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Abstract

This research describes the use of bioisosteres within two medicinal chemistry
programmes. Firstly, a bicyclo[1.1.1]pentane (BCP) was investigated as a phenyl
group replacement in an attempt to improve the physicochemical profiles of two Lp
PLA, inhibitors. Installation of the BCP unit was accomplished through a
challenging 16step synthesis in reasonable yields. The physicochemical profiles of
both inhibitors vere enhanced with high potency maintained when one BCP inhibitor

was compared to its parent.
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AMP = nm/s AMP =705 nm/s

With the enhancement in physicochemical profiles the application of the BCP unit to
alternative systems was desired. To this, ghd synthetic route to thBCP was
investigated in order to allow access to a variety of functionality across the BCP
moiety. Electron deficient aromatic systems proved to be the most suitable analogues
to the route investigated with significant challeagencountered on alternative
templates. Additionally, isolation of the mowblorinated BCP stimulated interest in
potential crossoupling reactions to generate novel BCP systems. An extensive
investigation provided no desired crassipled product withring opening of the

BCP providing a considerable challenge.
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Bioisosteres were also investigated in the context of BET inhibitititising an
ester as a bioisosteric amide group allowed investigationsoftalrug apprach to
BET inhibitors. Replacement of a methyl amide with an ester allowed retention of
potency at the target with the introduction of a metabolically labile group to facilitate

site selective inhibition.

MeHN (O] MeO O

The lability of the ester group was investigated in a human whole blood assay to
investigate the halives of the compounds, in which it was shown that the ester
functionality was unstable. This provided good evidence to support thelragft
approach in BET inhibitiorF-urther elaboration of the initial hit led to an unforeseen
reduction in potency which was rationalised as a conformational bias against the

optimum geometry for binding.
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1.0 Targeting atherosclerosis
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1.1 Atherosclerosis

Atherosclerosis is the buHdp of waxy plague on the inner arteriaad has been
implicated in myocardial infarction (MI) and strak&'he process ofitherogenesis
involves a compbe interplay between the bloodstream and arterial wall compohents.
This was originally thought to beaused bybland lipid storage in theririal wall,
however,more recentlyit was discovered that this lipid build up goes hamtiand

with an inflammatory respongdn normalendothelal tissue white blood cells do not
bind? However, after build up of lipids within the arterial wall the endottieklls

start to express adhesion molecules such as vascular cell adhesion mlecule
(VCAM-1)2 VCAM-1 is able to bind white blood cells and recruitnthéo the
arterial wall at sites of lipid build ufFigure 1A).> Monocytes and Eells can then

be transferred across the endothelium by a variety of chemoattractant proteins
specific to each cell typesuch as monocyte chemoattractant prete{MCP-1).23

Once these bloederived inflanmatory cells reside within the arterial wall they
participate and propagate a local inflammatory response. These cells release free
radicals and inflammatory cytokines suchigerferona (INF- 9) and lymptotoxin.

This creates localised oxidativ&ressin which free radicals oxide lipids, the
products of which increase vascular inflammaiiBigure1B).! As the inflammatory
response continues, macrophages can accumulate imnthe presence of a
macrophage colongtimulating factor (MCSF) can cause the blood monocytes to
differentiate into foancells. Thisleads to lesions and fatstreaks on the arterial
walls called atheroma. The macrophages within the atheroma produce proteolytic
enzymes which degrade the fibrazmlagencap of the arterial wafl. The reduction

in cap size and strength leaves these plaques susceptible to rugdismgtion of

the atherosclerotic plagues can lead to blockage of vital blood vesselsadoorte
stroke (Figure 1C).! The enzyme ipoprokin-associated phospholipase A2 {Lp
PLA,), also known agplateletactivating factor acetylhydrolase (PA%¥H), has been
extensively studied as a potential therapeutic target for the treatment of

atherosclerosis.
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Figure 1 - Atherosclerotic plaque build up’ Figure reproduced from Inflammation and Atherosclerosis,
Libby P., Ridker P. M., Maseri A., Circulation, 2002, 105, 113543 with permission from Wolters Klumer
Health Inc

1.2Lp-PLA,

Lp-PLA; is a member of the PLAsuperfamily of which there are figen separate
groups and several sigwoups’ The PLA family are assigned to groups based upon
their sequencemolecular weight, disulfide bonding pattern, requirenfentCa’*

and other feature’s' As such,Lp-PLA; is classified by its sequence, size, calcium
independece and substrate specificity as a member ofMhA& PLA, or PLAG7
group®® The crystal structure of thisolated LpPLA, enzyme has been solved to
confirm thepresence ofmU/ b hydr ol ase fold consisten
esteraseswith a classicserine/histidine/aspartate catalytic trifiéigure 2), using
diethyl 4nitrophenyl phosphatdparaoxon)as a covalent ligand The crystal
structure, which was solved to 1.5 A resolution, shows that the active site is open and
lacks a lid regior{Figure3).® This open conformation may account for the ability of

the enzyme to hydrolyse a rangepdfospholipids with differensn2 (hydroxyl of
second carbon in glyceroBcyl chains. The substratesadable to the enzyme
include shor and mediurlengthsn-2 fatty acyl chainshowever this chain length
restriction is relaxed if then-2 acyl chain contains polar functionality This might

be accounted for by the polar chain extending out into solvent rather than into the
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hydrophobic pocket ahe enzyme due to the open canfiation of the active site.

Figure 3 - Lp-PLA, crystal structure showing surface of active sitvith covalently boundparaoxor®
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Schemel - Enzyme activity: catalytic triad
The catalytic activityof Lp-PLA; is primarily driven by 3 key residugSel73,
His351 andAsp296 collectively known as the catalytic trig@chemel). The serine
residue attacks the bound phospholipid with twaxkbone amide residyeshich
form what is known as the oxyanion hosabiligng the tetrahedral intermediatea
hydrogen bonding. The nucleophilicity of the serine residue is increased by the

fiproton shuttlé that exists betweethe histidine and aspartate residues.

Lp-PLA,, produced pmarily by macrophageshydrolyses plateleactivating factor
(PAF) (Figure 4) and glycerophospholipids with short, truncated or oxidised fatty
acyl groups at thesn2 position of glycerof:>'?*? |t circulates through the
bloodstream in the age form as a complex with low and high density
lipoproteins®®
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Figure 47 R = Ac Platelet activating factor (PAF)1.2.1, R = H LPC 1.2.2
Hydrolysis of PAF and other similar substrately Lp-PLA, generatespro-
inflammatory mediators such @&gsophasphatidylcholine PC) and oxidised nen
esterified fatty acids. LPC can induce apoptosis but also impairs dead cell removal

and thusleads to necrosis™*

Extensive epidemiological ancgetic studies have been conducted to elucitiete
role of Lp-PLA; and its association with atherosclerdsis.A comprehensive
epidemiological studyof 79,036participants across 32 different studigshealthy

patients suggestetthat the activity levels of L4PLA, are not a useful predictor of
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future coronary heart disease (CHB)Further studies investigating pLA;
activity combined with levels of oxidised phospholipids indicated only a weak
potentiation of the risk of cardiovasular events’'® Additionally, in patients
suffering from acute coronary syndroyeo discernible correlation between -Lp
PLA; activity and future schemic events was obser/&dowever, in patients with
stable cardiovascular disease (CVD) a correlation was obseBes@ral studies
indicated that increased LA, mass predicts future cardiovascular evéfifs.
However, LpPLA; is carried in the bloodstream with lipoproteins and these are
themselves common risk factors for futwardiovascular events. A comprehensive
study of over 3®00 patients demonstrated that an increase HRPIL4y, activity or
concentration correlated to tlecreasedisk of CHD or ischemic stroke with the
models adjusted for the common risk factors inclgdipoproteins:® A summary of

the epidemiological evidence suggests that increasedPllyp concentration
increases the risk of MI, ischemic stroke and cardiac death in patients with stable

CVD, therefore making the target of therapeutic interest in thisrgatohort*

Genetic studies have also elucidated an association betweehAzpand CHD. A
missense mutation (@ at position 994 in the PLA2G7 gene produces a
substitution of a valine for a phenylalanine (Val279Phe) near the active site of the
enzyme®* Homozygous carriers of this variant display no-RpA, activity and
heterozygous cders display 50% activity compared with the wild type alféf&.
Studies, predominantly in Asian individuals, demonstrated that the Val279Phe allele
shows an increased risk for atherosclerosis, coronary artery disease (CAD), stroke
and MI?% As this mutation occurs between the active site residues Ser273 and
Asp296, it is postulated that this effects the protein folding in a way that disrupts the
active site conformation thereby removing actividowever, there are two studies
within Korean individuals that suggest that the Val279Phe mutation lowers the risk
of CVD.3*2Despite onflicting reports, the considerable evidence linkingRIpA,

with CVD has led to continued interest in this enzyme thempeuticarget:
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1.3Lp-PLA inhibitors

Despite he somewhat cortradictory evidence associating Lp-PLA, to
atherosclerosjghe high unmet medical need has led to the development of a range
of potential therapeutic agents that inhibit-RpA,. Darapladif®*** and ilapladib

are examples of sucdompoundgFigure5).

