhibitors with good diikg properties’*®* Selected 2amino-
pyrido[2,3d]pyrimidines were screened for potenagainst a wide range of kinases,
showing moderate potency against ERK5. This series was developed into the more

potent benzo[e]pyrimid€g5,4-b][1,4]diazepin6(11H)-one (Figure 1)
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Figurel?. Structure of benza]pyrimido-[5,4-b][1,4]diazepinr6(11H)-ones(XMD892, 12) and closely
realted ERKS inhibitd3.

SAR studies identified the hinge binding region DX8-92 (Figure 18) showing that
the core structure is making two hydrogen bonds with the hinge regiohefttive
site, while the rest of the molecule binds to the mainly hydrophilic periphery. This
analysis was confirmed with the publication of aagstal structure of ERK5 with a
closely relatednhibitor 13 (Figure 18/C)%*
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Figurel8. A) SARs developed by Deatgal on the benzo[e]pyrimidg5,4-b][1,4]diazepin6(11H}one

core shown on the structure of XMER>* % B) 2D representation of the binding of compouhgl

(Cyan and the ERKS5 active site; C) 3D representation dbith@ing of compound .3 (Cyar) and the
ERKS5 active site (PDB code: 4899).

34



XMD892 (12, Figure B) is the most widely used compoundimvitroandin vivo
studies of ERKS5 inhibition. Migaresentingtumour cells were treated with XMDB&2

at a dose of 50 mg/Kg twice a day fed iveeks interperitoneally. The results showed
that ERK5 was inhibited stessfully and tumour growth significantly reduced. In this
study of 24 animals there was limited evidence of siffects or toxicity’> XMD892

has an I of 240 nM in an enzymatic assay achieving 76% inhibition of ERK5 at
0.5uM.** In vivodata collected in rats shows XMB2 (12) to have good bioavailability
(69%) and a@pd PK profile overall (Tabl¢.8

Table8. In vivoPharmacokinetic data collected in Rat for XMIzB(12).%’

Parameter XMD892 (12)
ERKS5 Ig(nM) 240
t12 (Min) 204
Clearance (ml/min/kg) 37
Vu (L/kg) 3.4
Bioavailability (%) 68.6

Indolebased compounds BIX0218B1 and BIX02189.p) are potent MEK5/ERKS5 dual
inhibitors (Figurel9). Cellular 16gs were obtained in HeLa and HEK293 cells
Compoundl5is the more potent in a cellfree assay with a range of-280 nM versus
820-1150 nM for compound.4. Despite being noselective on the ERK5 pathway

good selectivity is seen over other MAPK families including MEK1/2, ERK1 and JNK2.
Good selectivity haalso been demonstrated in HelLa cells by Western blotting that
showed reduced levels of phosphorylated ERK5 substrate MEF2 but no effect on
MAPKS®
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Figurel69. Structures of MEKS5 inhibitors BIX0218B4 and BIX02184§).
TGO02 16) is a norselective ERKS5 inhibitor that has been used in identifying ERKS5 as a
target in triple negative breast canc&TG02 16) shows good potency against ERK5
(IGo= 43 nM) but also CDKs 1, 2, 3, 5 andQ €39 nM) and a wide range of other
kinases at sub 100 nM levelthe compound has shown evidence of limiting leukaemia
growth but due to the lack of kinase selectivitystiannot be attributed to the

inhibition of any defined signalling pathw&y.

Figure20. Structure of TG021LE).
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1.5 The Indazole Series of ERKS5 inhibitors

Work in Newcastle beganith the identification of the pyrrole carboxamide scaffold
from a highthroughput screen at Cancer Research Technolaggyoery Labs (CHIL)
(Figure 2). After development of this series to good potency, challenges regarding the
pharmacokinetic profildlave delayed progression in the lead optimisation phase and
so the need for a baelp series was established (see Chaptgr 8 2009a kinase
focussed library of compounds were screened for activity against ERK5 {3L@rI¥
identified a number of potatial scaffolds The indazole series (Figure) 2das selected

for further development because of its low molecular weight, moderate potency, and

chemical accessibility.
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Pyrrole Carboxamide Series
Molecular Weight: 388
CLogP =3.15
LE=0.35
ERK5 IC5y = 0.82 uM
17

Indazole Series

Molecular Weight: 303

CLogP =2.67
LE=0.30

ERKS5 ICsp = 5.4 pM

18

Figure 21 Representative structures of the Pyrrdler) and Indazolel) Series.

1.5.1 Medicinal Chemistry Tools and Assays used on the ERK5 Project

Final compounds synthesised on the project were first subjected to the primary ERK5
Syl eYLGAaAO laale YR (G4KS Lloyh Iteial & G2
compound in the primary assay determined if the compound would then be tested in
the cellular assayf the compound met the criteria for potency and selectivitguse
microsomal clearance data was obtained along with plasma protein binding and
solubilty. Following thiscompounds were further profiled by permeability (measured
in a Cace? assay) and wider kinase selectivity panel. Compounds meeting the criteria
for progression were then profiled for mouse pharmacokinetics and thefivo

xenograft tumour regression experiments (Figure)22
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Figure22. ERKS5 drug discovery cascade.

1.5.2 ERKS5S IMAP assay

ERKS5 Il§g values were obtained through a cell free IMAP (immobilised metal affinity
polarisation) assay that is conducted by staff at ERERKS is expressed and

incubated with a potential inhibitor before the introduction of a specific peptide with a
fluorescent tag. The peptide is phosphorylated by ERK5 which enables binding to the

IMAP agent and a measable florescence directly proportional to the amount of
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phosphorylated peptide present and therefore the inhibition of ERK5 (FRR)rélhe
ATP concentration of this assay is 350 uM.

IMAP FP
kinase
low FP
fp':':::if: ZElerat phospho-pepticde
(Tyr, Ser, or Thr:l hosphatase product
high FP
II] .
IMAP FP
binding

reagent

Figure23. Schematic representation of the IMAP asé%%/.

1.5.3 p38 LANCE assay

All compounds submitted for biological testing are screened against both ERK5 and the
close homologue p38 AL¢incd assay. The kinase is incubated in solution with ATP
(350uM), the chosen inhibitor and a specific peptide substrate labelled with a Ulight
tag. This substrate, without the presence of any inhibitor is phosphorylated, the

location of which is recognised by a Europium tagged antibody. The Europium is
excited by ligt at a wavelength of 320 nm. This irradiation excites all the Europium in
the system regardless of its binding to the peptide, however the fluorescence given off
by the Ulight tag varies depending on its proximity to the Europium. Fluorescence at
665 nm anotes the phosphorylated peptide and 630 nm the ftosphorylated. The
inhibitory effect on ERK5 can be quantified by the ratio of these two outputs and

therefore a percent inhibition or Kgcalculated.
1.5.4 Molecular Modelling

Protein crystallographyvasfirst developed by Dorothy Hodgkand John Bernal at
Cambridge in 1932Since then it has become commplacein drug discovery, with
particular focus on carystal structures of proteins and small molecules. Once this

type of crystal structure beconseavailable informed simulations can be iarsilicoto

predict SAR using docking programmes such as GOLD. Tools like this make it possible
for potent, selective structures to be reached more quickly, without the need for
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synthesis of excessively largentpound libraries. Docking programmes consider a
number of parameters which are condensed into a scoring function and visualisation.
Ideally the binding conformation of a compound is similar to its most energetically
favourable conformation and any deviati from this is taken into account by the
programme as well as clashes or repulsion with functitiealion the protein (See

Table 33hapter2.8.1for full scoring breakdown). The ERKS5 crystal structure has been
published with a bound inhibitor and has been used on the project for molecular

modelling using GOLD softwafe.
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1.5.5 Measuring Absorption, Distribution, Metabolism, Excretion and Toxicity

(ADMET)n vitro

ADMET data was collected on the project to define lead compounds and quantify the
quadlity of leads. Table Shows the data types collected and the rationale facle

assay.

Table9. in vitroassays to determine ADMET properties.

Assay Rationale

The Cace assay measures compound permeation througl
colon carcinoma cell monolayer. The cells include transpo
proteins and measurements are made in badihections; A2B

Cace2 and B2A where A denotes the extracellular matrix and B tt
intracellular matrix. An efflux ratio is generated by dividing
B2A divided by A2B and is ideally 2 or lower, however, it i
important that A2B is high no matter the ratio.

_ Denotes what fraction of compound is bound to plasma
Plasma potein

proteins in the blood. Ideally a compound is less than 99.9
binding (PPB)

bound.
Metabolism by Cyp enzymes found in the liver of mice. A

human assay is also available s rarely used in the

Mouse liver _ . o .
. project. The results of this assay indicate the metabolism/
microsome
clearance of a compound. Ideal values are less than 50
pL/ml/mg
Human ethefa-go-go related gene product is an ion channe
hERG that when inhibited causesevere cardiac anythmias.
Ideally the compound has very little effect on this target.
Accumulation of drug compounds can be caused by Cyp
inhibition leading to unpredictable side effects. Drdigig
CYP inhibition

interactions are avoided if common Cyp enzymes are not

inhibited.
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1.5.6 Indazoles and Sulphonamides in Medicinal Chemistry

The indazole is an attractive scaffold for drug design, in particular as a protein kinase

inhibitor. This two ring heterocycle meets some of the key criteria described earlier

that are typical of kinase inhibitors. In particular, it has groups capablgdrbgen

bonding and has a rigid structure with scope for conjugation into its ring systems from

suitable substitutions. The ring system is able to establistacking and hydrophobic

AYUSNI OGA2ya SAGK | LILINRLINA I G S tof atkibates. | OARasx 02
It is, therefore, not surprising that thigharmacophoreappears in numerous drug

structures, is a regular feature in HTS libraries, and appears in a large number of

patents. Two FDA approved drugs, axitidiB) (@nd granisetron20), cortain an

indazole group (Figure 24

axitinib granisetron (Kytril)
19 20

Figure24. Structures ofndazole based drugs axitinih9) and granistronZ0).
Axitinib @L9) is an angiogenic inhibitor specifically targeting the tyrosine kinase vascular
endothelialgrowth factor receptors 1, 2 and'3.It has been approved for use in
advanced renal cell carcinoma as of January 2012. Granig@®pis a much older
compound first used in the UK in 1991 the treatment of nausea as a serotonin
receptor antagonist. Therarean abundance of papetbat feature an indazole
moiety in kinase inhibitor compoundinases such as INR3Lck®, EphB#*, KDR”,
Aurora kinase$®, BRaf”, ROCHI'®® Chk1%, Rha™, Tpl2', B/Akt'? CDKS? cABLY,
CDC?°, PIBK/mTOR, | kappa kinasé’ and PK&eta'®are reportedly inhibited by
derivatised indazoleThe cecrystal structure of indazol21 has been described for
inhibition of cell cycle checkpoint kinase Chk1 with ap#€42 nM!*° Compound21is
a 6-substituted indazole but has a benzimidazole group attached ir3{besition
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(Figure 2%. The most transferable aspect of this crystal structure is the dual binding of
the indazole, with both nrogens forming hydrogen bonds with the backbone of the
hinge region amino acids. The geometry of the phenyl group in {bes&ion is not

very similar to our series as there is no form of linker between the aromatic groups
however,it canbe see that this rather large dsubstituted phenyl group is well
accommodated. Perhaps an interesting feature is the presence of a hydrogen bond
donor two bonds away from the-Bosition, which is able to form another interaction

with the hinge region.
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Figure25. Binding mode of indazoleontaining compound 4 in the Chklactive site(PDB: 11A8)
Another MAPK under investigation is thdun Nterminal kinase3 (JNK3) with
inhibitors proposed to have a neurological effé®These compounds also possess
p38 | OGA@AGEET G(GKS a!tyY gKAOK akKz2ga GKS
Inhibitors in development are 3,6 substituted indazoles with a homologous NH at the
6-position equivalent to the sulphonamide NH in the indl@zhits generated for ERK5
series. The crystal structure of the lead compo(@®) shows how it sits in the binding
site and exploitareas not used by ADP (Figurg.Z®oth indazole nitrogens are

involved in hydrogen bonding with the kinase hinge.
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Figure26. X-ray crystal structure of compour (green) bound in JNK3, overlaid on ADP binding
(white)(PDB: 2B1P)

Sulphonamides are especially abundant in drug design featuring in 9% of all candidate
drugs*®They present a centre with excellent hydrogen bonding potential and
therefore solubility. They are often incorporated into drugs to improve solubility and
also as an isostere to amides. Unless sterically hindered sulphonamides are readily
metabolised to anumber of products undergoing acylation, hydroxylation and

glucoronidation®

The desigmf an indazole sulphonamid@3) has been described in the literature for
action as awucleosidase inhibitor (Figure R7Thelead described is a morgubstituted
indazole with the sulphonamide unit in the five position with developments being
made in the three and seven positions. In thea) structure the indazole nitrogens

are seen making two hydrogdrond interactions witithe backbone of leucine 152.
The sulphonamide also forms two bonds through the sulfonyl oxygens, and the
attached aromatic forra™ -~ interactions with surrounding phenylalanine residués.
Whilst the structureinvestigated hered3) is very similar to the hits proposed for ERK5

inhibition the biological targets are fundamentally different.
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Figure27. Schematic representatiocompound23 bound inSAH/MTAnucleosidasereated using
homology modelling (not available on the PDB)

Functionalised indazoles have been investigated previously for the inhibition of CDK2

as it makes a strong interaction with the hinge region of the kinase dotffain.

An indazole based inhibito24, Figure 28of ERK1/2 has also been described in the
literature > The compound shows strong cellular potency and shows good selectivity
for the MAPKs ERK1 and ERK2 mlated kinases and has been shown to cause
reduced tumour growth in xenograft studies. It is typical of kinase inhibitoossess

2-4 ring systems bu24 exceeds this with 5 aromatic and 2 aliphatic cyclic systems.

O
" ;Y@NCNJLN@@H

SCH772984, 24

Figure28. Structure of ERK1/2 inhibit@4.
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1.5.7 Indazole Metabolism

Many drug examples including an indazole moiety have been described which is
testament to the stability of the system towards metabolism and the low inherent
toxicity despite being a masked aniline. Indazoles are less susceptible to oxidative
cleavage thamther two heteroatom heterocycles such as thiazoles, oxazoles and
imidazoles, although there is some preced&ifThe 3position of the indazole can be
oxidised by CYP enzymeasd thenexistsin equilibrium aither tautomer25or 26
(Figure 29. The indazole one position caiso undergo glucuronidatior2) or

conjugation with riboseZ8, Figure29).

OH O
Crp = Crpw

N N

H H

1H-indazol-3-ol, 25 1H-indazol-3(2H)-one, 26

N N

o OH
"o CO,H ©
2 OH
HO OH HO
N-gluconoryl-1H-indazole, 27 N-ribosyl-1H-indazole, 28

Figure29. Metabolites of indazoles

Dealkylation of the indazole-fositionis witnessed in drug molecildéenzydamine

and granisetronZ0)."**
1.5.8 Indazole Chemistry

Indazole has a predicted LogP of 1.32 which is an acceptable solubility for any drug

compound (logP is a factor pophilicity with a value below 5 being desirable for a

drug compound}? It has pKvalues of 13.86 and 1.25 for the protonated and non

protonated nitrogen units respectively making it mildly acidi¢tJnsubstituted

pyrazoles have a piéf 19.9 and are therefore subtley more basic, essentially however

the chemistry of both the indazole and pyrazole 1, 2, and 3 positions is analogous.
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There are three possible tautomeriorms of Indazole possible (Figid@ but the H
and Hforms are more commonly found than théi3The most stable form is theHl
tautomer by 2.3 kcalmdlin either ground or excited state and is typically the only

visible form by NMR in solvelt

HH
” N N
2H-indazole 3H-indazole

1H-indazole

Figure30. Tautomers of Indazole

1.5.8.1Synthesis of Functionalised Indazoles

Indazoles can be synthesised in a number of different ways. Talsemmarises some

of the described methods.

Table10. Common methods of indazole synthesis.