Iy

darapladib 1.3.1 rilapladib 1.3.2

Figure 5 - Darapladib and rilapladib

Darapladib is the mostxtensivelystudiedLp-PLA; inhibitor andwas progressed

into phase lliclinical trials.In vivo studies have repeatedly shoderapladib inhibits
hydrolysis of LpPLA, substratessuch as PAF and othetsin rats, dogs, rabbits and
pigs3* Pre-clinical studies in hypercholesterolemic pigs demonstrated a reduction in
lesions, necrotic core areand medial destiction upon treatment with darapladib. It
also induced down regulation of inflammatory gene expression as well as a reduction
in the preinflammatory cytokineMCP-1, whichin turnled to a reduction in plaque
macrophage contefit.Other observeéh vivo effects of darapladib include reduced
content of lysePCs within atherosclerotic lesiofs;however, no reduction of
truncated oxidised PC speciaghich are known substrates of LA, has been
observed® In a phase Il study of patients with stable CHD, darapladib led to
sustained inhibition of Ly®LA, over 12 week treatment.It resulted in an average

of 59% reduction in LifPLA;act i vity and stopped the ex
necrotic core® Additionally, across all phase Il studies no major safety concerns

were highlighted with only minor side effects of diarrhoea and malodour Hotéd.

Thesein vitro andin vivo datasupportedrogression of darapladib intavo phase Il
trials for bothstable and unstable coronary disedke first of which was completed
in 2014.The two and a half year investigatiorvolved 13,026 patients in a double
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blind study, the objective of which was to evaluate darapiadifficacy and safety

in patients after an acute coronary syndrome (A€@®nt>® This investigation
concluded that there was no significant reduction in the risk of major coronary events
and therefore unfortunatetiis studydid notreach its primary end poinit was also

noted that patients within the daraplatiest group reported an aderelated concern

as well as an increase in reports of diarrhoea compared to the pladebecent

press releaseelatingtod ar apl adi bds s dncoven 8,000 lpatisness | 1 |
indicated no significant rduction in adverse cardiovasculavents compared to

placebo’”

The dructurally relateccompoundilapladib has also beatevelogdas an LpPLA,
inhibitor, however,in this case it has been examinedime context of Al
disease(AD).** Darapladib had previouslgeenshown in a diabetienellitus and
hypocholesterolaemic pig model to reduce the extent of immunoglobu(ig®

brain parenchyma penetratiéhThis indicated a reduction in blodmtain barrier
(BBB) leakage and also lowered the amount of brain amylgeéptide deposition.
Both of these indicators suggest tlitaits possible to reduce the phaction of pre
inflammabry mediators at the BBB. This shoulgésult in reduced levels of
neuroinflammation and central nervous systédINS) a my | o ¢omcentbations
leading to reduction in plaquessponsible for the onset of AB. 24 week study was
thereforeconducted to evaluate rilapladib in this conf&xthe study concluded that
rilapladib was well tolerated in terms of its safety and that there was a significant
difference in executive function/working memory (EF/WM) between placebo and

rilapladib®*
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1.4 Darapladib and rilapladib properties
Unsurprisingly, comparison of the available-bay data indicateslarapladib and
rilapladib bind to LpPLA, in similar manner with the exccyclic carbonyl

mimicking the ester functionality of the enzyine  n aubstratez.j. PAF(Figure

6).
FsC @’ FsC ]
3 O SN ) O (S) N
SE IR b1
) T

darapladib 1.3.1 rilapladib 1.3.2

Figure 6 - Key binding motif highlighted on darapladib and rilapladib

This blocks the active site the region in whichthe Ser273, His351 and Asp296
form the catalytic triad and the backbone amide NHs of a Leul53 and Phe274 help to
bind the substrateThe remaining functionality occupiebBydrophobic pockets
adjacent to the active siteade up of a wéety of Leu, Phe and Trpesidues? This is
confirmed by theX-ray crystal structure of darapladib bound within the active site of
theLp-PLA, enzyme(Figure7).*®

Figure 7 - X-ray crystal structure of darapladib bound to Lp-PLA,
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Darapladib shows excellent potency againstAli\, in in vitro assays with a plég
of 10.23* It has good artificial membrane permeability (AMP) 662m/s probably
as a result of its highly lipophilic natuend its basi centre Its kinetic solubility
(CLND) is poor; however it displays modé thermodynamic solubilitFaSSIF)
(Table 1). Similarly rilapladib displaysexcellent LpPLA, potency with a plgy of
9.6.

Table 1 - Summary of darapladib and rilapladib data

Darapladib Rilapladib
pIC 5o 10.2 9.6"
CLND ( & M) 5.5 <1
FaSSIF (gg 183,399 203
ChromLog D74 6.6 6.74
AMP (nm/s) 255 160
Molecular weight 666.77 735.81
PFI 106 11.74

Two batches tested

Despite their high potency both inhibitors exhibit suboptimal physicochemical
profiles. They have high molecular weights, low aqueous solubility and high
property forecast irides (PFI)** This leaves bothmoleculesin an undesirable
physicochemical spadhat is frequently associated withcreased risk ofttrition
(vide infra).

Therefore, thexr remains an unmet need to identify analoguethe$epotent Lp
PLA; inhibitors with improved physicochemical propertiedich is the focus of this
chapter The specific parameters of interest to the current study are detailed in the

following section.

10
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1.5Physicochemical properties and attrition

Physicochemical propertiesuch as solubility and permeabiligre key parameters
when investigating drug molecul&s*’ Not only doesa drugrequire potency at the
target of interestit mustcross a numbesf environmentgo reach thatarget. For a
drug that is aally dosed, these include the gut, in which the pH varies between 1.2
and 8; digestive enzymeaghich metabolise xenobioticandthe small intestine wall
throughwhich the drug must permedfeOnce inthe blood stream it then has to
regst furthermetabolism in the liver and finally reach the target of interest to cause a
biological effect!®

Medicinal chemists must therefore consicemMmerousparameterdeyond simple
potencywhen designinga potentialdrug moleculeFirstly, a compound of interest

has to be soluble. Aqueous solubility is important because this can affect absorption
within the gastrointestinal (Gl) traciAn undissolved compounds unlikely to
permeateand therefore will pass through the Gl tract aackcreted, leading to poor
bioavailability. Furthermore, a molecule must be sufficiently permeable to permeate
acrosgshe intestinal wallia diffusion or be actively carried across the membrane by
active transporters. Additionally, permeability ismportant when access to
intracellular targetss required Upon absorption, the compound must survive liver

metabolism to be able to reach its site of aciidact

In order to predictthe ability of a molecule to reach its site of actionvivo,
medicinal ©iemists use a range of measutaghe early discovery phassolubility
can be measured using a high throughguemiluminescent nitrogen detection
(CLND) method.This is measureffom stock dimethylsulfoxide (DMSQgolutions
andgivesa kinetic measuref solubility.

More advanced molecules can be testedra$SIF to investigate thermodynamic
solubility. This utilises a buffer containirspdium taurocholate, lecithin, maleic acid,
and sodium chlorideaiming to mimic intestinal fluid to give a moraccurate

represerdtion of the biological system.

Partitioning a compound between solutionsnadctanol and water will provide an

insight intothe lipophilicity of a compoungdand allows us to calculagedistribution

11
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coefficient (logD). Log D can beutilised to investigate the distribution of compound
at a certain pHThe pHof human blood is approximately 7sé this tends to baesed

to predict solubility within this environmentowever, 1 is alsousefulto examine
more extreme pks to assess the rala lipophilicity in different compartments;
gastric fluid for example has a pH of approximatelyOetanol/water distribution
coefficients are time consuming to measurberefore a high throughput

chromatographic methdchown as ®romLog D74 has been deloped®

Additional parametergxaminedinclude germeability which can be correlated to
absorption.This can be predicted by examining the passive diffusion of compound
across an artificighhospholipidnembrane

Metabolic stabilityis also important to ensure the compound can suriovea

reasonable periodvithin the body without degradation to inactive or toxic by
products. Thiscan beestimatedusing an in vitro human liver microsomal assay,
involving themetabolism of compound with variety of enzymes present in the liver

andmeasuring the concentratiohparentdrug after a period of time.

These parameters in combination make up the physicochemical profile of a drug
molecule. These data can be used to make predictions about the potential issues
associated with drug metabolism and pharmacokinetics (DM®RI)ng forward.In

addition to measured properties, a range of computationallyedefactors are also

of interest, particularly at the compound design stage.

A seminal paper by Lipinsket al. investigatedthe properties of over ,200
compounds, from the Worl®rug Index, in order to ascertain a general profile of
oral druglikeness? This investigation loked at a range of properties including:
calculated logP (clogP), molecular weigh(MW), and number of Hbond donork
acceptord® From this analysis, Lipinski observed that approximately 90% of the

compoundsn this setaywithin aspecificrange for each paramefgr:

1) O5 H-bond donor§HBD)

2) 010 Hbond acceptoréHBA)
3) O500MW

4) OS5 clogP

12
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These guidelinesareo |l | ecti vely known @aowcommally ir ul e
used throughouthe medicinal chemistrgommunityas predictors obral exposure;
molecules which obey these rules have a greater chance of exhibiting a good

pharmacokinetic profileand thus being successful in the cliffté?

A similar anaysis has been conducted by Vebeand ceworkers®®® This
investigation consideretl100 drugcandidates at GlaxoSmithKline asbdowedthat
oral bioavailability in rat was related tmth the number of rotatable bonds within
molecule and the total polanr$ace aregPSA), suchthat good bioavailability can be

achieved if*®°%>!

550 13 rotatable bonds
6) O 1AfPSA

Additionally, Bral et al. examined lod® as a descriptor versus IBg* This analysis
provided evidence to suggest that IDgwas a better measugence it takes into
account the distribution of the ionised and -iomised states of the compouad

biologically relevant pHs?

Since Li pi ns kpharmaceaitalmompanies have dekeloped their own

rules to guide medicinal chemiststhedesignofmo | ecul es i n-l g&ked or
physicochemical spac®fizer has developed both 18475 rule and also the golden
triangle®>* The 3/75 rule was derived from an investigation of 245 compounds in
which it wasdiscovered that compounds with a Bgreater than 3 and a topological

PSA less than 782 were 2.5 times more likely to be toxitEli Lilly reported a

similar trend with logP in a study of over 400 compounds, however, found no
correlation betweeropographical PSA and toxicology.Leesonet al. have also

noted similar trends in an examination of over 2,000 compotin@ibese data

suggest that the more lipophilic a compound the more likely it iexoibit

toxicological side effects

The golden trianglevasalsodevelgedas a visualisation technique to aid medicinal
chemists in achieving metabolically stable, permeable drug moledulBisis
techniqueutilises a plot ofMW versus log Dwith a baseline from log D2 to 5 at a
MW of 200 with an apex at log D approximately 1.5 at a MW of #50lith a

13



Nicholas Measom Property of GSK Copyingnot permitted Confidential

Afgol den triangleo superi mposed which has
450. Compounds whose€lW and Log D fall within this triangle, have a greater

chance of having suitable permeability and clearance pr¢filgare8).>

Color by Parm_ Stable_Eve
mYez ONo
550

500

450

400

MW

350 Br
300
250

200

Figure 8 - Pfizer golden triangle Reprinted fromUsing the Golden Triangle to optimize clearance and oral
absorption, Johnson T. W., Dress K. R., Edwards M., Bioorg. Med. Chem. 12609,19, 55605564
Copyright 2009with permission from Elsevier

It is noteworthy thatsome compoundsvithin the desired regioran fail in the
clearance or permeability assay&xplanations for this inclueimetabolic soft spots
within the molecule having an impact on clearance or some Lipinski rules being

broken such as the number of HBDs/HBAs leading to-penmeable compounds.

Within our laboratories, whave also developed a numerical visualisation to predict
developability of ompounds. ThisPFI is calculated asChromLog D74 plus the
numberof aromatic ring.*> Significant analysis has been undertaken by Y etray

and the data indicate thato maximise the chance of identifyinga soluble,
metabolically stable and permeable compouredjuires a compromise, with
permeability and solubility inherently working against each offieble 2).** It is

also noteworthy that increased lipophilicity can impaamiscuity, with undesired
off-target interactionsvith cytochrome P450 enzyme®tentially leading to toxic

effects®®

14
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Table 2 - Percentages of compounds achieving defined target values in the various developability assays
categorised by PFI or iPFf° Reprinted from Getting physical in drug discovery II: the impact of
chromatographic hydrophobicity measurements and aromaticity, Young R. J., Green D. V. S., Lbgc@Gm
N., Hill A. P., Drug Discov. Today2011,16, 822-830, Copyright 201ivith permission from Elsevier

PFl = mChrom log D72 + #Ar

Assay / target value
Solubility >200 uM

%HSA <95%

2C9 plICs <5

2C19 pICso <5

3A4 pICs; <5

Cliny <3 ml/min/kg

Papp >200 nm/s

hERG pICs, <5
(+1 charge)

Promiscuity <5 hits
with pICs, >5

HSA = Human serum albumin

The PFI measure also demonstrates the utilityooitrollingthe number of aromatic
rings in a molecule This is a concepthat has gained traction in recent years
following on from theinfluential paper by Loveringt al discussingi e scapi ng
f 1 at ¥ Ehis theestigation looked at the fraction of sparbons as a measure of
chemical saturation, which was then related soccessfulcompound pogression
through the drug discovery proce&&his analysis found that compounds were more
likely to reach the latter stages of drug development if they contained mibre sp
character® Additionally, they noted aimilar correlation between the number of
chiral centres irmamolecule and progressighincreased saturation not only provides
accesgo more chemical space buhcreases solubily and an improvedselectivity

profile.>®

Significantanalysis of drug attrition has been conducted over the wearsised to
develop these concep®nalyses ofidruglike" moleculesreportedbefore 1983 and
19832002 revealed a trerfd It was clear that compounds made in the Igitsiod

had a tendency tiall outside theguidelinesproposedy Lipinski and others! Since

this study, the trend hasontinued an analysis by Wrchanet al carried out on
bioactive moleculeslisclosedbetween 2003 and 2003howedan averagéncrease
in clog P from 2.7 to 4.1 and an increase in m&AN of 92>’ This comprehensive

15
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study also demonstrated that as compounds are progressedHednmoactive hit
stage to dinical candidate and ultimately to drug molecule,the average

physicochemicaproperties improvéTable3).>’

Table 3 - Average properties ofmarketed drugs, clinical candidates and bioactivénit compounds’
Reprinted from Physicochemical property profiles of marketed drugs, clinical candidates and bioactive
compounds, Tyrchan C., Blomberg N., Engkvist, Bogej T., Muresan S., Bioorg. Med. Chem. Lett., 2009, 19,
69436947, Copyright 2009 with permission from Elsevier

Property Mean Median
Marketed drugs (n = 976)
cLog P 2.74 2.83
MW 335.5 318.5
PSA 64.7 59.1
Rotatable bonds 5.6 5
HBD 15 1
HBA 3.9 4
Clinical candidates (n = 6607)
cLog P 3.39 3.47
MW 415.1 402.5
PSA 86.7 77.7
Rotatable bonds 7.5 7
HBD 1.9 2
HBA 5.3 5
Bioactive compounds (n =1,184,611)
cLog P 4.04 4.09
MW 455.0 450.5
PSA 87.5 81.5
Rotatable bonds 8.2 8
HBD 1.9 2
HBA 5.4 5

Potential explanationdor this discrepancy between hit/lead compounds and

marketed drugs inclucdf:

1) The biological targets studiedte lesdraciable
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2) Search for noveltyhroughsynthesisindarger compounds