Functionalised
Reagents Product Reference
benzene

AcOH, NaNg)
HO

N 127
/

NHNH, NaOBH

0
N
H
CC L,
cl [Pd(cinnamy)G] N
NH, N N 129
NQW()‘h HZOZ NI
H
0
N
H
0
N
H
N

,N 128

,N 130

CsF, TMSGN,

,N 131

NHNH

CC
cl
N
SO T
N
F H
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N NH,
Z CuBr, BotNHNH, {
7 N 133
ar CQ N
Boc
R
R
© N 126
sl |
X N’
X =F, Cl, OMs H
R
R
O2N Z O,N
NaNQ, HCIH,O A 134
Cl N
H
R
10 ©| RCHM @E\g\l 135
of
H
i) RCHNNHTS, R
=
11 EWG—@\ CsCQ @N 136
N02 N/
ii) NaH H

In most of the examples in Table fiie introduction of the azo group is the key step in
the synthesis that is most commonly done using hydrazine or a derivative but can also
be done by diazotisation of an aniline. Once the hydrazine moiety is introduced, either
through SAr or another metlod, it attacks a electrophilic centre such as carbonyl or
nitrile to close the ring and form the aromaticity of the pyrazole portion of the
molecule. In reactions-&1 in Tablel0, the indazole is formed with functionalization in
the 3-position and also with the indazole NH protected by a Boc group in reaction 7.
The 3position of the molecule is accessible after ring closing by selective halogenation
using a hydroxide base whichrcthen be exploited for further functionalizatio®’ The
3-position is most readily exploited using palladium or copper coupling reactions upon

halogenated aromatic§®**

The most acidic position on indazole is the protonated nitrogen which can be

abstracted with a strong base and is also sufficiently acidic to undergo a Mitsunobu

reaction’** Protection of this position can be done using a tetrahydropyran (Tteif),
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butyloxycarbonyl (Boc) or trimethylsilylethyoxymethyl (SEM) groups amongst dtfiers.
144 133 The 5position is the favoured site for electrophilic aromatic substitution on an
unprotected indazole due to the conjugat@dra-azo group. There is no literature
precedent fo substitution at the 4, 6 or 7 position on a protected or unprotected
indazole. Functionalities can more easily be introduced by a ring closing reaction on a

functionalised phenyl ring such as the examples shown in Tible
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Chapter2: The Indazole &ies
2.1 Series Inception &lit Validation

In 2009 &inasefocussed library of compounds wesereened for activity against
ERK%®y Cancer Research Technol@igcovery Lab&CRIDL) revealing a number of
potential scaffolds for developmentkght distinct chemaypes were identified of
whichtwo were considered for further structure activity relationship studigegure

31). The oxindoleand indazoldunctionalties occurin numerous drug moleculeand
many patentsalreadyexistfor both compound classesnd therefore may create
difficulties when filing a patent of our ownith a unique molecule and application
Both moleculeg18 & 29) have a low molecular weight and good predicted lipophilicity.
The geometry obxindole29 suggests an intramolecular hydrogen bond may form,
which not only nay reduce the measured solubility of the compound but also means
the molecule is very flas both compounds are equipotenigand efficiency{LB
informs that the oxindole scaffold is superior with regards to the contribution each
atom has to potencyHowever, this parameter considers very fefactorsand the

profile of the indazole compound is arguably bett€he indazole series has three
consenred rotatable bondswhich is preferable aexibility generally improves
solubility, selectivity and reduces the likelihoofiCYRnhibition. For these reasons

and thefeasibilityof a synthetic campaigrhe indazole seriesvas chosetfor further

S N —
H

exploration.

Q N v

NH

~0 4
Indazole series Oxindole series

Molecular Weight: 303.34 Molecular Weight: 228.29
CLogP = 2.67 ClLogP =2.65
LE =0.30 LE=0.42
ERK5 IC5p = 5.4 uM ERK5 IC5, = 5.8 uM
18 29

Figure31l. ERK%its fromakinasefocussed library
Todeterminethe selectivity of the selecteseriesa counter screerof 40 kinases
representing almajor familieswasperformed byMillipore using compound.8. No
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significant inhibition of p38 or any other kinase wasbserved(Tablell). The indazole
scaffold is well known in the literature as a kinase inhibitor (&&ah5.6 due to the
adjacent hydrogen bond donor and acceptor motif which can bind favouralilyet
kinasehinge It istherefore encouragingo find the selectiity results so favourable for

sucha discreetlyfunctionalised core.

Tablel1. Millipore munter screerresults forl8. Values represent the percent inhibition of the Kinases
in the presence of 1AM of the compound.

Percentage Percentage
Kinase inhibition at Kinase inhibition at
10 uM 10 uM
Abl -37 MAPKARK2 -1 I
Aurora-A -1 MEK1 -6 I
CDK2/cyclinA 11 Met 3 I
CDK7/cyclinH/MAT 3 MSK1 -9
c-RAF 2 MST1 -16
cSRC 1 mTOR -9
DAPK1 0 NEK2 -17
EGFR -2 NLK 3
GSKB 29 p70S6K -1
HIPK1 -6 PAK4 -3
IKK -8 PDK1 -3
IR -11 PKA -2
IRAK4 1 PKB 2
JAK3 -8 PKE 0
INKD ™ 5 PIk3 3
KDR -8 ROCH 7
LIMK1 -3 ROCHI -6
MAPK1 6 Rsk1 -6
MAPK?2 -4 Rsk2 6
SGK 3 SAPK2a -3 I

With the exception of the pyrrel carboxamide series (Chaptért#t validation

previously undertaken on this project has not been fruitful, as potency seen in the HTS
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was not replicated when compoundseve re-synthesisedConfidence in a chemical
series igainedif a number of examples appear in a HTS with similar potency. To prove
achemotypd) & LJ2adti%eynOlécules weree-synthesised and rested as HTS

samplescanbecome contaminated or degrade prolonged storage

Six indazoleompounds were present in the HTS library which showed comparable
potency to18, all of which were resynthesised in houséaa facile one step synthesis
(Schemél)(synthesis conductedy Elina Boubouresi, excepl). These compounds
were fully characterised and resubmitted to CRT for testing agjla purity (>95%).

The resultg(Tablel2) show good correlation betwegmotency ofHTS ande-

synthesisedsamples encouraging further exption of thisseries

Tablel12. SARor ERKS5 inhibition: Comparison of HTS samples and resynthesized samples.

o [T N
Se N
H

N
R1H

ERK5IG,0 > a 0
Compound R HTSResults Resynthessed in

house

30 ©‘1 4.8 4.7+0.04
Jij{
18 5.4 7.4+0.4
(@]

31 ©/ 9.3 24+5.5
F 2
32 \Q 34 26+0.4
F
o) .
33 < j@% 87 i
o
@] ~
34° [ j@% - 20+1.4
o
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resynthesized, instead a close analogue was submitted inst€idse analogue &3.
2.2 ProposedLibraries for the Indazole Series

There are gositionsaround the indazole pharmag@iore which are amenable to
investigated(Figure32). Themost logicaktarting point, as some variangdreadyexist
in the original hitsjs the6-positionaryl sulphonamideA large Ibrary of analogueare
accessible bthe coupling of arious sulphonythlorides with6-aminandazole to form
the sulphonamide linkefChapter2.3).

Linker variation; isosteric replacement,
homologation, cyclisation, alkylation
and reversal

I Substitution around indazole core

O\\ //O N\ N
S ’
AN N N
R H H
_—

1

Variation of aromatic ring system’s N-Methylation or atom exchange
electronics, size, type and substitution

Figure32. Proposed structure activity relationship studies around the indazole core.

A primary objective was to determine the nature of dniggebindingmotif present on
the hits It islikelythat the indazole core forma pairof hydrogen bonds with the
backbone of the amino acid chamthe kinase active sit®ne way to define this is by
the sequential removal of the-Honding character witim the moleculd.e.

methylation ofthe indazole NH andaxsapping theindazolefor an indolewill alsoreveal

the role of thesecondindazole nitroger{(Chapter2.4.2.

The role of the sulphonamide linker can be better understood by isosteric replacement
and removal of thdnydrogen bondingapabilityit carries. Replacement of the group

with an amide reducgthe flexibility d the whole molecule and also diminishibe

cgpacity to accept Hbonds. Reversal of the linker will maintain the flexibility but

significantly disturb any interactions the sulphonamide makeplacement of the
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nitrogen with ansp® carbonagain changethe hydrogerbonding profile. fie synthesis
of the sulphone also facilitates the synthesfghioether and sulphoxide compounds

which establishthe role of the S=0 groups ERKS activity

Theindazolemolecule, at this stages substituted only in the 6 position leaving the
3,4,5 and 7 positionfree for further elaborationMolecular modellinglatawas used

when prioritisingpositions and selecting functionalities for inclusion
2.3 Variation of the 6-Position Aryl-Qulphonamide

2.3.1 Synthetic Strategy Towardgarious 6Position ArytSulphonamidelndazoles

The nitial HT Shits provided arexcellent starting point to commence SAR
development However, in the absence of an ERK5anystal structurea hit-expansion
library wasdesignedor synthesis based on comnwally available building blockBhe
WKG SELX 2aA2yQ GSOKyAljdzS Oz2zyarada 27
compoundgelated to a hit compoundn this case the andulphonamide was varied.
Targetmolecule selection walsased on thdeasibility of synthesijghe cost of building
blockand length of synthetic schem¥ariation of the arysulphonamides seen to be
toleratedin the SAR of the validated hits (TathB®. To ascertain the significance of
these groupssynthetic targets wee selectedo represent electron rich and poor
aromaticsystemsncludinga rangeof substitution patterns fused ring systems and
heterocyclegFigure33). All41 building blockshosen with one exception, are
aromatic systemand were sourced from majahemical suppliers without excessive
expenseThe overall aim of this target setasto identify a refined set ofompounds
with an ERKS5 kgbelow 10uM to progress into the hit to lead procesBhe secondary
aim was to drawconclusionsbout this area of the molecule and begin to develop a

robust SAR.
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Various heterocycles and elaborations

% %

Oy O

Complete Mono-substituted phenyl patterns

o F
Examples of di-substituted phenyl rings
N Ot
ﬂ\ 1 iy ( J }’J

J o
Simple bi-cycles

Figure33. Target compound libraries with selected examples

Final compounds were synthesised in one step ustagtho indazole and various
sulphonyl chloride buildinglocks in pyridie. Other methods exist for theynthesisof
sulphonamideshowever, this simpleprocedurewas chosen due to its suitabilitgr
parallel synthesisAstock solution of é@minoindazole in pyridinevas used for
numerous reactiongeducing reaction set upme and allowing for simultaneous
synthesisA limited amount of dsubstitution was witnessed as both the indazole NH
and the free amie are sufficiently nucleophilio attack the electrophilic centre
Formation ofthe by-product (36), heme ) formed in the synthesis of thiophene
target 38 could becontrolledby reducing the temperature to @ in the first instance
and also by using a 1:1 solvent mix of THF and pyridine to lower the basicity of the
system All the targets were synthesised using tfeé§ined procedurewhich routinely
gavethe desired molecules in high yield®he employment of a Biotage v10
instrument for the rapid removal of high boiling solvents meant that the use of
pyridine did not impede the work up tim&he reaction miture wasconcentratedto a
residue which was then suspended in a saturated sodium hydrogen carbonate solution

and extracted with EtOAc before purification by flash chromatography.
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Scheme 1Reagents and conditiona) R-SQCI,PyrTHF (1:1)3-6 h, 0°GRT9-70%

In a select number of cases a desired sulphonyl chlavaienot availablend

therefore a longer synthesis was requirédgterature precedent exists for the synthesis
of sulphonyl chlorides from thiols a one pot pocedure orfrom sulphonic acids™**
Conversion of pyridind-sulphonic acidnto the corresponding sulphonyl chloride was
attempted using Pgbivingthe product in a very low yield, 16% final prod@¢f and

so wasdeemedan unsuitableprocedurefor library synthesislt was found that

isolation of the sulphonyl chloride further reduced the yield due to exposure to
agueous solution in the work up anddiplysis of the productFor this reason the

crudematerial was used directly in the sulphonamide formation reaction.

N\~ O\\ //O O\\ //O A N
S a) 4 b) 4 N
Ej/ OH —  » (j/ Cl —  » m ” H

~ ~ ~

N N N

Scheme2. Formation of pyridine3-sulphonylchloride. Reagents and conditions; ay,FEDGl 120°C,
overnight b) PyrTHF (1:1)3-6 h, 0°GRT16%(over two steps)

37

The conversion of sulphonic acidsgolphonyl chloridesising cyanuric trichloride has
been reported**’ The reaction proceeds in the presenceadfase and a low boiling
solvent at reflux as shown ircBeme3.'*” Conversion of pyriding-sulphonic acidvas
conducted showing some product formatiadowever, the stability of the sulphonyl
chloride formed was brought in to question when the product was not isolated after a

low temperature work up.
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Scheme3. Formation of sulphonydhlorides using cyanuric trichloride.
Qulphonylfluorides are reportedlymore stablethan sulphonyl chloride due to the
electronegativity of fluorinend therefore a analogous reaction was conducted using
cyanurictrifluoride. In this instance no product formation was witnessed and therefore

amethodwassought for the conversion d@lternate starting materia

A one potconversion of thiols to sulphonyl chloridbas been described using
hydrogen peroxide and thionyl chloridie high yields and a short tiframe.** This
procedure also describes the direct conversadithiolsto sulphonamidewviathe

sulphonyichloride intermediatemaking the scheme patrticularly attractiy®chemet).

~ ~
(0] 0]
a) O\\ /,O \N
i SH t JSC N’
> N
H H
31

Schemed. Formationof sulphonyl chlorides anéh situamine couplingReagents and conditiona) i)
H,O,, SOG| MeCN, RTi) 6-Aminoindazole, pyridine, RT% over 2 steps)

Addition of hydrogen peroxide to the thiol atkionyl chloride was exothermic and
therefore the poor conversion witnessed was attributed to the escape of volatile
materials or overheatingl'he desired final produ¢81) was isolated only aftean
addition of éamino indazole to the crude sulphorghioride product(Schemet) to

give thesulphonamide in a 7% ydeoverall

Due to difficulties experienced in formation of sulphonyl chlorittesselection of
starting materials was limited to sulphonyl chlorides, with the exception of compounds
37and31detailed above.
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2.3.2 ERKS5 structure activityelationshipsof indazole sulphonamides

Final compounds of purity over 95% by HPLC were tested for inhibitory activity against

owYp YR Lloyh Ay GKS QANCEasTEpdcivelg¥id e YI GAO La!
library of compounds was completed before any furtidesign decisions were made.

Compounds have beatefined into groups for ease of comparis@mpounds

showing potency beloww0 uM (1Go) were selected as tenigtes for further

modifications.Synthess of compounds in this section (2.3.2) not appearing in the

experimental section of this thesis was conducted, under supervision, by MChem

project student Amy Roberts.
2.3.2.1 Aromatic and aliphatic rings

The resultsn Tablel3 show the different ring systems whicliffered from the
substituted phenyl derivatives present in the original hitse cyclohexane grou39)
gives a very poor kgvalue because, even though the compound has a predicteB Log
of 2.47, the compound wasoh soluble in the assayiddition of a nitrogen atom to the
ring (Pyridine 37) reduces the potency significagt{> 16fold) when compared to the
phenyl B0). It may be that in this position the nitrogen lone pair is forming a negative
interaction in theactive site It is therefore not possibleat this stageto conclude that
the 2 and 4 pyridines Wialso show a drop in activitiyrazolg41) and imidazole40)
compounds show nor very poorERKS5 activityalthough the other Emembered ring,
thiophene(38), is 2fold more potent than phenyB0. Further thiophene derivatives

are discussed in thfollowing &ction(Chapter 2.3.2.2

58



Table13. Enzymatic activity data of compound8, 37-41F 3 Ayad 9wYp FyR Llhoyh @

N
R" H
IGo6 >a v
Compound R ERKS LJo y h
Y
30 4.7+0.04 >120
S
38 T 22+1.1 >120
%
37 » 59+1.3 >120
N
39 >120 >120
~
40 N\f/m}{ >120 >120
N

41 \N\)fi{ 64+9.1 >120
-
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2.3.2.2 Thiophene derivatives

Compound38 (Tablel3) showsmarginallyimproved potency compared with the
parent phenyl compound highlighting the fact that there is potential for an electron
rich system or even a possible dipole interactidlowever, various thiophene
substitution patterns alsoincluded in this librarydo not conferany additional potency
(Tablel4).
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Table14. Enzymatic activity data of compound8, 42-47F 3 Ayad 9wYp FyR Lloyh o

N
R" H
|C50(') >alo
Compound R ERKS LJo § h
S
38 T 22+11 >120
N
/ S
42 G 22135 >120

Sy
43 C'ﬂ 41° >120

S
44 | 79¢ >120

S
Cl
45° \ >120 >120
Cl
cl—
46 \(Sf >120 >120
cl
S
|
47 >120 >120
cl

AERK5 GO £ dz§&4 3ASYSNI SR o6& La!%tMlo@3fvdluesst NES | aal & odopr
3SYySNI GSR o0& [ Iy TFsolukledn MARAM anee assay.n=! therajore

no calculable error.

Compound#t5-47 possespoor solubilityand therefore an accurate assay result could
not be obtained. This data suggests that only an unsubstituted thiophene is tolerated
Howeve, the dataset is not conclusive as a diveraegeof sulphonyl chloridduilding

blocks was not available.
2.3.2.3Bicyclic rings

A small number dlbicyclic compounds weracluded in thdibrary, shown in Tabl&5,
producingsome encouraging gailts. In the case of compourd® and52 the potency

was maintained showing a large amount of talece in both 2,3and 3,4 substituted
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bicyclic systerm Comparisons between compoun82 and53 suggest that the

oxindole derivativanayform a hydrogen bond interaction either through the carbonyl
group or the free NH whilst thexazoloneanalogue %3) shows that there is no
favourable interaction to be gained by including the additiboxygen.This may be

due to a negativénteractionby the oxygen or the effect it has on the hydrogen
bonding strength of the adjacent hetero atonisis also possible that because of the
hydrogen bond donofacceptor arraythe oxindole can replicate thessumechinge
binding interaction of the indazole thus giving two binding modes for this compound
The discrepancy between compoun82 and53 couldbe explained by hydrogen
bonding strength. Tese theories ar¢ested by areversed sulphonamidseries of

compoundgChapter2.5.4).
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Table15. Enzymatic activity data @ompounds30,34,48541 3 Ayaid 9wYp FyR Lloyho

N
R" H
|C50C') >alo
Compound R ERKS LJo § h
Y
30 47+0.04 >120
B
48 e 3.5+ 1.7 >120

S
49 @JX 7¢f >120
© Y
34 [ j@ 20+1.4 >120
0
O e
. O
0
Y
51 (j@ 11+18 >120
0
o Y
52 1.5+0.4 >120

21
53 O:<N:© 9.5+2.4 >120
H
O
54 O O >120 >120

16+0.8 >120

pd

o T
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Quinoline compoundi8 shows good potengyhich is interesting considering the
result of pyridire 37 shown earlier. Pyridine and quinolimee both electron deficient
aromatics however, the difference in potency here is overfilsl in favour of the

larger group. The potency may be derived from pesior conformation or lipophilic
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interaction. Unfatunately compound48is the only example of a 2fdcyclic system in

the library so an SAR cannot be defined.