3) High throughput screenin@TS) generate more lipophilic staig points

4) Use of parallel or combinatorial synthetic chemidagding to higheMW
compounds

5) Organisational culture and strategy

A morerecent study on drug ation rates published in 2015 demonstrates that the
discovery chemistryculture is changingTermination of compounddue tosup
optimal pharmacokinetics waseduced by approximately 9% the period 2006
2010 compared to 20®2005.>° This is possibly due to the pioneering work by
Lipinski, Young, Leeson, Loveringand othersdiscussedoreviously. These have
influenced organisational shifts towaraisproving the overall profile of molecules

rather than focusing gmotency at all costs

With physicochemical properties being key to a drug n d i shecéssm@thods of
improving these important parameters are of considerable int@essosteresare
one such methodn which functional groups can be exchanged for similar
functionality to enhance partiar properties, and this concept is further explored in

the subsequent section.
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2.0 Bioisosterism
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2.1Early work

Isosterism is a concept that has been arounagproximatelyl00 yearswith the

idea being formulated in 1919 hyangmuir®® He suggested thabmpounds having

the same number of atoms and the same total number of electrons may arrange
themselves in the same manner and can be classed as i$85teese compounds
shouldthereforeshow similarities in physical properti&sThis concept was further
developedoy Erlenmeyer in the 1930s. Erlenmegeral investigated the difference
between O, NH and GHyroups as well as phenyl versus thiery& demonstrated

that antibodies were unable to distigh between these functional groups in
artificial antigen$” ®® It wasnot until 1950 that the term bioisosterism was coined.
Friedman defined bioisosterism as compounds that exhibit similar biological effects
but with different isomeric structur8$ This idea therefore depends mare the
context in which thesésosteres are applied and less on their underlying physical
properties, which isin extension ofangmuiis original definition, although the two

are clearly connectedioisosterism therefore is separate but related to isosterism.
More recently Burgernoposeda broader definition of bioisosteras ACompounds
or groups that possess nemual molecular shapesd volumes, approximately the

same distribution of el ectrons, ®and whi c|

With bioisosterism focusing on the biological activity of compounds, the mlesig
space of suclgroups can be wide. Different structural changes between bioisosteres
can have a marked effect on size, shape, electronic distribution, polarisability, dipole,
polarity, lipophilicity and pk.®® All of these nuances have the potential to provide a
beneficial or detmental impact upon the biological activity of a compound.
However, bioisoteric replacements have the potential to modify a variety of
physicochemicaparameters utilised in a medicinghemistry setting. Bioisosteres

are nowkeytoolsfor a medicinal chaist, enhancingheir ability to not only modify
potencybut also key parameters such ssectivity, metabolic stability, toxicity,
physicochemical profileand also intellectuaproperty The medicinal chemistry
literature is nowreplete with examples ofbioisosteres andheir effects in many

different druglike molecule$?
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2.2 Bioisosteres

Bioisosteres can be classified into two groups: classical andlassical. Classical
bioisosteres encompass simple structural changes of-prainar trivalent atoms or
groups as welas ring equivalentsT@ble 4).°*®® Non-classical bioisosteres are more

structurally diverse exhibiting different stedadelectronic parametefs:®°

Table 4 - Classical bioisostere® Adapted with permission from: J. Med. Chem., 2011, 54, 22891,
Copyright 2011 American Chemical Society

Classical bioisosteres

DandH
Fand H
NH and OH
Monovalent RSH and ROH
F, OH, NH, and CH
Cl, Br, SH, and OH
C and Si

C=C, C=N, C=0, and C=S
1 CHy T NHT , T OT1 ,
RCOR6, RCONHRO, F
RCOSR®
RsCH, RN

R,C, RIN+, R,Si
Trivalent in which three bonds are affect Alkene, imine
TCH=CHT ,
1 CH=andiN=C

Bivalent in which two bonds are affecteq

wn
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2.3Deuterium as an isostere for hydrogen

Substitution of ahydrogenwith a deuterium atom represents the simplest form of
bioisosterism. The only physical difference between deuterium and hydrogen is the
extra neutronn the deuteriummucleus However, this small changantranslate into
significant effects that can be exploited. For example, deuterium is slightly less
lipophilic than hydrogefi’*®®the carbon deuterium bond length is slightly shcatet
therefore strongethan the carbon hydrogen borahd deuterium incorporation can
increase basicit}” "? As such deuterium has been usbkg medicinal chemist$o

75,76

modulate compound metaboligt’® “toxicity’"®and to slow epimerisatioti.”’

Deuterium has commonlyelen used to investigate theechanism of the metabolism

of drug molecules. This is exemplified by the use of the kinetic isotope effect (KIE)
to eluddate the rate determining stéqvolved in a given metabolic pathwdy ™

These effects have now been translated into drug molecules to modulate their
metabolismAn example of tb incorporationof deuteriumin a drug moleculdas

been reportecby Auspex Pharmaceuticals The original compound venlafaxine

(Figure9) is a dual serotonin/norepinephrine reuptake inhibitor which is used to treat

depression.
| s
N N
\ ~
OH OH CDs
© ?
| CD,
venlafaxine 2.3.1 SD-254 2.3.2

Figure 9 - Venlafaxine and deuterated analogue S1254

The metabolic liabilities of this compound includedand NdemethylationAuspex
therefore investigatedincorporaton of deuterium at these sites of metabolism.
Subsequently, they produced 2B4 (Figure9), which demonstrated 0% reduced
rate of metabolismin vitro. Early clinical studies of this compound have
demonstrated increased exposure of the parent drug and reshrosshtrationof
the previouly observed metabolite$® A further exampleof such deuterium

incorporation includes the deuterated analogofe antidepressant paxetine
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developed by Concerth@rmaceutical§Figure 10).”®"° Interestingly, deuteration in

this case increases thate ofmetabolism compared to parent compo(hd.

0] o}
)
W O o RO O O

N N
H H
paroxetine 2.3.3 CTP-347 2.3.4

Figure 10 - Paroxetine and deuterated analogu€TP-347
Deuterium caralsobe used to inhibit the production of toxic metabolites. Efavirenz
(Scheme2) is a human immunodeficiency virusHIV) 1 nonnucleoside reverse
transcriptase inhibitof® This compounds metabolisediia a pathway that creates a

glutathione derived nephrotoxionjugate2.3.8(Scheme).”

H/b f
FsC, \\// F3C .~°\// F3C
ol <, . c i __.Cl i
[j A N“0 N“0
N™ "0 H H

H OSO,H OSO,H
efavirenz 2.3.5 2.3.6 2.3.7
HO
FiC &
cl g -
0 Cys—Gly
N’go
H
OSOzH

nephrotoxic conjugate 2.3.8
Scheme2 - Metabolic pathway of efavirenzReprinted from The SpecieBependent Metabolism of Efavirenz
Produces a Nephrotoxic Glutathione Conjugate in Rats, Mutlib A. E., Gerson R. J., Meunier.PH&ley P.
J., Chen H., Gan L. S., Davies M. H., Gemzik B., Christ D. D., Krahn D. F., Markwalder J. A., Seitz S. P.,

Robertson R. T.Miwa G. T., Toxicology and Applied Pharmacolog®0®, 169 102-113 Copyright 200 with
permission from Elsevier

Deuteration of the propargylic sif@gnarked in red)impedes theoxidation tothe
alcohol functionality’>"®This in turn reduces production thfe nephrotoxinwhichis

confirmed by diminished quantities in the urfié®
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2.4Fluorine as an isostere for hydrogen

Another small atom, fluorinesan be a useful bioisostere for hydrogena survey of
compounds developed oche, lipophilicitywas found to increaseith fluorine
incorporation’>®® However, in some instancegarticularly when fluorine was
proximal to an oxygerthe lipophilicity was loweredThis effect is not understood
but potentialexplanationsnclude overall molecule polarity leading tanancreasen
solvation or the strong electrofwithdrawing nature of théluorine polarsing the
carbonoxygen bond leading to strongerlidnding.In addition, fluorineforms the
strongest known bonds to carb@®8 kcal/mo) andalso has the ability tarengthen
adjacent &, GO and CGC bonds Consequently fluorine can generally be
considered as biologically inétt. These properties allow modulation of
metabolismi*®! and basicit}?® as well as influencingstructural conformatioff’
permeability>*and potency”

Ezetimibe Figure12), developed by Scherirglough, utilises fluorine to modulate
metabolisnf! The original clinical candidate moleculg.4.1was initially developed
as @ acylcoenzyme A cholesterol acyltransferd®€AT) inhibitor,®* however, it
was discovered that metabolites of this compound were produciig\th® activity
acting as cholesterol absorption inhibitdrAn extensiveinvestigation into these
metabolitesdentifiedthe metabolic weak spots 2.4.1andalsoelucidated which of

those sites produced a beneficial effétg(rell).

productive
metabolism

productive
metabolism

unproductive
metabolism

unproductive

2441 metabolism

Figure 11 - Sites of metabolism 02.4.1
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Subsequent lbcking with fluorine of the metabolically labile sites which did not
result in an active metabolitghile incorporating the functionality of the beneficial
metabolites produced ezetimi{éCso = 0.14 7 0.26 € M,) a potent cholesterol

absorption inhibitofFigure12).81%2

ezetimibe 2.4.2
Figure 127 Cholesterol absorptioninhibitor ezetimibe®
A further example othe use offluorine to modulate metabolism includéee pre
drug BMS422461(active drug IGo= 0 . 0 0;¥ &n amaMgue of camptothecin
(ICso = 0.0171e M¥® which is a known cytotoxic quinoline alkaloikveloped by
Bristol-Myers-Squibb (Figure 13).>* A methylene group (highlighted site) is
susceptibled metabolism by cytochrome P450 enzymiesorporation of th more

stablegenminal-difluoro groupmitigates this risk.

NH,

camptothecin 2.4.3 BMS-422461 2.4.4

Figure 13- Camptothecin® and pro-drug BMS-42246 3

In addition to tuning metabolismhe effect ofreplacing hydrogen witlluorine to
improve potency is well establish&d® In a series of antibacterial gyrase inholos,
incorporation of a aryl fluorine substituenthighlighted positionFigure 14 2.4.5
improved potencyup to 7 fold as well as increasing cell petration, reducing

plasma protein binding and improving the pharmacokinetic profile.
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O
L™ O
(\N N ; z/

245 linezolid 2.4.6
Figure 14 - Antibacterial gyrase inhibitor 2.4.5and oxazolidinone antibacterial linezolid
This effect has also beedemonstrated iran alternative series which led to the

marketedantibacterialinezolid *°

As mentioned abovefluorine has also been used to improve permeabilitys

bioisosteric replacemenwith fluorine has beerusedin two series of factor Xa
inhibitors, a key protein involved in coagulatitt® The highlighted xample shows
an approximately ®old increase in permeabilityinto human colonic

adenocarcinoma (Ca€) cells(Tableb).

Table 5 - Caco-2 permeability for anilide based factor Xa inhibitors®*# Reprinted with permission from: J.
Med. Chem., 2005, 48, 1720744, Copyright 2005 American Chemical Society

HN—¢
N-O
R Permeability (nm/s)
CN (2.4.7) <1
H (2.4.8) 8.2
F (2.4.9) 741
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Thisincrease is attributed to an internal electrostatic interaction between the fluorine
and the adjacent NH of thamide, which in effect masks this potentialbbind

donor.

2.5Bioisosteres for carbon and alkyl moieties

Bioisosteres of carbon and alkyl moieties are sought after because of the inherent
lipophilicity of the parent group. Simple substitution ofrethylenegroup with
oxygen or sulfurcan thereforebe desirableto deliverimprovements(albeit often

minor) in the physicochemical profiles or potentially haviag impact on the bond
lengths and conformations of the drug molesulleus affecting potendif able6).

Table 6 - Properties of CH, vs O vs S*3 Adapted with permission from: J. Med. Chem., 2011, 54, 28591,
Copyright 2011 American Chemical Society

Property RT CHXT1T CHR
X =CH, X=0 X=S
C-X bond length (A) 1.54 1.43 1.81
~o X
CXC bond angl¢?) ~—" 109.5 111 99
C----C distance (A) 2.51 2.37 2.87
Van der Waals radius of X (A) 2.0 1.40 1.85
Log P 3.39 0.77 1.95
Electronegativity 2.27 3.51 2.32
Contribution to van der Waals volume
5 10.2 3.7 10.8
(cm’/mol)

Bioisosteric switching betweernxggenand carborhas beemppliedin the context of
a prostacyclin mimetic. Prostacyclin is a known vasodilator but is unstable due to the

sensitive enol ether functionalitfigure15).%%%%
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Hozc///)\

N

HO OH

O

w

prostacyclin 2.5.1
Figure 15 - Prostacyclin with sensitive enol ether highlighted
Replacingoxygenfor a methylenet this position removethis metabolically labile
site. Further optimisation around -prost a
side chair(Figure16).”

(0]
H,C J l
HOzCJ l o z

I

Olll

O i

T
O [}
T

iloprost 2.5.2 cicaprost 2.5.3
Figure 167 Prostacyclin mimetics lloprost and cicaprost
lloprost demonstrated a comparable profile to the naturally prodoicedacyclin
with anincreased halfife of 20-30 minutes, compared to 42 secofitf€.Oxidation
b to the «car bwasidéniified asma methbolin diabikfigyre 16).%°
This methylene univas subsequently switched for the bioisostexiggen to block
this instability. Furthema ni p u | at isidencham Qendraled cichprost; which
proved to be at least-fold more effective than iloprost as a vasodilator; with an
additional 2 to 3- fold extension in half lif€® This exampleparticularly highlights
the interclangeable nature of bioisosteresth simple switches hang large effects

on metabolism.

Addition of axygen can not only be used to block metabolism canalsoact asan
effective method ofmproving potency A nonprostacyclin derived agonist of the

prostacyclin receptor effectively demonstrates thab{e7).”’
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Table 7 - Non-prostacyclin derived inhibitors® Reprinted with permission from: J. Med. Chem., 1992, 35,
34833497, Copyright 1992 American Chemical Society

CO,H

Ph __N Y-7
T
P O X

Compound | X v . Inhibition of blood platelet
aggregation EGo( € M)
2.5.4 CH; @) CH, 1.2
255 CH, | CH; CH, 16
2.5.6 CHz | Trans CH=CH 0.66
2.5.7 @] O CH; 1.2
2.5.8 @] CH; CH; >80
259 @) Trans CH=CH 14

These data clearly shothat atrans-alkene andnethyleneprovide themost active
compound.®®**" However,it is worth notingthe bioisosteric @.5.7shows a marked
increase in potency compared 206.8 althoughthis is slightly lower than the
optimaltrans-alkene. This has been rationalisggdthe abilityof thetrans-alkene ad
the oxygen atonto conformationally biashe carboxylic acid moietto the desired
planar orientationdue to delocalisation into thghenylring system. Tie methylene
analoguesituates the carboxylic acid perpendicular to #ssa result of a steridash
(Figure17).5%97

CO,H 0. -
1 @COZH o >—COoH

Figure 17 - Optimal geometries 0f2.5.8, 2.5.9 and 2.5.Adapted with permission from: Med. Chem., 2011,
54, 25292591, Copyright 2011 American Chemical Society
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Interestingly, 2.5.6 and 2.5.9 show the opposite trend in potency with the
conformational preference for a bend in the moleatilihe X positionThese trends

have also been observed in a serigsro§taglandirEP; receptor antagonistg.

Geminal-dimethyl substituents are commonlsedin drug molecules taestrict
conformation or block metabolic sittsHowever, thesgenerallyresult in anotable
increase in lipophilicity> Oxetanes can be used as a bioisostere of these moieties

with the benefit of being essentially liponeutrddaving no effect on overall

99i

lipophilicity).*¥°* A systematic investigatiomto the influenceof the oxetane ring

on physicochemical propertieeas been conducted using2.5.10 as a model

compoundTable8).”¥ 1%t

Table 8 - systematic analysis o2.5.100xetane incorporationTable reproduced from Oxetanes as Promising
Modules in Drug Discovery, Wuitschik G., RogeEvans M., Miiller K., Fischer H., Vdgner B., Schuler F.,
Polonchuk L., Carreira E. M., Angew. Chem. Int. Ed., 2006, 45, 77889 with permission from John Wiley

& Sons
l Clin Clin Log D
Structure pKa S0 t t °9
(eg/ | (HLM)* | (MLM)* | (LogP)
|
AN 1.8
2.5.10 99 <1 16 417
(4.3)
° I
N 1.7
2511 9.6 270 0 147
(3.9)
| 1.7
N\
2.5.12 9.2 4100 6 13 (3.5)
O
° |
N 33
2.5.13 8.0 25 42 383
(4.0)
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2.5.14 72 | 57 13 580
o (3.6)

N 10.1
2.5.15 9.9 | 4000 2 27
(2.4)
(@]
N 0.8
2.5.16 9.9 | 4400 0 43
o (3.3)

*Units=¢ L/ mi n/ mg

These datshow the potential beneficial effedtse incorporation of aroxetanecan
have In all cases the oxetane providasimprovemenin solubility compared to the
CH; but the effect is much more pronounced when replacing a dimelbyll§ or
tert-butyl group (2.5.15.%9 %! As discussed previouslyhe LogD value also shows
significant improvement between the par@.10and oxetane deratives2.5.15
and 2.5.16. Intrinsic clearance data in both human liver microsomes (HLM) and
mouse liver microsomes (MLM) showan improvement suggesting enhanced

metabolic stabilityvhen employing oxetane systefis®*

2.6 Carbonyl mimetics

Oxetanescan also beconsidered asarbonyl mimeticsKetones and aldehydes are
generally too reactive to bfeasible within a drug molecule, pertaining to their
inherent ability to undergo redox processesvivo. Oxetanes howeveare more
stable butpossess a similar shape aatallity to accept Hbonds, terefore have the
capacity to act as mimeti€Sigure18).