Cycic-ether compounds$33-34 and50-51 show a reductionn potency asheir
complexityincreasegthese gains are not significant enough to epivéate asensible
SAR These resultgdo indicate along with compound§2 and53, that thereis room

for 3,4fused bicyclesn the ERKS5 active site.
2.3.2.4 Substituted Phenyls

A set of compounds was chosen to explore the substitution pattern aroo@ding
includingelectron withdrawing and donatig substituents.Table16 shows the results
indicating that naapparenttrend exists but significant differences are seen between
matchedpairs para-substituted @mpounds61land63 (CN and Glexhibitpotencyat
least a factor of two better than the correspondingeta-substituted analogug(60
and62). Thisrelationshipsuggests thathe para-position could be a source of potency

althoughthis isnot supportedby the whole data set.

para-Huoro compound57 has poor potency (Kg33 + 4.7>M) and whilst bothmeta

and ortho substitutedanalogueg56 and 55) have only moderate potendyoth results

are superiorln the case of the electron rich, methoggmpoundsmeta (66) and para

(18) substtution gives reasonable potency (the only examples in the data set below 10
>M (IGg)). There is no improvement over thensubstitutedphenyl(30) in this set of
compounds, which suggest, contrary to the bicycle library, that space around the

sulphonamidearyl is limited.
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Table16. Enzymatic activity data of compounti8, 3631, 55671 3 A y & G

9wYp YR

N
R" H
|C50 60>abdl
Compound R ERKS LJo § h
30 @iﬁ 4.7+0.04 120
F
55 ©/ 23+0.8 98+2.7
F e
56 \O 22+15 82+0.03
e
57 33+4.7 >120
F
ke
58 12+0.3 >120
Cl
e
59 14+1.3 >120
Br
NC LL{
60 \© 47+4.7 >120
e
61 17+1.0 >120
NC
FsC
62 \©;{ >120 >120
63 /@;{ 69x16 >120
FsC
O,N
64 @X 70+4.0 >120
65 /©){ 73+11 >120

Lloyh o



31 @ _ 24+5.5 120

(@) >

66 @iﬁ 7.0+0.4 >120
'Y

18 o 7.4+0.4 >120

67 (\N Z 71+12 >120
(@)
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2.3.2.5 Disubstituted Phenyls

The disubstituted compound set shava little difference between the varias
substitutionpatterns The 2,6difluoro compound 70) shows good potengyhich is
presumably due to the twist this substitution pattern imposes on the.rirge
conformation invoked in compoundO should also be seen with the morgubstituted
derivative55 but analmost3-fold potency difference exists which indicates there may
be other contributing factordt is important to notejn both cases where the 3,5 and
2,4 substitutionpatterns are repeated with both fluorine and anothieslogen (Cl and
Br respectively)hat the fluorinated cerivative has higher activity. Bromine and
chlorineatoms are much largehan fluorineand thereforethe spacearound the

aromatic groupcould berestricted
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Table17. Enzymatic activity data @ompounds30, 68741 31 Ay aid 9wYp FyR Lloyh o

.S\ N
H

N
R? H

IQ,()(') >alu

Compound R ERKS LJo § h

30 @iﬁ 4.7+ 0.04 5120
O &
68 o 37+3.4 >120

0
69 /@X 72+0.4 >120
o
F
70 Cﬁf 27403 44+ 8.6
F
F
71 /@X 80 + 4.7 >120
.
o
72 26+ 0.4 ~120
F
Cl
73 \QX >120 >120
Cl
Br
74 /@X >120 5120
Br

AERK5 IGD I f dzS& 3ISYSNI SR o0& La!tlo@Bfvdluest NBS | aal & ooprs
ISYSNI 4GSR o0& [lyOS laaleée oopn >a !¢too

Compound/Qis the first example synthesised of interest that also shows activity

'3 Ayad Llogne entdining ®midoundss and56 also show measurable

F OGAGAGE | 3l iAgyhatén elektrgnhdefidiatrIidySyst@m confers potency

or a beneficialnteraction witha fluorine might exist.
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2.3.2.6Cellular Potency of Selected Hit Compounds

The small library synthesis revealed eight compounds widvElues lower than 10

>a 6KAOK ¢SNB RSSYSR & dzTadleds)Berdigndkldadzi dzNB
unifying property that these compounds share meaning that the SAR remains largely
unknown.The purpose of this screen washieved asompoundssuitablefor further
explorationhave been identifieavithout anyprior knowledge of SARRFuture
derivativesfeature thepotent aryl sulphonamidgroupswhen possibleto generate

broad and reliable SARs

Cellular potency gathered on select compounds in this set show that in most cases the
enzymatic potency is representative of cellular activity. Oxindole comp&@rstiows
a discrepancy between the two assay typeswever, this wasnot a major concern at

this stage of the project.

67



Table18. Enzymatiand cellular ERKéctivity data ¢ compoundsshowing ERKE:,0 St 26 .mn > a

.S\ N
H

N
R? H

) ~ Cellular Reporter
Compound R ERK3G,0 > 4 0 , ,
assayiGo0 > a v

%
52 O@ 15+0.4 135+4.1
H
S
38 @ 22+1.1 .

48 H{ 35+1.7 3.58+0.3

30 @E 4.7+0.04 54408

54
18 7.4+0.4 &
o)

70 CE{ 7.7+03 -
F
o) g
53 O#N:Ej 9.5+2.4 .
H

AERK5 IO f dzSa 3IASYySNI GSR o0& Lal!tn=1GhSrefbrens&®drS | aal & doprs

available.
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2.4 Modifications Afecting the Indazole Hoonding Rofile

To establish the role of the indazddénding to theERKS active site a strategy was
devised tosystematicallyemove theH-bond capacity of the structurdwo distinct

targets were devised to answer these questions. Methylation of the Indazole NH
removes its capacity to donate a Hydrogen bdwd is only a small change which

should not perturb otheinteractions greatlyFigure34). Exchang ofthe indazole for

an indoleeliminatesthe H-bond acceptoicapacity at the Zositionwithout

introducing any significant changes to thieape or size of the moleculEigure34).

Both changes were investigat@dthe context of the best sulphonamide substituents
identified previouslySynthesis of these compounds was conducted, under supervision

by MChem project students Amy Roberf®)and Amy Heptinstallr6-80)

@rq%

%Ij@(

Figure 34Indazole HFbondingmodificationtargets.
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2.4.1 Synthesis and SA® N-(1-methyl-1H-indazot6-yl)benzenesulfonamid€75)

The synthesisf 75was completed in one step from the commercially available 1
methyF1H-indazot6-amine and benzenesulphongtloridein the same way as the

previous library was synthesis¢8chemed, Synthesis conducted by Amy Robgrts

Scheme 5Reagents and conditiona) RSQCI, Pyr, & h, 0°GRT

The activity datgTablel9) shows thatpotency is completeljostwhena 1-methyl
groupisintroduced on thendazoleand therefore gives strong reason to believe the

indazole NH plays a crucial role in binding.

Table 19 Enzymaic activity data of compound30and75F 3+ Ay ad 9wYp | yR Lloyh o

IGo6 >a v
Compound Structure ERKS LJo § b

\
30 @S\N N 4.7+0.04 >120
H H
N
\

\
X A N

L
H

>120 >120

AERK5 I £ dz§4 3ISYSNI SR o6& La!%tlo@$fvdluess NES | aal & odopr
3SySNI GSR o0& [IyOS laalée o6opn >a !¢tod

2.4.2 Synthesis and SAR ofSulphonamide Indole Compounds

Synthesis was carried out in an analogous manner to previous sulphonamide libraries
(Schemeb) which again gave good yields despite the instabilitg-aminoindole which
is known todecompose at room temperaturgSynthesis was carried out by Amy

Heptinstall)
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Ly o 22 DY
N > S N
H,N N R H N

76-80

Schemes. Reagents and conditiona) RSQCI, Pyr, & h, 0°GRT
TheERKS activitgesults show completabolition of activity thugproving the hydrogen
bond acceptor role of the indazole in binding. This conclusion can be made with
confidence due to the range stilphonamidearylgroups included in the data set and

the range of properties represented.

Table20. Enzymatic activity data of compoun@, 76801 31 Ayaid 9wYp FyR Lloyho

IGo6 >a v
Compound Structure ERKS LJo ¢ h
%8 Ly
30 ©/3\N N 4.7+0.04 >120
H H

®)
@]

-
>

76 >120 >120

E,

(0]

/
T

O
)
@]

g
<

80 >120 >120

@
N
H
/©\/\>
N
H
~N
| O\\s’/o /@
78 N N >120 >120
H H
@
N
H
m
N
H

O E
/
Iz

>120 >120

o

(@]
S\
N
N
H
@)

77 >120 >120
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2.4.3 Molecular Modelling of Indazole Hingerigling

Molecular modelling softwaréGOLDhasbeen used to propose an ERiBding
interaction with compoundO0 (Figure35). Theindazoleis suggested to sin
appropriatedistance from the hinge region toydrogen bond i.e. 1:2.5 A.
Simulations have speculated that interactions exist between the indazole NH and

Asp95backbone carbonyl antthe secondndazolenitrogenwith the NH ofMet93.

Figure35. Molecular modelling of compoun80 (teal) in the crystallised ERKS5 kinase dom&DbB4IC8)
with active site surface shown in blue-fidnd acceptor) to orange (Bonddonor) and the ERKS5 protein
(rainbow). AProposedshape of compoun@0in the ERKS active sitB) Keyinteractions with the ERK5

hingeregiorand compound30 (teal) showing hbond distances inangstroma)(
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2.5 Linker Modifications

The role of thesgéarget compoundsets was to improve potency by defining the role of
the suphonamide linkerSystematicemoval or attenuation of hydrogen bonding

capabilitiesand modification of the linker conformatiowas conducted.
2.5.1 Sulphonamide Alkylation
2.5.1.1N-Methylation 6-sulphonamide indazoles

Sulphonamides have@< valueof around 67, depending oradjacentgroups and can
therefore be deprotonatedat physiological pH. The-Baf inhibitor Vemurafenib(81,
Figure36) is an example of a drug compound which is deprotonated to facilitate
binding. In this case the sulphonamidedjacent to an electron deficient
difluorophenylketone which aatributes to the low pK(7.17) Without conducting a

pH study on our compoungs/e can only estimate the ionisation state and therefore it
is unknown if the sulphonamide retains or loses @pacity as a hydrogen bond

donator.

F Vemurafenib
) i

Figure36. Structure of BRaf inhibitor Vemurafenib.

\
O:S’NH

To ascertain the role of this moiety in the molecgdanethyl group was introduced to
the sulphonamidenitrogen atomremovingthe possibility odeprotonation andhe
FoAfAGe G2 Ay Sdidup.iro riakedi® drdthylatéddsulphiohamite 1
compoundsn Table 18veretreated with methyliodide and:CQ in DMF(Scheme?).
Good selectivity was found between the sulplaomde and indazoldlH,due to the

difference in K, (~ 68 and 13.2 respectively).
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N2 P N b NV N
HN N T ROW N T RO N
. H N H H

52, 38, 48, 30, 82-89
66, 18, 70, 53

Scheme?. Reagents and conditiana) RSQCI, Pyr, & h, 0°GRT b) Mel, KCQ, DMF, 80 °GRT.
The products formed were significanttyore active against ERK5 than the un
methylated counterparts with an averagefdld improvement ancho LJo yaétivity.
Overall the results show thatto beneficial interaction imade by the Fbond donor

unit in question whether protonated or not.
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Table21. Enzymatic activity data of compound@g-89 3+ Ay ad 9wYp | yR Lloyh @

o [T
i N N

R' 22 H
IGo6 >a
Compound R R ERKS LJo y h
30 5 H 4.7%0.04 >120
82 @ Me 1.1+ 0.6 >120
52 :(D}{ H 15+04 >120
0]

83 ” Me 0.33£0.17 >120
38 S ' H 22+1.1 >120
84 @ Me 0.45+ 0.09 >120
48 | SN H 35+17 >120

&Y
85 Me 1.5+04 >120
66 | H 70x04 >120

° 2Y
86 \© Me 3.2+ 0.4 >120
18 /@%{ H 7.4+ 0.4 >120
ol

87 Me 0.35+ 0.04 >120

70 F H 7.7+03 44+ 8.6

=Y
88 @ Me 2.6+ 0.4 >120
F

0 % H 9524 >120
s X T
89 ” Me 1.7+ 0.97 >120

AERK5 I £ dz§&4 3ISYSNI SR o6& La!%lodSfvdluest NBS | aal ¢
ISYySNIGSR o0& [lyOS lFaalte oopn >a !¢tood

Three compounds show anst@alued St 2 & (88 844 &87) but again there is not a

unifying claracteristichetweenthese compounds. Aistinction can be made between

the two methoxy compound86 and 87 as thepara-positioninggivesten-fold better

activity than themeta.
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2.5.1.1.1Alternate Aryl groups omN-Methyl Sulphonamide Indazoles

Three furtherN-methyl sulphonamideompounds were synthesised withnation of
the aryl Rt group. Theuse of benzylsulphony! chloriggoduced a compound with an
extended linker by introduction of a benzyl carbon atgktydopropyl group was
installed asanaliphatic group that wapredicted to besolublein the assay conditions
A furan ring was also included in the data seaatose analogue to thiopherg

which has shown good potency.

For ease of synthesiémethyl1H-indazot6-amine(90) was synthesisetb truncate

the scheme to one step from a common intermediéBhemed). Mono-methylation

of 6-amino indazole was achieved by forming an imine using paraformaldehyde in the
presence of a base and subsequent reductising sodium borohydride in a one pot
procedure.Yields of the sulphonamide formation were generally improved via this

route due to the increased nucleopiaity of the reactive centre by the alkyl group.

v _a O —» 32 [Iw

N —_— AN N —_— 1-9~ N

H2N H N H R ']‘ H
90 91-93

Scheme8. Reagets and conditions; a) i) paraformaldehyde, NaOMe, MeOHRBii) NaBH, 80°C, 2 h,
(38%) b) BQCI, Pyr, & h, 0°GRT (3979%).

As pedicted the furan derivatived(l) had moderate poteay however the close

analogue 84 thiopheneg) is significantly more potent
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Table22. Enzymatic activity data of compoun@l$-931 3+ Ay ad 9wYp |yR Lloyh @

IGy060 >a b

Compound Structure ERKS LJo § h

3.7£05 >120

N
Q"
qp/[:IﬁN
92 S\N ” 19.7 >120
o
N/
H

93 [:lj%?
N

>120 >120

AERK5 IO £ dz§& 3ISYSNI SR o6& La!%tlo@3fvdluest NBS | aal ¢
3SySNI GSR o6& [ Iy %o duplicate Rsulbavaiable themefole fiat caloblable

error.

The cyclopropydierivative 02) is not aromatic and thereforpossesses protons

directed out of plane with the -Bnembered ringFigure37). This means that even

GK2dzZAK Al R2SayQid LINR2SOG Fa FFENFa GKS
immediately next to the sulphomaide centre whichmay affect the orientation or

create a clash with the protein surface. It is possible that the aromatic groups included
here aremakingl -~ 2ctllpole interaction However no correlation has yet been

seen between electronics of theng and activity.
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Figure37. Simulations created using Torchlite (Cresseg§howthe shape of loth cyclopropane
methylsulphone (A) and-thiophene methylsulphone (B).

Homologation of the linkerd@) resulted inacomplete loss of potency spiteof the
good potencyof considerably larger groups suchlkasycles48and52. It is likely that
the vector required to orierdte the phenyl ring in the most favourable position in the

active site is not achieved by the inclusion of the extra benzylimcarb
2.5.1.1.2Selectivity of N\Methyl sulphonami@ Indazoles

For all compounds tested for ERK5 actititglate, p38" | OG0 A A G & KI a
collected.p38 is a member of the MAP kinase family amndlose homologue of ERK5
particularly in the kinaselomainb 2 aA3AyAFAOI Yy | OO A OAnee
wider kinome sharga large amount of structal features in the active sitend so
inhibition of other kinases may occuro determine the selectivity profile of the
indazole sulphonamide sdafd, phenylcompound82was submitted foa wide kinase
screen. 131 Kinases were screened with results given as a percent inhibitionat 1
concentration of compoun@2. The overall profile was good and onlypderate
inhibition of ERK8 (48%) and CDKZR&%) was see(these values are directly
comparable to potency against ERK302 ¥ Mbavp w2 | G. m >a 0
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An assay had previously been established in house for (doK2umber of close

analogues t@2 were testedincludingthe corresponding urmethylated

sulphonamides

Table23. Enzymatic activity datof compounds against ERKS¢ yahd CDK2/A

o [ I
S~ N
ri N H
R2
IGo6 >a v
Compound R ERKS LJo y h  CDK2/A
30 @i{ H 4.7+ 0.04 >120 19.2
82 Me 1.1+ 0.6 >120 2.1
52 @%{ H 1.5+0.4 >120 12.9
o)
83 ” Me 0.33+0.17 >120 5.8
38 S H 22+1.1 >120 18.4
84 @ Me 0.45+ 0.09 >120 1.3
48 | XN H 35+1.7 >120 2.1
5Y
85 Me 1.5+ 0.4 >120 0.19
18 @%{ H 7.4+0.4 >120 69.7
87 ? Me 0.35+ 0.04 >120 6.7
70 F H 7.7+0.3 44+ 8.6 46.9
5
88 Me 2.6+ 0.4 >120 0.48
F
AERK5 IO £ dz§& 3ISYSNI SR o6& La! tlo@$vdluést NB S
I3SYySN}XGSR o0& [lFyOS |aaleé o6opn >a !¢tod

Unlike p38, compounds showed significant activity against CDK2/Aoine cases

such as85, 48 and 88 greater affinity is seen for ®GR/A than ERK5Asisthe case with
ERKS5 activity, methylation of the sulphonamide improves potency of compounds
against CDK2/A with an averagefdld increase. These results show the quinolone

moiety couldbe associated with CDK2/A activity making itss Imteresting group for

the design of ERKS5 inhibitors.
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From this point in the project CDK2 activity has been closely monitored whilst further
structural modificationsvere made At this stage of the project it was deemed
unnecessaryo commit to designingut CDK2 activitgs a thorough SAR for ERK5

activity had not yet been built
2.5.1.2Sulphonamide Nghyl & N-IsopropylDerivatives

It has been shown that methylation of the sulphonamide nitrogen increB§ds5
inhibition. To investigate this gafarther, progressively larger alkyl groufethyl and
isopropy) were introduced to the sulphonamid& he potency gain achieved by

methyl sulphonamides may have been due to the removal of an unfavourable
interaction or the creation of a beneficial interactidhthe increase in alkyl

substituent size improves potency it is likely that a new interaction has been identified
However f potency decreases it shows that masking thbdtd potential of the

sulphonamide was the sole reason for improved potency.