. .
ey /<>o :
~
- N .
.

Figure 18- Carbonyl and oxetane shapes
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A comprehensiveexamination ofsome elaborat®xetane containingystems has
been conducted by the Carreira group; investigating cyclic ketones, amides and

morpholine replacemen{3able9).

Table 9 - Physicochemical and biochemical properties of oxetane, carbonyl and gadimethyl moieties'%?
Table reproduced from Spirocyclic Oxetanes: Synthesis and Properties, Wuitschik G., REgars M., Buckl
A., Bernasconi M., Marki M., Godel T., Fischer H., Wagner B., Parrila I., Schuler F., Schneider J., Alker A.,
Schweizer B., Miiller K., Carreira E. M., Angew. Chem. Int. Ed., 2008, 47, 48525 with permission from
John Wiley & Sons

Log D?(log | Solubility Clint
Compound pK 4
P) ( € g/ m|(HLM/MLM)

gemMe; (2.6.]) 0.8(3.1) 290 0/16 9.6

<QN§> Oxetang2.6.2 0.5(1.2) 24000 317 8.0
R

Carbonyf(2.6.3 n.d. n.d. n.d. n.d.

gemMe; (2.64) 2.3 (4.4) 220 23/31 9.5

| | Oxetang2.65) 1.0 (2.0) 1400 6/22 8.3
N
R

Carbonyl(2.66) 1.2 (1.6) 4000 120/88 7.5

gemMe; (2.6.7) 1.4 (3.7) 40 10/39 9.7

Z \ g Oxetang2.68) 0.7 (1.5) 730 2127 8.1
R

Carbonyl(2.69) | 10. 1 ( 4100 100/580 6.1

gemMe; (2.6.10) 2.3 (4.3) 13 31/89 9.4

(N\? Oxetang2.6.11) 1.7 (2.3) 2000 16/55 7.9
R

Carbonyl(2.6.12) 0.1 (0.5) 2100 120/120 7.6

(?8 gemMe;, (2.6.13) 0.1(2.8) 380 7114 10.1
N

R |
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Oxetang2.6.14) 1.3(1.3) 1400 21/26 6.2
Carbonyl(2.6.15) 1.1(1.2) 2100 5/190 T

@ gemMe, (2.6.16) 0.9 (3.5) 41 0/13 10.0
N
R Oxetang2.6.17) 1.9 (1.9) 2100 31/74 6.3
Carbonyl(2.6.18) 1.2(1.2) 1500 5/16 T
gemMe; (2.6.19) 1.1 (3.9) 30 0/18 10.2
(NE Oxetang2.620) 2.2 (2.4) 750 19/230 7.0
R
Carbonyl(2.621) 1.6 (1.6) 6200 8/39 T
@)
6@ (2.622) 1.6 (1.8) >2600 15/41 7.1
R
n=1(2.623 0.9(3.1) 450 8/18 9.6
(Nb)n n = 2(2.624) 0.2 (2.5) 580 6/18 9.7
R
n = 3(2.625) 10.1(2.1) 2500 0/11 9.5
@)
[N] (2.626) 1.5(1.6) 8000 9/8 7.0
R
R = piperonyl, [a] measuredatpH. 4 [ b] = eL/ min/ mg [c] = not measured

The general trends indicate the oxetane moistyvell suited to function as a

carbonyl mimetic exhibitinggood solubility and lower clearance. The spirocychc 2

oxa6-azaspiro[3.3]heptané?.6.2 also functions as an excellent bioisostere of the

morpholine groug2.6.2§ with comparable data across all measures.

32

d



Nicholas Measom Property of GSK Copyingnot permitted Confidential

Carbonyl bioisosterekave been extensively reported in the literature primauky

to the number oflifferentgroups that comin such functionality Ketones, esters and
amides are alpotentiallyinterchangeable with their selection having a wide impact
on physicochemical and biochemical parametBigure 19).'% Sulfoxides, sulfones
and sulfoximines offer an alternativdue to their tetrahedral nature. In certain
circumstances thisan be beneficial tthe positioning of oxygen atom(s) ira prime

vectorfor bindingto a biological targetFigure19).%®

(0] (0] o) (@)

(0]
)]\ )I\NRZ )I\OR /g\ /S\/

\\ _NR J/\ I s//

Figure 19- Carbonyl bioisostere§>%3

A sulfone has been utilisegs a ketone mimetin a series of Hepatitis C virus
(HCV) nonstructural protein 5B (NS5B) polymerase inhibitd¥sA collaboration
between Tibotec and Jadon & Johnsonutilised structurébased design tpropose
2.6.28as a viable mimetic fa2.6.27(Figure20).'%*

sgollisge)
QR

2.6.27 2.6.28
Figure 20- HCV NS5B inhibitors 2.6.27and 2.6.28%
X-ray crystal structures indicated the potential for a second hydrogen bonding
interaction which could be accesseth a tetrahedrasulfone®*'°*Sulfoneanalogue
2.6.28did indeedexhibit an approximatel\20-fold improvement in bindingelative

to its ketone analogu26.27'%

As mentionedpreviously, amide and ester functionafitare interchangeable with a

variety of other functional groupdFigure 19). The significant investigation into
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bioisosteres for amides and estéas provided many suitable mimetics, with a

myriad of different structural motifeported(Figure21).53103.105.106

O 0 O- ,/O CF;

S F
A T e A X I

0)
O n=N

-N
N N N
N N=
L I S S
H/\ Sgo/\ N S N Ny

MeO

OMe
1, [
CN CN

\O N
N~ N\ / N” H—
NH
)I\N/>_ )IO>— flo N\N\
N

Ry Ny
.
Figure 21 - Amide and ester bioisosteres
The trifluoroethylaminemoiety as a replacement fan amidehas been exploited in
the context of a cathepsin K inhibitor, despite tteleteriouseffect on the
physicochemical profile particular in terms of &g P'%’ Balacatibis a potent

reversiblecovalent inhibitor of capthesin K, however it has poor selectivity over the
related capthes&B, L and S(Figure22).'%71%

H
OQ(H CN CF3/¢J CN
O O
N 0 O 0
/\/N\) MeO,S

Balicatib 2.6.29 L-873724 2.6.30

F
NTX
@ ’
M6028

odanacatib 2.6.31

Figure 22 - Cathepsin K inhibitors 7108
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The bioisosteric replacement of the carbonyl wattrifluoromethyl group led to
increased selectivity over the other cathepsins. Further modifications to the structure
led to L-873724which displayed superior selectivity and potency. However, this
compound was not progressed due to metabolic ingtafffigure 22). Blocking of

the metabolially labile sites with cyclopropyl and fluoringroupsled to odanacatib
(Figure 22).1% This exlibits excellent selectivity, bioavailability and metabolic
stability, and was progressed into clinical development as a treatment for

postmenopausal osteoporogisble10).*%®

Table 10- Potency data for cathepsin K inhibitors®® Reprinted from The discovery of odanacatib (MK
0822),a selective inhibitor of cathepsin K, Gauthier J. Y., Chauret N., Cromlish W., Desmarais S., Duong L.
T., Falgueyret 3P. Kimmel D. B., Lamontagne S., Léger S., LeRiche T., Li C. S., Massé F., McKay D. J.,

Nicoll-Griffith D. A., et al., Bioorg. Med. ChemLett., 2008, 18, 92328, Copyright 2008 with permission from

Elsevier
ICso (nM)
Compound Cathepsin K | Cathepsin B | Cathepsin L | Cathepsin S
Balicatib
22 61 48 2900
(2.6.29)
L-873724
3 4807 1221 95
(2.6.30)
Odanacatib
5 1050 4843 45
(2.6.31)

Heterocycles have also been investigated as replacements for esters and amides. A
comprehensive study by Saundetsal demonstrated the applicability of a wide
range offive-memberedheterocyclesto actas ester bioisosteres, focusing on a

muscariniacholinergic receptor agoni@Eigure23).1%
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O

o'y =

N N
Figure 23 - Musacarinic cholinergic receptor agonists

In this investigation,replacing the ester for certain heterocyglesuch as an
oxadiazole maintained or increasegbnistactivity.'%° Interestingly, incorpmtion of
some heterocycleswitched the mode of action to antagonist, these incladedan,
oxazole and isoxazol@ The alternative hydrogen bonding vectors accessible by
these heterocycles wassed to rationalis¢his effect'® This is another example
whereminor differences in selectduoisosters can havea significantimpacton its

pharmacologicgproperties.

2.7 Carboxylic acids

Similady to amides and esters, carboxylcids are a common functionality in drug
design with their propensity to establish strong ionic and hydrogendibgn
interactions with drug targetddowever, some inherent propertieseate certan
issuesjn particular, hey can be metabolicaliynstable and pose toxicity risks'%?
Furthermore, their hig polarity and hydrophilicitypresentpossible permeability
issues, particularly across the BBB>1%1%pgossiblecarboxylic acidmimeticshave
been extensively studied, again with a wide var@ftydifferent structural motifs

being investigate@Figure24).%>1%31%°
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Figure 24 - Carboxylic acid bioisostere&®1%3

The properties of these structural motifs play an important @tenthey are used
to impart more lipophilicity to aid permkiity, however, it iscrucial to have the
correct charge distribution and geometry to allow the isostemeaintainthe same
interactionsas the original carboxylic acid® This effect is exemplified in a series of
cholecystokinirB (CCK-B) receptor antagonist3 éble11). The planar heterocyclic
isostere2.7.3exhibits @mparable potency and pkompared to the parent addr.1
(with the caveat that thereasslight drop in selectivily However,generallythe non

planar bioisosteres display a drop in poteHy
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Table 11 - Comparison of CCK-B receptor antagonistsTable reproduced from Carboxylic Acid
(Bio)isosteres in Drug Design, Ballatore C., Huryn D. M., Smith A. B., ChemMedChem, 2013, 83985with
permission from John Wiley & Sons

HN O

S
EOJLMHJNV\O

nz

Compound X CCK-B ICs9 CCK-A IC5p pKa
(nM) (nM)
2.7.1 CH,COOH 1.7 4500 5.6
2.7.2 CH,SO;Na 1.3 1010 <1
OH
2.7.3 / \N 2.6 1700 6.5
O/

2.7.4 CH,P(O)(OHY 23 2700 3.4,7.8
2.7.5 CH,P(O)(OH)Me 23 4400 3.7

Further heterocyclialternatives were investigatdolt all had diminished selectivity

despite maintaining high CGR activity**°

One such heterocycliacid bioisosteravhich has been used extensively in a variety
of medicinal chemistryprogrammes ishe tetrazole. One particular example of note
are antagonists dahe angiotensin Il receptor, whidls involved in vasoconstriction.
The projectwas initiated based on three weakidazolebased antagonist§igure
25).111
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Cl
2
n-Bu N
R: :

R=NO,2.7.6, Cl 2.7.7, H 2.7.8
Figure 25 - Weak angiotensin Il antagonists
Significant investigation of this template led @©7.9 which had an Gy of
0.23¢ M3 This formed the basis for an investigah into a variety of other
carboxylic acid bioisosteresTgble 12).*** Subsequently, tetzale 2.7.14 was
identified as an extremely potent, orally bioavailable candidate and progressed to
market as losartaft?

Table 12 - Carboxylic acid bioisostere investigation in angiotensifi antagonists'®****Reprinted with
permission from: J. Med. Chem1991, 34, 255-2547, Copyright1991American Chemical Society

Cl

/E \\ OH
/i
n-Bu N

pKa ICs0 Doseiv Dosepo
Compound R .
(estimated)| ( € M| (mg/kg) (mg/kg)
2.7.9 COOH 5 0.23 3 11
2.7.10 CONHOH 10.5 4.1 3 >30
2.7.11 CONHOCH; 10.9 2.9 10 Inactive
2.7.12 CONHSQPhH 8.4 0.14 >3 30
2.7.13 NHSO,CF; 4.5 0.083 10 100
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2.7.14 N~NH
7

( tan) N 5-6 0.019 0.80 0.59
osartan N~

Another example athe utility of a tetrazole as a carboxylic acid derivative is present
in a cysteinyleukotriene I receptor antagonist. Initially, Fisons Ltd produced +PL
55712 which showed good potency, however, its poor bioavailability and short half
life prevented progression to clinical triafS.Further development in this area came
from ICI Pharmaceuticals and Lilly Researchabs, both of which produced
2.7.15™>18jlly took this conceptfurther and identifiedthe tetrazole2.7.16as a
significant improvemento the acid2.7.15with excellent oral activityFigure 26).

This was subsequently developed as anasttimatic medicatigriomelukast*’

n-C3H7 OH n-C3H7 OH
: s
@) (e}
(@) N<
y NH
OH N=N
2.7.15 tomelukast 2.7.16

Figure 26 - LTD , receptor antagonist$*>**

Further examples omore unusual heterocycles being used as carboxylic acid

mimetics inclu@ a squaric acid derivative iN-methyt -aspartate antagonist

119

2.7.17"8 a difluorophenol in aldose reductase inhib2or.18™° and cyclopentane

1,2-dionesin thromboxae A, receptor antagonis®.7.19(Figure27).1%°
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Figure 277 Alternative heterocyclic examples of carboxylic acid bioisosteres

2.8Heterocycles

With a multitude of heterocycles being employed as mimetics f@ftaof other
functional groupsheterocycles can themselves have a whole host of bioisosteres.
Heterocycles are ubiquitous in drug design, being common scaffwidsoften
providing importat structural functionality. Theange of size, shapelectronic, and
physical propertiethey provideallow the projection of substituents alonguamber

of vectors as well ascreating important druetarget interactions. The key
functionality stems fromtheir Hbond donor and acceptor abilities; electron

withdrawing or donatinteragtiorsf f ects; and pot

Examples of heterocycle bioisosterigmeubiquitouswithin themedicinal chemistry
literature. One suchexample used pyridine as a pyrimidie substitute within a
cathepsin S inhibitoiThe pyrimidine based compoud.1hadan 1G of 6 nM and

40 nMagainstcathepsin S and Kespectively Figure28).1%
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Figure 28 - Cathepsin S and K inhibitor 2.8.1

Confidential

There was concern that this compowadlid potentiallycausdrreversiblebinding to

glutathione which in turn could lead to unwanted toxicigonsequently, yidines

were investigateds pyrimidine replacements reduce this risk.

Table 13- Exploration of cathepsin inhibitors'?! Reprinted from 4(3-Trifluoromethylphenyl}-pyrimidine-2-
carbonitrile as cathepsin S inhibitors:N3, not N1 is critically important, Cai J., Fradera X., vaeland M.,

Dempster M., Cameron K. S., Bennett D. J., Robinson J., Popplestone L., Baugh M., Westwood P., Bruin J.,

Hamilton W., Kinghorn E., Long C., Uitdehaag J. C. M., Bioorg. Med. Chem. Lett., 2010, 20, 4510,
Copyright 2010 with permission from Bévier

CN

ICsoCat S IC5¢ Cat K
Compound R X Y (M) (M)
n n
2.8.2 Et N N 6 40
2.8.3 Et N CH 1660 >10000
~N
2.8.4 K/)\'\/\w‘“ N N 1.3 13
S
2.8.5 QN N CH 58 1660
~N
2.8.6 ()\‘\/\pﬂ“ CH N Inactive Inactive
N
2.8.7 °(\ N | CH 31 3090
NN A
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N
2.8.8 C(\ CH N Inactive Inactive

N\/\;J‘"'
o)
2.8.9 @/\w‘“ N CH 29 >10000
o)
2.8.10 &/\1/\&“ CH N Inactive Inactive

It is evident from the dattnat the positioning of the nitrogenksy to activity, with
all compounds being inactivie the absence @f nitrogenat position X Table13).}*
Pyridine compound.8.3 demonstrates a loss in activity from the lead compound
2.8.1but exension into the hydrophobic pocka#tthe enzymaellows this potency to

be regainedasexhibited by2.8.5 2.8.7and2.8.9'** Additionally, it wasnotedthat
compound2.8.5 was the only example thdad activity in human cells, with this
explained bya lysosone penetratioreffect!?! This investigationhighlights theutility

of exchanginga particular heterocycle to modulate against a toxicity risk.
Furthermore,it examines the ability ofhree separate heterocyclgs8.5 2.8.7 and
2.8.9 to increase potency in a lipophilic regideachshows comparableotencyat
cathepsin Sut different potencies at cathepsin K, potentially leading to a highly
seletive molecule. It alsademonstrateshe importanceof the overall molecular

physicochemical properties with or?y8.5providing efficacy in a cell model.