A strategy was devised to synthesmmnpounds firsby a mono alkylatiompon &
aminoindazoldollowed bya sulphonyl chloride copling. Alkylation of the indazole

NH, prior to the formation of the sulphonamide presented a more efficient reaction
sequenceMono-alkylation has been achieved previously througtuctive amination
which worked to a satisfactory degrée giveN-methyl1H-indazot6-amine (90,
SchemeB). The reductive animation using acetaldehyde and AcOH (Reaction 2, Table
24) gave poor conversion (12%hlowever, when TFE (2,2t@fluoroethanol) was used

in place of solvent andcting as the acid significant improvement is made to
conversion®. Thisis presumablylue to the acidityof TFEvhich is sufficient to

catalyse the reaction without the addition efrong acid such as AcOH, HCI s8@®l.
Thereductive amination conducted to givwisopropytlH-indazot6-amine (95)
progressed with the use of,BQ in a comparable yield owing to the increased stability

of the carbonyl reagent.

80



Table24. Conditions and yields of-Blkylation reactions.

H,N N N N 'Pr (95)

H
_ N Yield
Reaction Reagent Conditions y Commentd reference
0
Major product was
1 EERN CsOH.KO, DMF, 4A MS 10 _ o
6-diethylaminoindazole
0 i) DCM, AcOH
2 | 12 -
ii) NaBH
0 i) TFE
i) NaBH
Br Major product was
4 /K CsOH.D, DMF, 4A MS 38
1-isopropylaminoindazole
B
5 I KIMeCN, 17¢C pwave, 10 mins 20 :
0 i) HSQ

6 39 -
M ii) NaBH

Yields ofS2 alkylations varied from poor to modest due to a number of fac{@igble
24, reactionsl, 4 and5). There is competition betweeformation ofprimary and
secondary amineat the 1- and 6 positionsas well as thgossibility for dialkylation of
the 6-amino groupReactions 1 andielyon K S WO S &, WwhizYi is &Fofied © G Q
give monoalkylated amine€esium coordinates strongly to thene pair on the amine
nitrogen and because of the large size of the atom multiple alkylation reactions are
blocked(Figure38)'*. Reactionsof ethyliodide(1)or 2-bromo propang(4) gave low
yields ofthe desired product aceupanied by a diethyl produ@nd the tpropyl

produd respectively The literature describes the use of bromoalkanes for this
transformation and therefore the use of the more reactive iodoethane may be the
cause obver-alkylation.Thel-NHposition is lesaucleophilicthan the free amineand
therefore would be expected to react second to the aniline portidowever,
coordination of the caesium may take precedent over the alkylation caasing

paradoxical result.
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S H
H OH e
CsOH -H,0 |
RNH, — . n—ng)H(- 2 = p—n®
4 ¢ \
Cs acidic
R R
Br sterically - Cabr Br
hindered
+|1 B \: s H
. CsX | ® CsX
H_T_R < = H—w—R' < ~ R—N—R'
H —— strongly
Cs coordinated

Figure38. The proposed 'Caesium effect' resulting in mdwalkylatior**.

Stoichiometric control was used the microwave assisterbaction5 (Table24) which
gave the desired product in a 20#&ld. Thepotassum iodide inthe reactionis
expected to convert the bromopropane to the iodopropanesituwhich is the more
reactive species anshouldtherefore decreaseaeaction time*. The limitation of this
reaction was the inefficient use of tr@minespecieq3:1 equivalence with the bromo

alkane)and therefore a more elegant procedure wssught.

Materialisolated from alkylation test reactions was used to test the sulphonyl chloride
couwpling,now with alarger degree of steric hindranc&he reaction requires the attack
of the nucleophilic nitrogen upon the aromatic sulphonyl chloride in close proximity
and therefore reactivity is limited by large alkyl groups attached to the nucleophile
the case of the isopropglompound95this resulted in sulphonamide formation at the
indazoleNHto give96 (Schemed), and as a result nee of theisopropyldesired

targetswere synthesised

\
N - HN N Oo—

o

95 96

Scheme9. Reagents andonditions i) Pyridine, THF, REWD, RT, 3h.

Limited success of the sulphonyl chloride coupling reaction and poor conversion to
monoalkylated species meant that the target compounds were synthesised by other

mears (Schemel0). In an analogous manner to&N-methylsulphonamide compound
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synthesis intermediatewere subjected to ethylation conditions using ethyl iodide,

CsCQ in DMF which gave the desired products in satisfactory yields.

N i P N 4.b) O\\s”o /@N
) —— 1,8\ NI R1, N N
H,N N RN H
H H H K

2

52, 38, 48, 30, 97-104
66, 18, 70, 53

Schemel0. Reagents and conditiona) Pyridine, THF, RSD, RT, 3h, (400%). b Etl, KCQ, DMF, 6G
RT, 4h, (3®0%).

The activity results conclusilyeshowthat the N-ethyl group is not well tolerateth
comparison to theN-methyl and consequentlif-isopropyl analoguewere not

pursuedfurther. Potency has fallen on average-&id between the methyl and ethyl

analogues despiteompounds98, 99 and 102 achieving potency below 10 uM.
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Table25. Enzymatic activity data of compound3104F 31 Ay ad 9wYp FyR Lloyh o

R e H
IGo0 >a v
Compound R R ERKS LJo y h
97 e Et 177 >120
82 @ Me 1.1+ 0.6 >120

99 S % Et 8.7+25 >120
84 @ Me 0.45+0.09 >120

101 | Et 57+3 >120

O
86 O Me 3.2+04 >120

88 @ Me 26+04 >120
F
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This data suggests that this region of the active site cannot accommodate a group as
big as an ethyl and that the previous gain in potencyssn SGNH and SeNMe
derivatives was because of the removal of the ionisable centre or hydrogen bonding

potential.



2.5.2 Synthesis and SAR ofAimide Indazole Compounds

One isostere of a sulphonamide is an amide, both groups have hydrogen bonding
donor and acceptor moieties at equivalent proximities. The major difference of the
sulphonamide is the presence of a second oxygen atom and the hybridisétion
thesulphur atom To identify if the shape of this linker is important in binding a
number of amide tagets wereproposed (Figure 39Compounds appearing in this

section were synthesised by MChem student Amy Roberts.

o N

N
H
S % - P
oo
F
105 106 107
o O e
T fj
108 109 110

Figure39. Amide Linker Targets
1,1-Carbonyldiimidazole (CDI) was used with various carboxylic aadsaimide
coupling reaction \Wwich proceeded favourabhyith 6-aminoindazolgSchemell).
Sulphonamide aryl systems exhibiting moderate potency were selected for synthesis

when starting materials were commercially available as carboxylic @&gisre39).

a O \
Oy —2. X0y
N R™ N N
H H H
104-110

HoN

Schemell. Reagents and conditiong CDI, RCOOH, THF
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Table26. Enzymatic activity data of compounti5110F 3+ Ay ad 9wYp FyR Lloyh @
IGo6 >a
Compound Structure ERK5S LJo y h
106 ©)LN N >120 >120
H H
N
110 [:i:]/ﬂ\N N >120 >120
H H
o i /@E\\'N
108 - \[:::I/M\N N >120 >120
H H
109 /[:::I/H\H N >120 >120
o
107 [:i:Iiﬂ\” N >120 >120
F
105 S N N >120 >120
\ /| H H
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The results (Tabl26) show that all compounds made were inactive in the enzymatic

assayAlthough both linkers are capable wiaking similar interactionshe shape of

each moiety is verdifferent. The sulphur centre is tetrahednahereasthe carbonyl

sp?centre of an amide is planar. The amide is a conjutjsystemwith partial double

bond characterFurther conjugation existwith the adjacenindazde and aryfing

systemsTypically only strong steric effects can force an aromatic ring out of plane

with an amide as the conformation is more favourable when electron denisity

spread over a largaarea which is only posslbé in plane

It is proposed that the planarity of the amide linker compou@4-110is a potential

reason for the sharp drop in potency and therefore the bend in the molgEutpire
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40) facilitated by the sulphonamide is in part responsible for the poy®bserved
Modelling datahas suggestethat the linkerportion of the molecule is in close
proximity to aLys39which is capable of forming an interaction with a hydrogen bond
acceptor.lt is possible that this interaction is present in the sulphonadmpounds
but not in theamides due to the shape of the linker. It is therefore possible that

planarity is toleratecand potency is lost only due to the loss of thdéhd interaction

B

X

_— N

Figure40. Energetically favourable conformation :admide (06) (A); sulphonamide3() (B); amide(06,
yellow) and sulphonamid@&Q, red) (C) amide (06) resonance (D)

2.5.3Synthesis and SAR of Cyclised Linker Indazoles

To investigate if the amide linker series of compounds lost potency due to lost
hydrogen bondingnteractions or the planarity of the molecule a synthetic target was
proposed whiclpreserveghe planarity of the amide and a tetrahedral linker centire.
light of molecular modelling dat@rigure4l) it appears that a pocket magkistthat
canaccommodée an aryl groughat is in plane with the indazol®y exchanging the
aromatic and linker portion of the molecule, for a benzothiophenedioxide the
compound will have a tetrahedral sulphonyl centre and an energetically favourable

planar conformation.
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Figure4l. Molecular modelling of compoundsl 2 (cyan) 30 (red) and106 (yellow) in the ERKS5 active
site (PDB: 4IC8) showing the linearityld2and106A y O2 YLJ NA azy (G2 (GKS WwoSyidQ 6VYz
conformation of30.

The ertropy of a compound can be decreased by making it more conjugated, planar or
by reducing the number of rotatable bonds. Kinase inhibitors are generally entropically
constrained and highly conjugat€d Cyclisation ofhe linker in the indazole series
reduces the number of rotatable bonds from three to one (hotudahg any rotatable
bonds on various andulphonamide groups This design change also creates a
completely aromatic system with the potential to be entyglanar. By installing a

benzothiophene in the fosition of the indazole and oxidising to theakide a subtle
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change is made to the compoufdghysiochemical properties and the placement of

functionalities whilst the conformation is changesignficantly.

The compound.11was synthesisetdiaa Suzuki coupling usingoomoindazole and
2-boronic acid benzothiophene to give tipeoductin a good yielgwithout having to
protect the indazole nitrogefSchemel2). Compoundl11lwas oxidised usingp-CPBA
to give the desiredulphonell2and sulphoxide 13 The aromatity of the thophene
ring detracts from the nucleophilicityf the sulphu asonelone pairisdelocalised
within the ring system. In this case strong oxidising agemh-CPBA was usedhich

readily oxidises thiophenes to thiophene dioxide.

Schemel2. Reagents and conditiong) 6-bromoindazole, Pd(PRh, NaCQ, Dioxane, kD, u-wave
110°C, 30mins, (77%)) BPCM,m-CPBA, ICRT.

Compoundsl12and113¢ SNBE A ONBSY SR T2NJ I OGA@AGe
results showing less than 50% inhibition at a concentration offM2@Figure42).
Althoudh the conformation of compoundi12 matches30with regard to hydrogen
bonding capacity they do not have coarpble potency and therefore we caonfirm
that this class of ERKS inhibitgexjuire the benl in conformation shown by molecular
modelling(Figure43).

89



112 113
ERK5?; IC5, >120 pM ERK5?; IC5o > 120 uM
p38a°; IC5, > 120 uM p38a’; IC5, > 120uM

Figure42. Activity data for the aglised linker compounds12and113 # ERKS5 I values generated by
Lalt OSft FNBS "Liagbk®Lbdza S8yBNIGBR o0& [yOS

Figure43. Energy minimised structure dfl2showing the structure to be completely plan@); overlay
of compoundl12 (blue) andthe more potent compoun@O0 (red) (B).
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2.5.4 Synthesis and SAR of Reverdadazole6-Sulphonamide

Having etablished that linear molecules, such as amides and benzothiophene
compounds (Chapte2.5.2& 2.5.3), are not potent against ERKisiker moieties which
retain a bent conformation were investigatebend can be achieved with a number
of groups such as a carbon chain, sulphone, efisewell as a sulphonamidéhe
physiochemical properties of the moleclwdes maintained when the sutnamide is
reversed but potentially interacting groups are movétie reversal of the linker may
add additional potency if the binding groups in the linker now find themselves at a
preferable proximity or angle to complementing groups in the active Sie.
positioning of the sulphonamide NH in original hit compounds is known to be
unfavourable as methylation improved potency (Table Chapter2.5.1.7. A small
group ofcompoundswere selected based on available materials gmdviously
identified potentaryl groups(Figure44). Because of the bend in these compounds any

interactions made by the indazole and aromatic groups should be retained.

\)
g I
N N :
78* H >S¢ N
oo o o
~o

114 115

N
N\S N N\S N
d o H o] H
116

17N,
(0]
N (0]
H

117

Figure 44 Synthetic targets for reversed sulphonamide series of compounds
The synthesis of reversed sulphonamidd¢-117required the synthesis of indazet
sulphonyl chloridel 18 Thesulphonyichloride can be synthesised frodn
aminoindazolevia diazotisation followed by variations on the Sandmeyer reaction
using either a tfol species oby forming the sulphuryl dichloride/sulphonyl chloride
cupratein situ(Figure45). The latter was chosen as the introduction of the thiol would
require oxidation to the sulphonic acid and subsequent conversion into the sulphonyl

chloride which had proved trablesome earlier in the project (Chapter 2.3.1).
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Sandmeyer type

N reaction N A
NH cl J@j\,N p— [CXO) ,N — /N
2 ~g N CIN N H,N ”

77N

(0]
H Sandmeyer type
reaction N N
A\ N p— SFC) /N — /N
; Cl N N
N, H H,oN H
HS N

Figure4b. Retrosynthetic approach to reversed sulphonamide compounds.

Usinga literaturemethod, the conversion of éaminoindazole was undertakena
diazonum formation followed by chlorosulfonylaticend sulphonamide formation
(Schemel 3)*****°, This series of reactiongasconducted without isolatiorof
intermediates due tdheir reactivity. Diazonium formation was conducted in
concentrated HCI with the minimum amount of water usedlissolvethe sodium
nitrite. The presence of the diazonium ion weanfirmed by disappearae of the
starting material peaks on both TLC and L@ktBwith potassium iodidestarchpaper
(liberation of iodine orcontact with anoxidising agentauses alark blue colour when
it chelatesto starch, this is triggered by th@esence of diazonium spe9. Diazonium
salts pose an explosioisk at temperatures in excess of°as diatomic nitrogen is
released triggering a dramatic increase in volume. These temperamental materials
were not allowedo crystaliseand were kept chilled unless in the réi@n mixture of
the following steplsolation of thediazoniumis possibleasatetrafluoroborate salt

which can be stable at room temperature.

Onceall the starting material had been convertedo the diazoniumchloridesalt, the

solution was added to pre-saturated solution of sulphur dioxide in acetic acid with
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copper(ll) chloridand SQ gaswas continuouslyriven through the reaction mixture
Sulphonyl chlorides are unstable in aqueous conditiarening the sybhonic acid if
not properly temperatire or pH controlledor this reason the sulphonyl chlorides

were freshly synthesised for each aniline coupling.

N a A b) Nooe H N
HoN N CIN c-f H R©/ o H

2 H
118 114-116

Schene 13 Reagents and conditions) HCI, NaN§ HO, 0C, 1h; b SQ, CuGl, AcOH, RT, 1k)
Pyridine,RNH, THFRT, 3h (8.1% over three steps)

Formation of 6-chloroindazolg119) was observeds an undesiregroduct. This

material was formed in roughly a 10% vyield using £0@Is reaction goes via a
Sandmeyer reaction mechanism which is typically ukedhe conversion of anilines

to halogenated aromatics>® Optimisationof the reaction was undertaken by varying
the copper speciesThe use o€opper(l) chloride, copper(ll) chloride and copper(ll)
chloridedehydrate, however, resulted inno sgnificant differenceand copper(ll)

chloride became the reagent of choice only due to slightly improved conversion to the

productirrespective of side products

/@\/\\N HOLNaNO, Yy cuCl \W
, —_— / _— /
N N N
H,N N CI N, N cl N

119

Schemel4. Sandmeyer sideeaction.
Sulphonyl chlorid€118) formation is estimated to have been achieved in yields under
50% based on crude material isolat&d attempt to purify this material was madsy
chromatography on silicdnowever, it was found that significant amousibf material

were lost and purification was not optimised.

Crude materials were used directly in the sulphonamide formation (ScH&nand

products were formed with the overall yields shownTiable27.
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Table27.Yield and activity data for the reversed linker compounds synthesised.

IGo6 >a
Compound Structure Overall yield (%) ERKS LJo y h

o\\ 0
30 N : 47+004 120

/©\/\ 32+3 >120
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/©\/\ >120 >120

115 3 \\ 11

~

»]
“

O

o [T
116 N S N’ 5 >120 >120
/7 \\O H

G§SR 08 La!%loQ3fvdluest NBES | aalt & oop.
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yOS | aaleée o6opn >a !¢tod
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TheERKS5 Iggresults illustrate that the reversed linker provides no benefit and that the
superior isomer is in fact the more straight forward to synthedideasureable

potency was seen for compourid 4, however, this is almostfbld less active than

the isomer30, which has an I§gof 4.7 uM against ERK5 and therefore reflects the loss
of one strong interactionModelling predictions show that these compounds are not
able to fam theimportant interaction withLys39even though the general shape of

the molecule izvery similar(Figure46). The sulphonyl group of compoudd4 (Figure

46, gold) is too far away from thieysresidue even with flexibility of this residue
simulated If this set of reversed linker compounds had given high potency the next
stages of SABevelopment would have proceeded throughniethylation and CH
replacement as wéhs the reversed amide isostergplacement However, this work

becomes redundant based on these results.
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Dre

Figure46. Molecular modelling of compounds in the ERK5 actitee 8, Compound 14(gold); B,
Compoundl14(gold) and compoun@80 (red) (PDB: 41C8)

Synthesis of the reversed sulphonamide oxindole compoaad)vas not completed
due to low yielding steps and prioritisation of other series. Basethe results
obtained (114-116, Table27) good potency from compouridl7would have meant
that the oxindole was able to make tlkeyhinge interaction in place of the indazole
whichisalsolikely to be toleratedn the aryl pocketHowever, modelling data has

shown that this is unlikelgFigure47).
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Figure47. Modelling images of compountil 7 (pink) in two suggested posshowing very abstract
conformations from the assumed potent conformation3tf(red); A and B.

Twoin silicobinding ®lutionsof compoundl17are shown in igure47, neither of

which show similar binding to compoui@ (the solutions showrfFigure4?, pink) are
representative of the whole datasetf.the two compounds showed similar hinge
binding then it is possible that compoui@ would have two binding modes. However,
This theoretical resubuggestghat the oxirdole compound52 hasgood potency

because of binding in tharyl pocket and not a dal binding mode.
2.5.5Synthesis and SAR ofSulphone indazoles
2.5.5.1Synthetidargets

Investigation into the sulphonamide linkbas show that the NH is redundant

compound bindingand that NMe sulphonamides conveyed better potency than the
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un-methylated analogue (Chapter 2.5.)1.Bermutations of the linker such as reversal,
isosteric replacement, cyclisation and alkylataid not yield & improvement to
potency over theN-methylated sulphonamidett is clear that a exploitable lipophilic
pocketor hydrogen bond acceptas not present at this location in the active site
Exchange of thesulphonamidenitrogen for a carbon in the linkeemained to be
explored. This linker maintains the berinformationin the molecule proven
necessary fromhe planar molecules synthesis@@hapter2.5.2and2.5.3 and the
positioning of the sulphonyl groups to nakhe interaction withLys39 Previously
identified, potent arylgroupswere selected for incorporation into the moleculhen

startingmaterials wee availablgFigure48).

% N
H

] ~y ]
S % 5
T O
120 121 122
o O
19 :
L 123 124 _

Figure48. Synthetic targets incorporating sulphone linker.

2.5.5.2 Synthesis & Sulphone Indazoles

TargetsulphonecompoundgqFigure 43were synthesisedsinga four step synthesis
(Schemel5). 1H-Indazole6-carbaldehydevas reduced to thalcohol(125) using

sodium borohydride in a high yield and short reaction timie/o different bromination
procedures were trialled using RBRr SOBjas the bromine sources with the latter
found to be preferableThebrominationof hydroxyl groups to alkyl bromides has been
described in the literature using catalyidvViFand also without DMF for the

conversion of phenol groupslowever, omission of DMFrom this reaction

significantly reduced product formation over the 4 hour reaction tittié*® The
increased reaction rate the presence of DMWwastherefore attributed tothe

formation of a Vilsmeier type reage(figure49). This is contrary to the proposed
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mechanism ofNagleet alwhich describe a nucleophilic attack on the thionyl group to

release the bromo anial’

-S02

Figure49. The poposed mechanism fdsromination using SOBwith (green)and without (red) DMFon
the hydroxy indazole.

A one step indium/zinc mediated coupling reaction was identifeedhe formation of
the sulphoneusingthe benzylicoromide species and sulphonyl chloridetewever the
procedure was found to be unrepeatalaéter testing multiple condition&® ***The
bromo-indazole was alstveated with magnesiunto perform a Grignard reactigmas a
literature precedent foreaction on sulphonyl chlorides exiskait unfortunately none
of the desired product was forme§' The conversiowof sulphonyl chlorides to sbum
sulfinates was also conducted to then combine with breimgazolematerial
However, a model reaction of this was not successful and therefore an alternate
scheme to form the sulphonéa athioether was chosefSchemel5). ** This new
schemebeneficially facilitated the synthesis of a number of secondary targets
(Chapter2.5.5.4& 2.5.5.5.
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a
Ox N HO N’ Br N
H H H
125 126

S . °S ‘

1- N 1 N

R N R N
127-131 120-124

Schemel5. Reagents and conditiona) NaBH, EtOH, RT, 3h, 86%).SOBs, DMF, DCM)°GRT, 4h, 92%.
¢) R-SH, NaOH, TBAB,® Toluene, RT, 1886%.d) KHSQ MeOH, HO, RT, 18M.9-72%.

The K2, thioether formation conditions shown incBemel5 are biphasic utilising the
phase transfer catalyst tesibutylammonium bromide (TBABIthough the desired
products were formegdsolubility wasan issue in this reaction when thiol speciesre
varied Further optimisation has taken place when this thioether formation was
revisited during synthesis of later targets yielding the desired pectslin a faster
reaction time and in repeatable yields. Optimisation of this reaction is showabie

28illustrating where compounds relate to this set of targets.
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Table2. Optimisation of Shreactionwith variousaromaticthiols.

R* R*
Br\/©\/\\'N ] S \’N
N 1- N
H R H
4 1 i, Yield (Conversion by
R® Substrate (R ) Conditions LCMS)
SH
1 H /@ NaOH, EtOH 42%
~
O
S@ ®
2 H @ Na EtOH 48%
S SH
3 H I CsCO;, THF 35%

SN HCI
4 H | H Toluene, H ,O, TBAB, NaOH 36%
(2.2 eq)

e SH
5 H \©/ NaOH, H ,0 20%

62 Br S@NS) Toluene, H ,0O, TBAB, (5%)
7* Br @ DMF 28%
9 @
S Li
8 Br @ THF 66%
1M in THF
9 Br s. _SH CsCO;, DMF 92%
10 Br g K2COs, DMF 78%
11 Br Pyridine 92%

All reactions were conducted at room temperatudt8odium thiophenolate had degraded and
was therefore responsible for the low yield.

The yield increase is explained by the solvation of all reagents in one reaction solvent
and therefore the more efficient mixing of materiakelds were low in water and

ethanol presumably due taside reaction in which a hydroxyl group is added or the
ethyl ether is formed, both of which form an unreactivefnpduct. In the last three
reactions (911) an aprotic basandsolventwere used with reducedhe risk of side
reactions completely A small assessment of base solubility in DMF and acetonitrile

was done with the former proving superior and therefore used.
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For thefinal oxidationstep of the thioether tothe sulphone two sets of conditins
were considered using potassium permanganate or potassium peroxymonosulfate
(Oxone®¥*. The use 0Oxone®revailed due to the handling requirements and the
reaction progress which facilitateth somecasesthe isolation of the sulphone and

sulphoxide species which were desired as a secondary grget
2.5.5.3 SAR @& Sulphone Indazoles

The sulphone compounds irable29 all have good potency between 2¢20.59uM

which is directly comparable to the wespondingN-Me sulphonamides which have a
similar range (3.0.45uM). all these compounds can be regarded as equipotent and
therefore prove that the unique properties of the nitrogen, such as tHsoHd

acceptor capacity or the influence it has on #lectronics of the rest of the compound,
play no role in binding to the ERK5 active sitee ERKS5 dgvalues show, explicitly,

that the sulphonamide nitrogen is not required for potency.
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Table29. Activity data of sulphoneompoundsl20-124 compared tosulphonamide80and 82.

IGo0 >a v
Compound Structure ERKS LJo y h
C%/O‘/[:::[5§N
30 ©/3\N N 4.7+ 0.04 >120
H H
C%/O‘/[:::[5§N
” 1.1+ 0.6 >120

82 S\N
o

122 ©/S N 0.91+0.15 >120

= O
~o

\é/ ,
123 /O\©/ ” 2.2+0.2 >120

SN o O N
121 N 0.59 +0.07 >120

\\Y/ ,
120 s._S N 1.1+0.2 >120
I H

0.71+0.25 >120

AERK5 IO £ dzSa 3ASYySNI GSR o0& La! tJo@$fvdluést NB S
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These compounds are assumed to mimic the conformation of the sulphonamide
derivatives giving simildvond angles and therefore occupyitige same space in the

active site A moleculamodelling overlay of compoun@®0and122in the bindng

pocket illustrates the similaritin conformation(Figure50).
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Figure50. Overlay of compoun@0 (red) and122 (teal) in the ERKS5 active sgrowing almost identical
binding conformations. (PDB: 41C8)
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2.5.5.4SAR 06-Thioetherindazoles

Thioethers (127-131) from Schemel5were alsatested for potencyshowing complete
inactivity except for one exampl&30(Table30). Theseaesults suggesthat a key

interactionmustexist betweenLys3%nd & least onesulphonyl group.

Table30. Activity data of thioether compounds27-131

IQ,oc') >alu
Compound Structure ERKS LJo § h
127 [:::I/S\V/J:::j:i\ >120 >120
128 /Ii::r"\/J:::]:f\ >120 >120
129 \Ii::]/ \v/I:::I:T\ >120 >120
| \/@E\
130 17 £ 1 >120

131 <SJ/ \/©\/\ >120 >120

z
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generated by Lanceassa 6opn >a ! ¢t 0@

2.5.55 Synthesis and SAR ef6élphoxide Indazoles

Synthesis of sulphoxide linker compounds was possible by stigthification of the
sulphone synthesis ¢€8emel16). Sulphoxide eampound132and sulphone compound
122 were isolated from the same reaction by terminatithg Oxone®xidation before
complete conversion. It was found that conversion of thioethers to sulphoxides was
quicker than the subsequent oxidation to the sulphone and therefore compout&s
and122were isolated without any unreacted starting material present in the reaction

mixture. Compoundl33was synthesised from thioethd28using sodium periodate
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which oxidises onlto the sulphoxide due to the reduced nucleophilicity of the sulphur

and reactivity of the oxidising ageft

R'l -S N R1 S H

H
127-128 132,133

Schemel6. Reagents and conditiona) KHSQ MeOH, HO, RT, 18h, 45(132). b) NalQ, MeOH0°GRT,
18 h, 80%¢133).

Table31. Activity data of sulphoxideompoundsl32and133

IC:50C’)>a.0

Compound Structure ERKS LJo § h

O\/CE\\
g N
132 {:::]/ ” 15+3 >120

=
~0

14+ 2 >120

AERK5 IO £ dz§& 3ISYSNI SR o6& La!%tlo@Sfvdluest NBS | aal ¢
3SYySNXGSR o0& [FyOS laale oopn >a !¢tod
The hybridisationof the sulphur atom in the linkegives aetrahedralshapewhich as
the sulphoxide forms stereocentre. Suphoxides do not readily invert émetefore
give stablearacemic miture at room temperature. All results gathered are for
unresolved mixtures ca. 1:1 ratioActivity datashowsthat at leastoneisomer is
capable of making a hydreg bond through the sulphoxidgroupto Lys39whilst the
other has reduced activityMolecular modelling suggests that only one interaction is
made trough a salt bridge tbys39Figure51). The area that would be occupied by
the second oxygen is an oparea with very little activity to bgained.It is possible
that one enantiomer would have better pemncy than the equivalent sulphone
compound. However, lhe additional oxygenn the sulphonanayalign the compounds
in a more favourableonformation and o affects theelectronics on the adjacent
aromatic Neither of these postulations has been further investigatgddsolving the
racemic mixture and repeating the assay.
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Figure51. Proposed binding of the sulphoxide compouii®2) showing aninteraction withLys3qPDB:
41C8)

Thesulphonelinker compoundshowthat the oxidation of the sulphone is critical and
as a result this scaffoldas beerused to develop further SARs elsewhere on the

molecule.
2.6 Synthesis and SAR ofSubstitutedindazoles

The 5position of an indazole is thmost reactive tcelectrophilic aromatic substitution
due to the conjugation wit the heteroatom lone pairsThismeans that synthesis of
compounds substituted at this position is well describ&lde targetdere proposed

are isomers of the potent compoun@2-89 with N-methylated sulphonamide linker.
Both 5 and 6substituted indazoles project intsimilar space in the active site and the
new targets have the potential to make theucral interaction withLys39 Ths set of
target compounds can be viewed in two waiggure52). If the linker interaction is
conserved in compound binding the flippgdlazolemay find a new interaction with
the hinge region of the active sitghich contains numerous, exposedddnding sites
Without a crystal structure it can only be speculated wtbeiding mode if either

(Figure52), is adopted even with the aid of molecular modelling.
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Figure52. Proposed binding modes ofdubstituted indazold 34.

2.6.1 Synthesisf 5- Substituted Indazoles

Synthesis of compound&34-149) wasperformed in an analogous procedure to the
position sulphonamideéSchemel?7). By allowing longer for th@mination and
subsequenteduction N-methyl1H-indazot5-amine(150) was obtained in aigher
yield (62%)compared toN-methyk1H-indazot6-amine 0, 38% madewhen

synthesising the position analogus

H
H,N
2 \N a), b) R2-N N C) RLS/N .
Y _— N — . S "
N N (e }Ne) N
H N !
2 -

R? =H or Me (150) R? = H 134-141

Me 142-149

Schemel7. Reagents and conditiona) paraformaldehyde, NaOMe, MeOH, RT, 18HJaBH, 60°C, 5h
(62% over two stepsy) Pyridine, THFE,'/QCI, RT, 3h (580%).

2.6.2 Activity of 5Qubstituted Indazoles

Methylated andunsubstitutedsulphonamide compounds wesabmitted to the ERK5
assayto ascertain the role of the sulphonamidédNn this modified serie§.able32

shows activity data foboth linker types with variation at'R
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Table32. Enzymatic activity data of sulphamides134-141and N-methyl sulphonamide§42-149
F3rAyad 9wYp FYyR Lloyh o

R2

Ri<._N
N
H
H

IGo6 >a v
Compound R ERKS LJo y h
134 ©}{ 30+ 6 >120
142 Me 4.7+ 0.46 >120
135 :(\/©}L/ H 41+0.3 >120
0]
143 H Me 3.1+15 >120
136 S ' H 6.4+0.1 >120
144 @ Me 41+£0.1 >120
137 | SN H 82+14 >120
5
145 Me 23+ 1 >120
138 | H 46+ 6 >120

° 5
146 © Me 31+ 4 >120
139 @@; H 51+ 4 >120
(0]

147 | Me 10+ 1 >120
140 F H 75+7 44+ 8.6
Y
148 Me 24+ 3 >120
F
141 O ‘s{ H 27 +4 >120
o~ T J
149 ” Me 8.6+1.0 >120
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Potency of theN-methylated derivatived442-149is comparabléo the 6-position
analogues but overall the series has suffered efdld loss in potency and no single

analogues more potent in the position series than the §osition. A seen withN-

methylated 6sulphonamides the introduction of the small alkyl group improves
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potencyfor all 5-sulphonamidematched pairsThistrend suggestghat the

sulphonamide interaction is retained and the indazole hibgeling is modified. If the
same hinge interaction between the indazole and protein were retajtteslalkylation
of the sulphonamide should have little effect on potency as the gmogects towards

solventwhen simulated

Molecular modelling in this stance does not entirely agree with the binding mode
suggested as thB' aromatic doe not occupy the same space8Rasit does in
compoundl142 (Figure53). An interaction may exist with.ys39%nd the linker as
flexibility of this residue was includedtine docking studyut is notvisualisedn
Hgure53. Regardless of the modthis set of compounds has nohangedhe lead
compound adoth potency and théindingscorefrom GOLD are inferior to the

matched pairs of the fosition sulphonamide compousd

Figure53. A)Molecular modelling of compoundst2 (green) and2 (blue) in the ERKS active site
showing the hinge binding d42is not consistent and with the established binding mdg)e
conformationof compoundl142(green)alone in the ERK5 active site. (PDB: 41C8).

109



2.74,6- and 3,6 Disubstituted Indazoles

The SAR of thimdazole and linker interactions are now well establisfiéidure54),
revealing the hinge binding between the indazole and ERkdbthe interaction
between sulphonyfunctionalitiesand Lys39n the active site. A number of potency
providing sulphonamide aryl groups have been identified ha unifying properties
exist regarding electronics or siZzaurther potency may be gaindxy substitution of
other positions around the indazol8ubstitution of the indazole -fiosition
(compound75) showed complete loss of potency as the hinge interaction was
disturbed.Investigaton ofthe 5-position showedhat there may be room in this age
although it is likely that when both the- &nd 6épositions are substituted tie sulphonyl
linker interaction willbe reduced in strengthdue to steric effects of the adjacent
substitution.The 7Zposition, according to molecular modelling, directs towards
confined space in the active site and is not expected to yield potency through
substitution. Boththe 3- and 4positions point imo open spaceavith part of the ERK5
active sitein close praimity and therefore it was predicted that potency could be

gained by substitution at either position.

Linker interacts with
Lysine in active site

\ a 3
5
N\
7 /@N
N S N
N H

R | 7
=

Vital donor-acceptor
1 hinge binding motif

Potent aromatic groups
have been identified

N-Me sulfonamide or
Sulfone confer potency

Figure54. SARs developed in previous chapters.
Existing indazole based kinase inhibitars frequently disubstituted and commonly
the 3-position isoccupied such asn axitinib (19, Figure24). The proposed binding
mode of leadndazole compoundss typical of kinase inhibitors. A strong hinge binding
interaction is present in almost all marketed kinaskibitors. This area of the enzyme

active site is rich in functionalities capable of hydrogen bonding, usihatiughthe
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amino acid backbone. Molecular modelling of lead compounds suggests that the 3
position of the indazole directs along the hinge region in goaipmity to install polar
substituents and form an additional hydrogen bafftigure55). Incorporation of a
hydrogen bond doneacceptordonor notif is likely to be potent iralarge number of
kinases thus reducing the selectivity of the serigss is lagely because the motif is

replicated in the binding of ATP.

Gluge

Figure55. Molecular modelling image df-methykN-(3-(methylamino)1H-indazot6-yl)benzenesulfonamid232
(orange)in the ERKS5 active si(®) and in selected binding residues (B).

111



The 4position, according to molecular modelling, projects towards the ceiling of the
active site in the direction of solve(fEigure55). The space around this position
suggessthat alkyl or hydrophobic groups should be well accommodated but further
out towards solvent, polar functionalities may be beneficial. The ceiling of the site is
the glycine rich loop whicls known to be highly flexiblend therefore predicting
anything but a broad interaction heiis not possibleA valine residue sits over the
indazole 4position surroumled by other similar alkyl amino acid residugerefore,

the first set of groups to probe this position were a set of progressively larger alkyl

groups.
2.8 Substution on the Indazole 4 & 6Positions
2.8.1 Molecular Docking of,6-Substituted hdazoles

Using the described crystal structure of ER¥ential synthetic targets were docked
into the active site using’ D h ddskihg software® The docking study was run to a
high efficiency wit ca. 12posessimulated for each compound. The active site was
treated as rigid for the study with the exceptionlofs39which was permitted free
rotation. Data generated by the programnmedicates which compounds make the
strongest interactions witlERK5but results arenot as accurate as measured activity

in the biochemical assafhe GOLD fitness score is an amalgamation of all scoring
functions provided by the program to give a high score designed to reflect compound
binding enthalpy (scoring br&down shown inTable33). All compounds chosen are

synthetically plausible anehicludethe N-methyl sulphonamide.
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Table 33 GOLD Molecular docking scoring functions.

Score function

Explanation

Fitness

PLP

PLPPart HBond

PLPPart Buried

PLPPart NonPolar
PLPPart Repulsive
PLPLigand clash
PLPLigand torsion

Chemscore HBond

Chemscore Ci® Score

Chemscore Protein Energ
Chemscore Internal

Correction

Total fithess value of docked liga@bmbination of all other
scores)

All other piecewise linear potential (PLP) terms plus chemsco
clash and internal energy term

Protein to ligand Hbond score A hydrogen bond is deemed to
be present if the distance between the apter and the donor
heavy atoms are within the range 2.85+ 0.45, the acceptor
angle is within 14% 65 and the donor angle is within 115° + 4
Buried inteaction types i.e. Hhond donoracceptor of either
protein or ligand buried in aon-polar region of the
corresponding structure.

Nonpolar interactions e.g. lipophilic

Repulsion between protein and ligand

Penalty of protein and ligand clash

Penalty for unfagurable internal ligand torsion angles
Alternate Proteirligand Hbond score

Weak aromatic (CH) to Glhdnding- an interaction is deemed
to be present if the distance between the acceptor and the
aromatic carbon isvithin the range 3.35A + 0.65, the acceptor
angle is within 145A + 65, the donor angle is within 115A + 4(
YR G4KS /1 Xh 02yR Aad y2i Y2
plane

Penalty for protein clashes when flexible side chainsugesl

Ligand internal energy offset

Adapted fromthe GOLD User Guide
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Table34. Molecular dockinglata gathered for compoundk51-158in the ERK5 active site using GOLD.

Compound R GOLD Fitnessighscore
151 Et 64.4
152 'Pr 67.2
153 Yer 70.4
154 Ph 68.0
155 Benzyl 79.0
156 NMe, 65.0
157 Piperidine 65.7
158 CONHMe 63.7

The program has a bias towards largempounds makingcomparisons between
compoundsl5land155less meaningful than those of similar molecular weight such
as152 153and156. When comparing tertiary aming56with propyl groupsl52and
153, it is clear that the lipophilic groupre better tolerated and furthermore the

polar amidel58has the wost score in the set. It is most likefyom looking at this

data and the empty crystal structurthat alkyl or lipophilic groups would be best
tolerated in this area. Compourih5 probes furthest into the space and has the
highest score value leaving tisassume a largkpophilicspace is available for

exploitation.
2.8.24 & 6-Substituted Indazole Sulphonamid8ulphone Synthetic Targets

The initial set of targets probed the space at thpasition with progressively larger
alkyl substituents i.e. methyl, ethyl, cyclopropyl. As equivalent potency is seen for
sulphone andN-methyl sulphonamide matched pairs, the decision of which to include
was madebasedon synthetic feasibility. For this series of compounds the number of

aryl sulphonamide systenexaminedwas reducedrom eightto four as the 2
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thiophene, 4methoxyphenyl, phenyl and-uinolinegroupshad consistatly given

superior poteng.

R1= | NN R4

S
@ Y 0.0 AW

N\ 7/

R1S\X

Lsz/ LLLL/
[ j [ :] 4 _ C
o R"™ = Me, Et, Yepr

| X =CH; or NMe

Iz

Figure56. Synthetic targets exploring thegbsition
Suitable starting materla could not be sourced that possessed the required
functionalization withoutemployment of arindazole ringclosingprocedure
Retrosynthetic analysi® a derivatised2-amino toluenerevealed a commercially

available starting materigFigure57).

Alkyl Br
o N 'Suzuki' o0 O N Oxidation \N
O\\ / N — N N — s N/
s , S N Ar
H

Ar N Ar” H

* SN2
Alkyl boronic acid

Br Br Br
N SH
HO — o — Br N/ + Ar”
N02 -~ NH2 H
(6] o}
160

Key intermediate 159

Figure57. Retrosynthetic analysis of desired compound set.
The indazole ringlosure method progressega diazonium formation upon the aniline
and subsequent attack by the adjacent methyl groiModel reactiors were set up
using 3bromo-2-methylaniline with two sets of conditiorts test the critical ring

closure step of the syn#sis before commencement of the lengthy schefhable
35 .127
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Table 35Model reaction conditions for indazole ring closure.

oL ——
NH

2

Product Conditions Yield Comments Ref

i) HBE (ag), NaN@ HO,
0°CcRT, 2h Starting material was
1 N 29% 12t
N i) KOAc, 1&rown-6, DCM, poorly soluble in kED.
H RT, 2 h
Br Acetic anhydride, KOAc,

2 — Toluene, Isoamylnitrite; 67% internal
N 60°C, 72 h

Reaction (Table35) presented solubility issues despite the literature conditions
described being employed on the same substrat@he procedure alseequiredthe
isolation of a stable diazonium salt, however, this can be hazardous and introduces an
unnecessary opportunity to lose materidlt this stageeaction2 was preferreddue to

an improved yield andhinimisedhandling. Isoaniyitrite used in place of sodium

nitrite allows the diazonium formation without the use of water to solubilise inorganic
materials and thereforeeagentsare more readily disseéd in reaction 2.The product

is in a protected form which mgyove beneficiato the overall synthesis.

Retrasynthetic analysis of the desired compoungsigure57) led tokey, dibrominated
indazolel59from which steps previously developed in the synthesis of sulphone
compoundgSchemel5, Chapter2.5.5 could be used alongsideSaizuki reaction. It
was also determined that because of the need for an aniikespecies to undergo
ring-closing that installing the sulphone linker would simplify the scheifealogen at
the 4-positionalsomeans that intermediates generated in this synthesis can be used
to perform Ullman, carbonylation or lithiufhalogen exchange reactions to synthesise

alternate compound libraries.

A schene was proposed to reach the kdipbromoindanle (159) intermediate insix
steps using typical methods and the previously modelled ring closure. The success of

the ring closing reaction meant that functionalised benzene rings could be investigated
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as potential starting materials leading to identification efréthy}3-nitrobenzoic acid
and ahigh yieldinditerature procedure fo a regioselective brominationsing
dibromoisocyanuric acid (DE5chemel8)*®. The nitro group wa reduced taan
amineto form unnatural amino acid65which was highly water soluble driound to
be unrecoverable from aqueous medikhis situation wasemediedby the
esterification of the acid prior to nitro reductiofi60). Esterification was conducted in
a high yieldas waghe followingzinc/acetic am reduction of the nitro grougiving
162. Ring closure was attempted using the model reaction conditidogever, slow
progress of the acetylation step meant that alternate conditions wesed
Intermediate aminel62was dissolved in acetic acid andaution of NaN@in HO
was added which gave thg6-functionalised indazol&63in a 94% yield. The presence

of a minimal amount of water to solubilise Najhdd not affect the solubility of the

Br
©) "o 165
NH,
o}
Br Br Br
ai) b) c)
HO HO o) .o
NO, NO, - NO, NH,
o o} e} o)
161 160 162
Br Br Br
d e)
) N N N\ N f) \ N
0 N HO N Br N
H H H
o}
163 164 159

Scheme 18Reagents and conditiona) DBI, HSQ, 60°C, 3h, 98%b) MeOH, HSQ, 60°C, 18h, 92%) Zn, AcOH,
MeOH, 50°C, 1h, 98%yield for compound.62). d) AcOH, NaNQH,0, RT, 15 mins, 94%).LiAlH, THF, OGRT, 4h,
82%f) SOBy, DMF, DCM, 8GRT, 4h, 58%.

aniline starting material.

Conversion of the ester thenzylic brominél59was achieved via LiAllrfeductionof
163to the alcoholl64and the use of SOBto put in place the bromine as discussed in
Chapter2.5.5*° Despite the key intermediate presenting two bromine derivactive
centres, selectivity is gained through the hybridization of edble $° centre is
sensitive to an & reactionwhereasthe SAr, which can occur at the-gosition under
the same conditions jsnuch slower(Schemel9). The conditions previously optimised

for Si2 reactions in DMF with g3Q gave the desired thioethers66-168in good
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yields. Oxidations proceeded well giving subssaftor Suzuki reaction optimisation

andrelevantintermediate compound469-171to send for testing.

Br Br Br
a b)
Br\/CE\\'N O sv©\/\\«N - O\\S’S/CE\\/N
N - N - N
H R H R H
159 166-168 169-171

Schemel9. Reagents and conditiong) R-SH, CsGODMF, RT, 6h, 7®1%.b) KHSE MeOH, HO, RT, 18H55-95%.

Suzuki onditionspreviously optimised fothe cyclised linker compounds (Chapter
2.5.3 were employed buthe mild palladium tetrakis catalyst and trimethylboroxine
did not yield any product formatio(irable36). The reaction was repeated usiag
alternate boronspeciesmethylboronic acigbut no improvement was withessed.
Previously developed conditionsing(Pd[(PBukGHa).Fe]Ci and CsCQ) were
applied however, the highly activated catalyst did not aid product formation only
resulting in the dehalogen®sn of a small amount of starting material. C§} is often
used in place of sodium or potassium carbonates asitige solublen organic

solvent due to the reduced charge density of the metal'fn

Table36. Optimisation of Suzuki reaction oadethyl6-((phenysulfonyl)methy)1H-indazole 169).

Br

Me
o, 0 N o o, 0 N
o R

H o
169 172

. _ Solvent . _
Boron species Palladium Base Heating  Conversion
system
1.4
150°C,
Trimethylboroxine Pd(PPH, NaCQ Dioxane
1 (1 eq) (10 %) 2 eq) ’ 30 min, No reaction
eq mol% eq an
MW
H.O
13 % de
_ _ 150°C,
. Methylboronic acid Pd[(PBulGH,), CsCQ 1.4 20 mi halogenated
min,
(3eq) Fe]Cl (10 mol%) (1.5eq) Dioxane MW (compound
122)

4Conversion estimated by LCMS.
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As reaction ZTable36) showed evidence of palladium oxidative addition/ bond
insertion these conditions were used on a protected version of compdis®The
indazole NH was protectedlith tetrahydropyran (THRPA facile procedure using
dihydropyran (DHPJ-toluenesulfonic aid (p-TSA) in DCM giving good conversion
(Schemel 9)."** The Suzuki reaction di73using conditions described Fable37 gave
the desired methyl product in a higleld. However, a significant amount of de
halogenated material was generated arlderefore, a milder catalyst (Pd(dppf¢iwas
used in later reactiondA persistent, close running, impurity was identifiafter the
Suzuki reactioas dehalogenated material whictvascarried forward through the
THP deprotectiomising HCI in MeOkstandard, amine and reversed phase silica were
all usedbut did not remove the impuritypnly semipreparative HPLC afforded the

pure products, impacting on the overall yield and throughputhaf scheme.

Table37. Yields of various Suzuki reactions on bromo compodi@sl75.

i) CH3B(OH),, Cs,CO3,

Br 1,4-dioxane, 150 °C
30 mins, MW
o\\s,/o N . o\\s,/o N
R! N i) MeOH.HCI (1.25 M) R N

173175 THP RT, 6 h. 172, 179, 180 H
Yield over
R Palladium Species L
steps i) & ii)
175 [j“{ Pd[(PBu}GH,).FelC) 41%
(10 mol%)
S_2 Pd[(P(PhGH.),Fe]C.DCM 54%
179 Uyﬁ i
(10 mol%)
/@i{ Pd[(P(Ph)GH:),Fe]CL.DCM
180 52%
o (10 mol%)
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Br Br R4

R" N R" N R1-S N

H \ \
THP THP
169-171 173-175 176-178
_c), O\\S//Ovﬁ:E\\’ N
1 N
R H
172, 179, 180

Schemel9. Reagents and conditiongd) DHPp-TSA, DCMRT, 6h 580%. b Pd[(P(PhiGH,).Fe]C).DCM,
CHB(OH), CsCQ,1,4dioxane, 156C, MW, 0.5 hd MeOH.HCI (1.25 M), 18 h followed by HPLG5430 (over two
steps).

2.8.3 Revised SyntheticcBemefor 4 & 6-Substituted Indazole Sulphones

The remaining synthetic targets were synthesised in a revised order which avoided the
use ofsemipreparativeHPLurification (Scheme20). By installing the alkyl'Rroup
earlier in the schemeproducts were separable by reversed phaseLQmedium
pressure liquid chromatographpt the total number of intermediate compounds

was increasedit was seen previously that compouf89 (dibromo)was able to
dimerise(Figure58). By protecting the indazolearlier in the schemép perform the
Suziireaction it was hoped that the homalimer formation would cease. In the

SOBs bromination the THP is partially removed during the reaction by HBr generated
in situ Because of thisthe reaction was pushed to complete deprotection by the
addition of HCI and thereforenprotectedbromo compound 186-187 were produced.
This did not greatly impact the synthesis as dife@mation wasfound to be

concentrationdependant andherefore easly avoided.

Br
Br
=N
N Br \ \/N
N . N N
Br. N/ H
H
Br

Figure58. Spontaneais dimer formation of bromine compourics9in solution.
The yield of the Suzuki reaction was improved significafrtyn(~50% to 7887%)

when performed on the @ster, THP protecteshdazole {81). Final products were
obtainable from the revised scheme without further optimisation of previously used

reaction procedure$Scheme20). The overall yield of this scheme was comparable
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with the initial schemebut could be performednore rapidlydue to simplified

purifications.

Br Br Br
a) b) c)
HO HO o ~ o
NO, NO, - NO, - NH,
0 O 461 o) 160 O 162
d) &e) VEj\/\ h) &i)

THP
162183 184-185 |

p@ ﬁc ey

186-187 188-195 196-203

Scheme20. Reagents and conditiona) DBI, HSQ, 60°C, 3h, 98%.)dMeOH, HSQ, 60°C, 18h, 92%) Zn, AcOH,
MeOH, 5°C, 1h, 98%d) AcOH, NaNQHO, RT, 15 mins, 94%).DHP p-TSA, DCM, RT, 6h 82y
PA[(P(Ph)G:H.),Fe]Cl.DCMR-B(OH), CsCQ, 1,4dioxane, 150C, MW, 0.5 h. 7-87%. g) LiAlH, THF, 6GRT, 4h,
86-93%.h) SOBy, DMF, DCM, 8GRT, 4h.)iMeOH.HCI (1.25 M), 18 64-91% (over two steps)) R-SH, CsCGO
DMF, RT, 6h, 637%.k) KHSE MeOH, HO, RT, 18h, 389%.
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2.8.4 Structure Activity Relationships of 4 & 6 Substituted Indazoles

Pure final compounds andiBromo intermediates were screened for activity against

A

9wYp | YR Lo yshowniné@ast Ga | NB

Table38. Enzymatic activity data @f & 6 sibstitutedindazoled 3+ Ay ad 9wYp FyR Lloyh o

R4
R’ H
IGy6 >a b
Compound R R ERKS LJo § h
122 H 0.91+0.15 >120
169 ) Br 0.87 +0.47 >120
172 @3 Me 0.18 + 0.04 >120
196 Et 0.04 +0.01 >120
197 Ypr 0.03+0.01 >120
120 H 1.1+0.2 >120
170 Br 0.52+0.31 >120
S

179 §>]f Me 0.14 + 0.04 >120
198 Et 0.08 + 0.01 >120
199 Ypr 0.01+0.01 >120
124 H 0.71+0.25 >120
171 > Br 1.7+1.0 >120
180 \0/[:3% Me 0.22 +0.03 >120
200 Et 0.09 + 0.01 >120
201 Ypr 0.08 + 0.01 >120
121 H 0.59 + 0.07 >120

- N Br - -

- | “91/ Me - -
202 Et 0.05+ 0.01 -
203 Ypr 0.03 £ 0.01 -

AERK5 I f dzS&4 3IASYSNI SR o6& La!%tlo@$fvdluesst NES | aal & odopr
ISYySNI 4GSR o0& [lyOS laaleée oopn >a !¢too
It is clear from the results that substitution at thepésition is well tolerated and can

have a dramatic improvement on potency. With the epton of 4bromo derivatives
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(169-170) potency has increased with the size 8&Rbstitents from methyl to
cyclopropyl This trend can be seen figure59, R groups increase in sizepacting
overall lipophilicity (represented by kogp aspotencyimproves fepresented by pl§
(pIGo =-Log(IGp))). This relationship applies to @liree complete compound sets with
a fixed 6position substituent (disregarding data for the bromina@@mpounds). It is
expected that the trendFigure59) will adopt a bell shape as the size of the groups
increases eventually revealing aptimal size andipophilicity before larger groups are
less potent. More potency values are needed to prove this hypothesis such as

cyclobutyl, cyclopentyl and cyclohesyibstituents(Chapter2.4.1).

m =Ph
= 4-MeOPh
“| @ =2-Thiophene

ERKS5 pICsg

4-Bromo

clogP

Figure59. Graph of ERKS potency vs CLogP showing a near linear relationship

Comparing the 4H and 4cyclopropyl in each compound set the averag@rovement

in potency is 4Zold. This is most likely due to the lipophilic space being occupied with
the small alkygroup pointing along the ceiling of the active site producing a beneficial
interaction. It is also possible that the introduction of this group changes the most
energetically favourable conformation of the compound so that it better aligns with

the ERKS5 bding conformation(Figure60).
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Figure60. Compoundl96 (red) docked into the ERKS5 active sitowing the vector of the-position pointing along
the ceiling of the active site, towards solvent. (PDB: 4IC8).

2.4.1 Largaalkyl substituents$n the Indazole 4osition

After the success of introducing alkyl groups in thgosition and thegainin potency
observed the limits of this space were further investigated wgttogressively larger
alkyl groups. Three aliphatic rings were chosenrooiporation increasing

methodically in siz€¢Figure6l).

Figure61. Synthetic targets exploring thepgbsition

These targets were synthesised using #ame procedures developed ioh&@me 20

however, large amounts of material were loduring the second bromination step due

to formation ofdimers(Figure58). Sufficientmaterial was notavailableto facilitate a

thorough purification and therefore activity data was collected on material of purity

below95%by HPLC. Cyclopentyl compow2@b could not be synthesised. It is
important to note that neither NMR nor HPLC showed a major impurity in either

compound204or 206.
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Table39. Enzymatic activity data of compoun®84205F 3 Ayaid 9wYp YR Lloyh o
R4
57 ° ﬁ
N\
IGy6 >a b
Compound Purty by HPLC R ERKS LJo y h
(acid/basic)
120 >95%/>95% H 1.1£0.2 >120
179 >95%/>95% Me 0.14 £ 0.04 >120
198 >95%/>95% Et 0.08 £ 0.01 >120
199 >95%/>95% “pr 0.01 + 0.47 >120
204 87%/85% Cyclobutyl 0.33+0.01 -
205 - Cyclopentyl - -
206 82%/82% Cyclohexyl 1601 -
AERK5 I £ dz§&4 3ISYSNI SR o6& La! i@ $fvdluéest NB S
3SYySNIG6SR o0& [FyOS Faalé& oopn >a !¢too

This data idess accurate than activigialues shown previously, howevehe results

gathered show a drop in potency and presumably the potency fonialkyl

substituents in the 4osition. According to Figure GRe optimally sized alkyl

substituent at the 4position is, the most potetn cydopropyl (L99). The graph displays

the clear drop in potency as units increase in size beyond sHeuit. These probes

only elucidatethe lipophilic space availablgt this position and thereforéuture

targetswere devised to introduce polarity in spadeyond he reach of a cyclopropyl

group.
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Figure62. Graph of ERK5 pj{s nolecular weight for Zzhiophene compound420, 179, 198, 199, 20206 (Table
39).

126



2.8.5 Cellular potency of 4 &-fosition substituted indazole

The mosfpotent compounds from this series were tested for ERK5 activity in two cell

lines in differentassaysa repater assay in HR93 cells an@d Western blotting assay

in HeLacells

Table40. Enzymatic and ckilar ERK5 potency for 4dubstituted indazoleompounds.

R4
\
ERK5 Cellular IG6 > a 0
Compound R R Enz)/,matic '9 Held HEK293

O>av
172 ) Me 0.18 +0.04 - 1.07
196 @E Et 0.04+001 1.3+08 0.16
197 Yer 0.03+0.01 0.08 +0.01 0.03
179 Me 0.14 +0.04 - 0.20
198 @K Et 0.08 £ 0.01 0.0Z 0.08
199 YPpr 0.01+0.01 0.04+0.04 0.024
180 ) Me 0.22+0.03 - 0.75
200 \OOE Et 0.09+0.01 0.66+0.06  0.15
201 Ypr 0.08 £0.01 0.27 +0.04 -

a\Western blot assay: MEF2D, luciferase reporter assap=1 therefore no errors.

Both cellular assayshow good correlation to enzymatic data and encouraging cellular
potency isseen forall tested ligands. €ydopropyl compound497and 199 show 50%
inhibition at sub 100 nM concentrationslowever, the thiophene compound .99
performs best in all assay types and was therefore nominateédealead compoundn

the seriesandselected for further investigatian
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2.9 Rull Profile of 4-Cyclopropyt6-((thiophen-2-ylsulfonyl)methyl)}1H-indazole(199)

2.9.1 Physiochemical properties, in vitro pharmacology and in vitro DMPK profile of
199

The physiochemical properties®9 NS T @2dzNI 6t S & Ad alF dAaFASe
whilst having 4 rotatable bonds and 3 aromatic ringkich is within thetypical range

described byicencedkinase inhibitors® The molecular wight is low(318 Da)

meaning that he ligand efficiency of this moleculeasceptionallyhigh (0.51),

reflecting the fact that all parts of the molecule contribute to activity. Theigod

aSt SOGAGAGE 0 S () obevefa viiderkipasd sgeR hakJeegnicarried

out on this molecule and is discusseddhapter2.9.2
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Table41. Medicinal chemistry profile of-cyclopropyt6-((thiophen2-ylsulfonyl)methyh1H-indazole(199). Good
results are highlighted in green, undesirable in amber and poor in red. Solubility and metabolism data supplied by
Cyprotex.

Desired value

Criteria 0,0 N
for lead s_ _S N
@ 199 H
ERKS5 Ig(cellfree) <0.1uM 0.012 + 0.007 (n=6)
ERKS5 cellular potency (Helg <1uM 0.04 £0.04 (n=2)
ERKS cellular potency
<1luM 0.24 (n=1)
(HEK293)
o LJo y % >1P0uM
Selectivity >10fold _
+kinase screefChapter2.9.2)
ERKS5 Ligand Efficiency >0.3 0.51
xLogP <5 4.8
TPSA 75-100 63
MW <500 318
Plasma Protein binding <99% 92
Cace2 A2B/B2A >1 x1¢f cm/s 39/20
Efflux Ratio <2 0.52
Solubility (Lower/Upper) >50uM 100/100
Mouse microsomal )
<48pl/min/mg 378
clearance
hERG inhibition 1Go>25uM 27% at 25.M
CYP1A inhibition 1Go>10uM 25
CYP2C19 inhibition 1Go>10uM 11
CYP2C9 inhibition 1Go>10uM 25
CYP2D6 inhibition 1Go>10uM 15
CYP3A inhibition 1Go>10uM 6

No concern is raised by values for plasma protein binding, solubility or efflux ratio, all
of which are within the desired range. Inhibition of hERG and selected CYP metabolic
enzymes was found to be adequate therefore there is not a strong reason totexpec

toxicity from the compound in mice.
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Metabolismdata collectedn mouse liver microsomeshows thatl99is cleared very

quickly; this is discussed in much greater dept@imapter2.9.6

2.9.2 Selectivity profile o#-Cyclopropyt6-((thiophen-2-ylsulfonyl)methyl} 1H-
indazole199

4-Cyclopropyb-((thiophen2-ylsulfonyl)methyh1H-indazolel99was screened for
activity against 139 kinases, this data sheeme degreef off target kinase inhibition.
Results are gathered as percentage remaining activitypl tirug concentration.
Table42 shows all kinases with remaining activity lower the 50% and therefore a

theoretical Gy below 1uM.
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Table4?2. Selectivity data gathered faFCyclopropyb-((thiophen2-ylsulfonyl)methyh1H-indazole199. Only
inhibited kinases are shown.

Kinase Remaining activity at UM /% Notes
IRAK1 1
CDKXCyclin T1 2 CDK family
ERKS8/7 3 MAPK family
CDKZXCyclin A 7 CDKramily
PRK2 8
CLK2 9
TrkA 13
DYRK1A 16
DYRK2 16
CAMKKb 17
AMPK (hum) 19
IRAK4 23
HIPK2 27
BRSK2 27
STKS3 31
BRSK1 31
JAK?2 33
DYRK3 34
MAP4K3 39 MAPK family
TAO1 40
ERKS5 42 MAPK family Target
ULK1 43
ULK2 43
TSSK1 48
Aurora A 49
ERK1 52 MAPK family
ERK2 58 MAPK family

Despite199showing poor activity against ERK5 in this selectivity panel, we are
confident that our assay gives a more dependable result due to the repeatability and

high ATP concentration.

Collectivelythis data shows 23 kinase targets whé&@ shows a theoretical Kgbelow

1 uM. A number of MAPK family targets (ERK1/2) are susceptible to inhibition by this
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compound which was not entirely unexpecteglven the shared sequence homology

with ERK5As this data showed a wide spread of inhibitibnvas decided that a wider

profile of kinases needed to t#ereened, thereford 99was submitted to DiscoverX

F2NI I {Ay2YSalOlyun 6KAOK YSIadz2NBEa +FOGA@AGe |3l

Activity is given & %octrl given by (test signatve ctrl signal)4ve ctrl signat +ve ctrl
signal) x 100). Low values indicate strongly inhibited proteins. In this assay ERKS is
identified as a strongly inhibited target (0.05 %ctrl) and MEKS5, the upstream ERK5
activating kinase, shows limited inhibition (82% ctrl). It may be desirable to inhibit both
enzymes as it is currently believed the sole role of MEKS is the activation of ERK5

making it an equally valuable target

Overall the results of this assay showed th88 possess relatively ambiguous binding
properties. 29Targetshave a % ctrl value of 1 or less, representing a number of
important kinase families. Data has been mapped onto the kin{fgure63) showing
a number of cases of subfamily associated actiNttably, the subfamilies are a

mixture of serine/threonine, tyrosine and dual specificity kinases.

Kinome Activity Map

REACTION
A,

Figure63. Kinase Activity map fdr99on the known kinomeRed spots showX%ctr| orange 40 %ctrl, green =
ERK5®
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The selectivity of this compound is undesirable as some key kinase families are
inhibited as well as ERK5 b§9(Table43). Ideally a lead compound should show at
least tenfold better potency for the target over closely related targets and one
hundred fold for a drug candidate. In this case there are a range of kinase targets for
which compoundl99is more active than ERKS5 and therefore any effect of this

compoundin vivocannot be directly attributed to ERKS inhibition.

Table43. Selectivity data gathered faFCyclopropyb-((thiophen2-ylsulfonyl)methyh1H-indazole199. Only
inhibited kinases are shown.

Inhibitory range Inhibited Members/

Kinase subfamily Name
(%Ctrl) Subfamily Members
Calcium/calmodulin
CAMK 3.35.6 4/9 dependent protein
kinase

Calcium/calmodulin
CAMKK 1.21.7 2/2 dependent protein
kinase kinase
ULK 4.2-4.6 2/4 Unc51-Like Kinases
Dual specificity kinase
acting on both
CLK 1.435 4/4 serine/threonine and
tyrosine-containing
substrates

Homeodomain

HIPK 0.252 3/4 interacting protein
kinase
Dual specificity Tyrosin
DYRK 0.2516 3/5 :
Regulated Kinase
Cyclindependent
CDK 0-5.4 4/11 _
kinases
Rhaassociated protein
ROCK 0.33.2 2/2 _
kinase
Interleukinl receptor
IRAK 0-0.7 2/4
associated kinase
JAK 0-0.6 2/4 Janus kinase
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2.9.2.1 CDKR4-Cyclopropyb-((thiophen2-ylsulfonyl)methyhlHindazolg 199crystal

structure

CDK2 inhibition by an indazole compound has heated previously(Chapter
2.5.1.1.2 and again witl-cyclopropyi6-((thiophen2-ylsulfonyl)methyh1H-indazole
199. AsCDKaactivity has been maintained it was further investigated by the
crystallisation ofl99in the CDK2 active si{€igure64) with the aim of designingut

the unwanted activity.

”A
AN

AT,

Figure 64 A-C Crystal structure 0£99 (purple)in the CDK2 active site vaised from three angles to show
orientation of the sulphonamide aromatic and conserved hinge bindimgiolecular modeling 0199in the ERK5
active site.

The CDKaindingmodeis very similar to the suggested bindingl®in the ERK5

active site. Subtle differences include the orientation of the thiophene ring which in
the CDK2stt@ i dzNB A & LINE LJgtacknR intéractiod &itNdendazole

and so the ringsdiin parallel planeslhe geometryof the sulphonyl groups fixed by
thisintramolecular interaction but they do not make an interaction in the site as seen
with the ERK5 modellinghe 8-quinoline compound5 (CDK2 Ig= 0.19> &) showed
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high CDK2divity, presumably due tdhe increasedoverlap of thequinoline and

A Y R -chdd$hereforefixing thestructure in the binding conformationn the
ERKS structure the sulphonamide aryl planalmsost perpendicular to the indazole
and therefore the aromatic group possesses a/\different vector array. By adding
groups to the sulphonamide aryl to disrupt the stacking seen in the CDK structure

selectivity may be improved.

2.9.3 Pharmacokinetic profile od-Cyclopropyt6-((thiophen-2-ylsulfonyl)methyl}1H-
indazole199

Pharmacokinetic data farf99was collected in mice after dosing at 10 mg(Kgble44).
Three dosing methods were used; intravenous (1V), intraperitoneal (IP) and oral (PO).
IV and IP produce very similar data however IP was conducted in this case as
administration is preferable.he total volume tolerated through IP is higher than IV
allowing for an easier formulatiarFor IP dosing the drug compound was taken in 10%
N-methyk2-pyrrolidone (NMP), 30% polyethylene glycol (PEG) and 60% encapsin; a
solution which could not be used for IV. From a practical point of view IP
administraion is mucheasier to conduct thatV due to the size of veins in a mouse.
Allin vivopharmacokinetic studiewere performed by Dr Huw Thomas in the NICR,

Newcastleupon-Tyne.

Table 44 Pharmacokinetic data fdr99.

Intraperitoneal Dose

Parameter Intravenous Dose (IV. Oral Dose (PO) (IP)
Dose (mg/kg) 10 10 10
AUC (pg/ml.min) 74 17 79
Crnax (g/ml) 5.4 0.25 3.2
tmax (MIN) 5 30 5
ty2 (Min) 49 81 55
Clearance (ml/min/kg) 136 - 126
Viss(L/kQ) 2.2 - 3.8
Bioavailability (%) - 24 -

AUC = Area under cun;ss= volume of distribution at steady state.
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The compound is cleared at approximately the same rate as the mouse liver blood flow
(90-110 ml/min/kg) which was to be expected given the high value for mouse
microsomal clearance (378/min/mg, Table41)."”° The compound had unremarkable

plasmaprotein binding figure of 92% which means that the blood clearance of the

unbound fraction (Gl= CL{,) is extremely high ~1600f Kk YAY k{1 3P ¢ KS @2f dzY S
RAAGNRAOGdzIA2Y OV 6 dz®BIVELRBzy Re LIVAI NBFTF SOG (KS

O 2 Y LJ2 Ty Rodvailability (24%) is therefore low due to the rapid clearance as we
know from Cace? assay datélable4l) that the compoundas good cell permeability.

A 10
-e- 20098 (10 mg/kg po)
E 11 -= [20098 (10 mg/kg iv)
£ -+ 20098 (10 mg/kg ip)
%)
Q 01y
o
™~
-
% 0.014
0.001 T T T 1
0 100 200 300 400
Time (min)
-9~ Plasma
B 10 -~ Tumour
= 1
k)
=
= 0.1
[22]
S
S o0
|
0
Z  0.001
0.0001+ T T T 1
0 500 1000 1500 2000
Time (min)

Figure65. A) Plasma drug concentrations following administration of 10 mg@@py three different routes (PO, IV,
IP); B) plasma and tumour drug levels following IP administration of 10 h§%kg

Graphical datgFigure65A) shows that drug plasma concentrations fall evenly in all
dosing methods. A pharmacokinetic experiment was also conducted using mice with a
tumour xenograft to ascertain the drug concentration in the tum@eigure65B). This
analysisshowedthe plasma ad tumour concentrations are equivalent over the

measured time period. This data shows that cellular uptake of the compound is good
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and with a better clearance profile this compound would be an appropriate tool for an

in vivoERK3arget validation experinent.

2.9.4 Target validation using-Cyclopropyt6-((thiophen-2-ylsulfonyl)methyl)}1H-
indazole199

199Has been used in a number of biological experiments in a bid to validate ERK5 as a
target and this compound series as useful inhibit&tesults havéeen generated

regarding the effect of ERK5 in angiogenesis by a matrigel plug assay and cell invasion
by scratch assays. However, given the selectivitpofppund199the positive results

generated cannot solely be attributed to the effect of ERKS5 itibihi

2.9.5 Synthesis and NMR Studies®tyclopropyt6-(difluoro(thiophen-2-
ylsulfonyl)methyl}1H-indazole(211)

2.9.5.1 Synthesis dfcyclopropy6-(difluoro(thiopher2-ylsulfonyl)methyhlHindazole
(211

In a bid to determine the metabolites @B9a fluorinated derivative of this compound
was synthesised. Orally dosing mice with a fluorinated compound and running-an F
NMR experiment with the collected animal material is often used to deterrségveral
propertiessuch as whera compoundaccumulaes where it ismetabolised and the
biological halflife.**"* Determining the structure of metabolites in this manner is
difficult as gaining a spectrum with whitte structure can be determinegi.e. C¥/H*-
NMR)requires a large amount of sample. Alternagly, once a fluorine NMR is
obtained using animal urine the shift of the metabolite peaks are recorded and
oxidation reactions upon the parent compound candeformed in an effort to match

shifts and thus predict metabolites

In the case of establishirthe metabolismof 199the F°-NMR spectraollectedwas
proposed to baused to identify thenumber of major metabolites and the quantity in
which each is forme. At this time the nature oL99metabolism was unknown and
therefore the desired synthetic target for this experiment would reveal all metabolites

regardless of which area of the parent compound was affected. Potential targets
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(Figure66) were proposed ased on synthetic feasibility and availability of starting

materials utilising adapted versisf Schemel9.
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Figure 66 Proposed fluorinated target807-211and the proposed forward synthesis from a commercially available
starting material or intermediate ofchemel9.
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4-Fluoro @07) and fluorophenylZ09) targets were disregarded because of their
significant structural difference t©99. Both the thiophenend cyclopropyl units could
be sites of metabolism and therefore exclusion of these groups would not give a true
picture of metabolism in the'™NMR. Fluorinated compour2il0was not synthesised
as the addition of three fluorines in two differeativironmentswill not onlyaffectthe
complexity of the spectra but also the properties of the molecmiere so than

desired. A silver mediated, radical procedure was found which allows fluorination of
benzylpositions, two of which are present di®9and therefae it was assumed
selectivity would nobe obtained!” This target may be more attractive if synthesised
in the sulphonamide series as a posdhe sulphone as only onlgenzyliccentreis

present
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Due to the central location of the fluorinated centegmpound211 (fluorinated
sulphone) was chosen for synthesis. It was postulated that metabolism of the indazole
or thiophene would bottperturb the chemical shift of the fluorine signal of compound

211, which would most likely not be the case with compo 2.

The gnthesisof 211was adapted from a literature procedure describing the
fluorination of benzyl sulphonic acidsndphosphonates using NaHMDS and either
diethylaminosulfur trifluoride (DAST) bl-fluorobenzenesulfonimide (NFSfjBoth
reactions are driven by the breaking of a weak heteroatom (N or S) to fluorine bond
andformation ofa strong € bond. In this case the carbon centre is activated by
deprotonation by a strong base. Both NaHMDS adityl lithium were tested for the
deprotonation with better results derived from the latter, stronger base. NFSI was
used as the fluorinating agent which gave satisfactory results and was not further
invesigated(Scheme 21)The pure product was obtained and tested for enzymatic

and cellular activity as well as mouse microsomal clearance and solubility §&able

a)

O\\//o N O\\//O \N
S-S N S-S N
o " e~ A

199 211

Scheme21. Synthesis 0R11; Reagents and conditions; aBuli, NFSI, THH,8 °GRT, 18 h, 49%.
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Table45. Potency, Clearance and Lipophilicity data regardi®@gand211

Structure Q.0 N 0.0 N
Compound 199 211
ERKZEnzymatic 10 > a U 0.012 + 0.007 0.019 + 0.003
ERK5 Cellular g0 > a 0 0.04 £ 0.04 0.003 +0.02
Mouse Microsomal
Clearance|fl/min/mg) 378 004
cLogp 4.83 5.45
Cace2 A2B/B2A 39/20 11.8/10.7

Efflux Ratio 0.52 1.11

2Hela western blot assay:MEF2D reporter assay

Both 211and the parent compound99possess excellent enzymatic and cellular
potency against ERK5. As potency is maintained it suggests tmeagridor a small
group at the sulphong@osition which may improve potencliowever, it is crucial to
recall theN-ethyl sulphonamides synthesised in Chapg2es.1.2which showed a

reduction

The fluorination of the sulphone resulted in an increase in microsomal metabolism
indicating thatthe benzyl position is not a centre of mdtalism asfluorination of this
centre remowes any possibility of oxidatiodt is most likely that this increase in the
rate of metabolism is caused by the increase in lipoptylend therefore better
recognition by CYP enzymd he increased lipophilty alsomeans that compound
211 has inferior solubility to the parenti@9) but remains sufficiently soluble for both

activity assays to be completed and iarnvivoformulation to be prepared.

Isolation of a racemic mixre of mono-fluorinated 199derivatives ac-212) was
possible upon scale up of the synthesipected to yiel®?11(Scheme 21)This
mixture wastested for ERK5 activity in the enzymatic assay measuring a similar
potency 0f0.015 + 0.006> ato 199and211(Figure 67)The activityof this compound

(rac-212) reflects the same SAR generated2ad, tentatively indicating there isome
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spacefor substitution at the sulphone. This compound was not used in any subsequent

analysis dudo the limited amount isolated. The mixtureal notbeen chirally resolved.

(@) \
\ /) N
<Sjs ”
\ F
212

Enzymatic ERKS5 IC5, = 0.015 + 0.006 UM

Figure67. Structure of monofluoriated compound212

2.9.5.2 -NMRexperimentswith 211

A formulation of211was made up and mice were dosed MWaat 100 mg/Kg and kept
in a metabolic cage for 24 hrs. UriaEboth test and control micevas collected during
this time and stored at20 °C.This work was conducted by Dr Huw Thomas in the NICR,

Newcastleupon-Tyne.

After calibration of the NMR to thBuorine signal of the positive control both urine
samples were run giving the spectra showrHgure 68 The NMR data shows thai 1
isalmost entirely metabolised inside the 24 hour time period to one major metabolite.
A remnant of uametabolised sample is visible in the dosed animal urine but indicating
rapid clearanceOnly one new peak appears in the dosed animal urine which is unlikely

to refer to two or more metabolites with the same chemical shift.
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Figure 68 F-NMR Spectra A) positive control (200 DMS@ls, 200uL HO, 44uL TFA kD; green); B) dosed
mouse urine (20QuL DMS@ls, 200pL dosed animal urine, 44 TFA bD; red); C) negative control (202 DMSO
ds, 200uL negative control urine, 44L TFA O;blue).

This data suggesbnly one metabolite exits whiclwould simplify optimising the
metabolic profileof the series, however, an oburced metabolite identification
study showed that this data was not representativel®® metabolism (Chapter 2.9)6
It is known fran microsomal data tha211is less metabolically stable thd®9and it
is therefore expected that thatensitivityto different routes differs between the two

molecules.

Although the findings here have not improved knowledgd @®pharmaokinetics
the discovery of an equipotent compound withipid, but simple metabolism may

prove important later in the development of indazole ERKS inhibitors.
2.9.6 Metabolite Identification Study 0fL99

A metabolite identification experiment wamitsourcel to Gyprotexfor 199revealing
five major metabolites. The study was conductedrmubatingthe compound 199)

with mouse liver micra@mes for 15 minutes and analysistbé resulting solution by
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LCMS. Mouse liver microsomes contain a mixture of CYBtaedmembrane bound
metabolising enzymes found in hepatocytes. The findings of the study are summarised
in Table46. This study reconfirms the initial microsomal clearance data which showed
the rapid clearance of the compounthis is made clear by thadtthat almost 80% of

the sample isnetabolisedin the 15 minute time frame.

Table46. Metabolite ID study oi99.

« A . .t Sl ING - wSGiSyidaAa:
¢e LSkt 20 ( UENe vt ca ISy U Az
YAYya o OYAYDOU
Parent compoundL99 324 319.0570 8.14
IndazoleOxidation 125 335.0519 6.00
OH 11.4 335.0518 6.62
O\\ //O | N
S = N'
g H 175 335.0511 6.92
Indazole dioxidation
HOYOH 19.4 351.0473 5.40
N4 A
S S = N
r "
Thiophene xidation
6.9 335.0513 7.54

ONP Y NH*

Iz

The study identified single oxidation of thedazoleas the major metabdie. The
experiment is not able to distinguish between the five different possible sites of

oxidation on the cyclopropyl indazoleletabolites aredentified by mass
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spectrometryfragmentation patterns. Compounti99typically fragments across the
sulphone bond which means the location of metabolites can only be deternmabd

on either the indazole or thiophene halves of the molecule. A second oxidation occurs
on the indazole in 20%f the sample and interestingly only one metabolite is shown.

As three singly oxidised metabolites are present it would be expected that three
doubly oxidised metabolites would also exist. The fact that only one exists may mean
that oxidation at certain psitions on the indazole prevents further (second) oxidation.

It is also possible that the doubly oxidised metabolite is oxidised at one or more
different positions to the singly metabolised peaks. There are six positions which could
potentially beoxidised on the indazole portion of the molecule highlightedTiable46,

not includingN-oxidation(Figure69).

Figure69. Potential oxidation sites on the indazole core.

Position D has been discounted as an oxidation sitetdwsgnthesis of diluoro
sulphone compoun@11which did not improve the metabolic profil€hapter2.9.5).
Rapid oxidation of betylic positions such as(Eigure69) is well documentednd is

likely to have been oxidised in this case.

Oxidation on the thiophene occurs in 7% of the sample which is the smallest portion of
metabolites.This data only shows the effects of phase 1 metabolism caused by CYP
enzymes but this is not necessarily the limit of compound ffications Once oxidised
thiophenes are susceptible © nucleophilic attack producing toxicophorgéspending

on the nature of the nucleophildf thiopheneglutathione conjugates forprenal

excretion is increasedHowever, if protein or CYP enzymes act as the nucleophile
toxicity generally increases. The real danger posed by the thiophene ring matbhee

of the metabolitesProduction of epoxideghiols,thials and aldehydésy ring opening

or other pathwaysand the formation of Michael acceptovsa Soxidationmeans

numerous highly reactive species are relea@édure70).
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Figure70. Biotransformations of the thiophene ring, adapted from Dol&tal*** *"®

The mosttommon reason for a drug to be withdrawn from the market is idiosyncratic
toxicity derived from formation of reactive metabolit¢SNumerous drugsn the

market contain the thiophene moiety testifying to gsitability to drug-like structure.

In someexampleghe thiophene is the major source of metabolic changes to the
molecule and is associated with various toxicitieable47). Oxidation of the sulphur is
common across these drug structures with soevedence for epoxidation also.

Toxicity is commonly associated with the liver and also the kglagyhese are the
major sites of metabolismCW inhibition by Tienilic aci@13) metabolites is critical

due to the prevalence of CYP2C9 which is specutatetkttabolise 15% of all drug$.

' The chance of drudrug interactions is significantly increased when a fundamental

enzyme such as CYP2C9 is inactivated incretignthance of advee effects'”®
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Table47. Drugs containing a thiophen@g, the metbolic pathway and any associated toxicity. Adapted from
Dolencet al.'”

Reactive o _
_ Toxicity of Daily
#- Name Drug Structure Thiophene
_ Dose
Metabolite
Drugs containing metabolically labile thiophene:
O ClI
213 Tienilic N Cl Soxid o CYP2CO inact
oxide, epoxide inactivatg
acid \s o/ﬁ(OH
O
| N Livertoxicity in
214 _N _ _
_ ﬁ Soxide rats, Periportal
Methapyrilene N S _
| necrosis
O
215 Tiaprofenic S »
_ \ / Not reported Acute cystitis
acid OH
o
_ ) Renal toxicity in
216-Suprofen Soxide, epoxide
humans
S o}
217-Zileuton | N—4 Soxide Hepatotoxic
HO  NH:

In every case othe drug examples included rable47 the thiophene is substituted in
the 2-position and the 4postion is unoccupied. As seen iiglre 70 all five positions
around the thiophene ring can be oxidised unless substituted meaning that only a
completely masked thiophene, includingp@dation, would attenuate the metabolism
beyond doubt. Examples of both electroich and-deficient thiophenes e included

in Table47 with no clear distinction between the metabolism of either.

Figure71shows thiophene containing drugs in which the thiophene is not the major
route of metabolism. Structurally these compounds are unrelated and the properties
cannotbe correlated to aid design decisions regarding progressid®@though it is
encouraging that two cases of mowsoibstituted thiophenes exist without metabolic
liability.
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Figure71. Drugs containing a thiopherréng which are not metabolised via biotransformations of thiophene.
Adapted fromDolencet al*’®.

Metabolism of the thiophene accounts for 10% of metabolites identified in the study
and is known to produce reactive and therefore toxic metabolites. For this reason
replacement heterocycle systems were investigated to improve the metabolic liability

of the moiety and theoverallLogP of the compound (s€&hapter2.11.1).
2.9.6.1Targets Arising from Metabolite Identification Studyl68

The results of the metabolite ID study show that oxidatdithe indazole and
cyclopropyl arehe major caussof fast excretion in mice. No indication is given in the
study as to which positions on the structure are thest labileand at least three
different positions araffectedin almost equal measure. Achloroindazole 222
derivativeof 199was proposed fosynthesis to better understand the reactivity of the
5-position.Introducing a halogen to the aromatic ring blocks any metabolism at that
position thus if microsomal stability fluctuates a relationship can be establighed.
procedure togivecompound222was found serendipitously whenvestigating
thiophene replacement group€hapter2.11.1). During thioether oxidation to
sulphone it was noted thata small amount othlorination took place selectively at the
5-position (Schem@2). This transformatiomccurred due to the presence of both

Oxone®nd NaCl in the work up of éhoxidation reaction.
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Scheme22. Hypothetical reaction of thioethet91in Oxone@&nd brine toproduce chlorinated derivative22.

2.9.6.2 Synthesis of Chlorinated Derivative$3%

The reaction was repeateash the sulphone compound 99with anexcess of brine in
order to estaltish the limits of chlorinationTwo equivalence of Oxo®n HO, one
equivalence ofl99in MeOH and brine were uséd make a 1:1 ratio of aqueous and
organic solvent. The solution was stirred overnight at room temperatureshosved
full conversion of the starting materigd four products by LCM&ter this time

(Scheme2d).
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Scheme23. Formation of chlorinated derivatives @09; Reagents and conditions; a) Oxone, Brin€,HMeOH, RT,
18 h, Quantatived2236%,22324%,22421%,22521%).

All four productg222-225) were separable by standard phase MPLC and produced in a
guantative yield regarding starting material. The major product was the mono
chlorinated compoun@22(36%) and the remaining doubly and triply chlorinated
compoundswere isolated in neaequal meaare. Substitution patterns were easily
identifiable by H-NMR after using 2D spectra to full assi@®with high confidence.
Proton peaks corresponding to chlorinated posiacan be seen to disappear iiglre

72 as the degree of chlorination increases.
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Figure 72H-NMR spectra 0£99and 222-225aromatic regions199 sample in CDgR22-225all in DMS@.
Thechlorinationis an electrophilic aromatic substitution £&r) caused by the

formation of hypochlorous acid from the radical deepositionof peroxymonosulfate
(active salt in Oxone®)igure73).X®° Hypochlorous acid is a highly reactive source of
Crl'and so the indazole positions conjugated to the NH are readily chlorinateidh

are the unoccupie®-, 5- and 7positions. The electron withdrawing effects of
halogenation of indazole are not so great that the nucleophilicity is completely
diminished and therefore multiple chlorinations occur on one substrate leading to the

di- and trirhalogenated compouthls 222-225.
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Figure73. Mechanism ofOxone®nediated chlorination 0199
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