A further significantexample othe importance of heterocycle selectinormedicinal
chemistryis found ina series of glycogen syrabe kinase 3 (GSK3) inhibitors, with
conformational analysis being crucial to understanding the binding mode of the

compoundg?
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Figure 29 - Binding mode of2.8.11in GSK3%*'2?Reprinted with permission from: J. Med. Chem., 2011, 54,
25292591, Copyright 2011 American Chemical Society

The binding mode 02.8.11 was confirmed by ay crystallographynd shown to
involve three hydrogen bonding interactions with the enzy(Regure 29).1%

However, rationalisation of thedata for other fivanembered heterocycles proved
challenging(Table14).531%

Table 14 - Potency data of GSK3 inhibitor$>2?Reprinted with permission from: J. Med. Chem., 2005, 48,
12781281, Copyright 2005 Americant@mical Society

.R
HN

X
N/)\Ph

Compound X R GSK3 K (nM)
N
2.8.11 N M 24
N/o
2.8.12 N M >2000
H
2.8.13 N Nl’N/ 110
H
2.8.14 N N’N>_ 23000
;PLN
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H
N/N
2.8.15 N B} 250
N
H
N/N
2.8.16 CH M 2500

Compound2.8.13loses potency due to the lack of the methyl graupich creates a
hydrophobic interactiof®'?* The isoxazole2.8.12 potency was diminished due to
the loss ola HBD, howeverthe other heterocycles stgbssess &BD to form such
interactions>%2 Conformatioral analysisof these heterocyclesas required tgjive

insightinto the reduced activitgbserved

N-NH _
7/ NH

HN =N

¥ )

H

HN™
N
N/)\Ph P
N” >Ph
2.8.11 2.8.16
,<H
N NN
P& \,N M N
HN” N HN™ "N
\
N/)\Ph N/ Ph
2.8.15 2.8.14

Figure 30- Major conformational preferences for GSK3 inhibitors®®**??Reprinted with permission from: J.
Med. Chem., 2005, 48, 127881, Copyright 2005 American Chemical Society

Figure30 shows the major conformational preferences of the individual inhibitors
question Compound2.8.11is the most potent with each of the individual hydrogen
bonddonors and acceptors perfectly positiofietf?Removing the nitrogen from the
pyrimidine ring (2.8.1§ causes a conformational shift in which the pyrazole ring
rotates’>#?This creates amtramoleculainteraction between the pyrazole nitrogen
and the CH of the core ring syst&it??However, this removes or¢BD andHBA

whilst also twisting the methyl into suboptimal position for binding2.8.16).°%*#?
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Triazole2.8.15also creates an internal hydrogen bond, nonetheless there is still one
HBD andHBA available®**?*thereforeit retairs modest potenc§’*?* The addition

of the methyl group to thigiazole €.8.149 then creates a steric claat noted in the

case 0f2.8.16 which causes a reduction in potefidy*? This analysis demonstrates

the varied effects heterocyclesan have orconformation and therefore on drug

target interagons ®122

2.9Phenyl group mimetics

Classically, phenyl group bioisosteres are aromatic heterocycles. Incorporation of
heteroatoms into the phenyl structugdten results in improvement ofhe
physicochemical profile, whilst having minimaffect on anytarget binding
interactions. They also have the potential block metabolismand canhave a
beneficial impacbn potencydue toadditionalhydrogen bonding interactionga the
heteroatoms

One such example of blocking metabolismolvesHIV-1 attachment inhibitor™
Indole 2.9.1 is a highly potent antiviral agent, however, metabolism of this
compound can produce the toxigimone2.9.2 (Figure31).621%1%sypstitution of a
aromatic methinefor a nitrogen give88MS-488043which upon metabolism would
give the amide2.9.4 a nontoxic metabolite(Figure 31).%32312*BMS-488043also

offers improved solubility and was subsequently progresgedlinical trials*?®

OMe y OMe
N
o NJL ~ r NJ(
MeO \) MeO \)
HN HN
) O
2.9.1 BMS-488043 2.9.3
o} N O o
//\N’[( / //\NJL
o) N_J o) N_J
HN o HN o
2.9.2 294

Figure 31- HIV -1 attachment inhibitors and their metabolite$>12
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Further examples of heterocycldseing incorporated for this purposénclude
modificationof a phenol to prevent metabolism to a catechol, whichrcturnform
further quinone derived toxic metabolite§igure 32).°3?° This heterocycle
incorporation alsamproves upon the physicochemical profile tfie moleculesin
questiondemonstrated in a series of respiratory syncytial virus fusion inhiBitors

CF; O CF; O
N /\/ Ph N/\/ Ph
——>
Deactivation
HO
295 29.6

Figure 32 - Deactivation of phenol to prevent catechol formatiot?t”’

Less planar alternatives to aroneathave also been sought, with a particular aim to
increase sp character of lead compounds therefigscapingf r om f °at | and
Saturated ring systems are therefore attractive as potetitelyl bioisosteres.
However,when such replacements are appiiesles can arise with the altermaat

vectors that saturated ring systeprsvide Dependhg on thesituation this canbe

inherently beneficialpotentiallyallowing access to different regions of the target in

guestion

Having stated thisherearea paucity of dect saturatedeplacements for a phenyl
ring that providethe correct geometryor example, ayclopropylgroup has been
used as an effective replacement of a phenyl within a factor Xa inhibtierprior
literature dentifiedcompound2.9.7as an effective inhibitofK; = 0.3 nM) however,
further exploration was conducted around the biphenyl maretyrder to identify

compounds with improved potency, anditro andin vivo profiles (Figure33).1%

\
N—

OMe
2.9.7

Figure 33 - Factor Xa inhibitor
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Modelling of the cyclopropyl unit as a replacement for the terminal phenyl of the

biphenyl segment suggested that the amine substituent would be orientated in a

similar direction*® Compound2.9.8 was subsequently tested and demonstrated

superior potency to the parent compound as well as the related inhibitor razaxaban,

which progressed to phase I tridfs2®

Table 15- Comparison of2.9.8and razaxabanReprinted from Achieving structural diversity using the
perpendicular conformation of alphaubstituted phenylcyclopropanes to mimic the bioactive conformation of
ortho-substituted biphenyl P4 moietieBiscovery of novel, highly potent inhibitors of factor Xa, Qiao J.X.,
Cheney D. L., Alexander R. S., Smallwood A. M., King S. R., He K., Rendina A. R., Luettgen J. M., Knabb R.
M., Wexler R. R., Lam P. Y. S., Bioorg. Med. Chem. Lett., 2008, 18, 418, Copyright 2008 with
permission from Elsevier

\ \
FsC
3 N— | kc N
I\ N
N, I\ N
D NN NN
e \—=/
p NH»
OMe O~N
2.9.8 razaxaban 2.9.9
FXa K; (nM) 0.035 0.19
Permeability
85 56
(nm/s)
HLM t 1, (min) 110 36
Cl (L/kg/h) 1.2 1.1
Vss (L/kg) 15 5.3
t1/2 (h) 12 34
F% 53 84

Inhibitor 2.9.8 also displayed ra enhanceghysicochemical profile with increased
stability, halflife, and permeability whilst exhibiting lower bioavailability (F%)
(Table 15). Based on this, it can be concluded tkfz cyclopropyl groupis an

effectiveortho-phenylisostere

Among other saturated ring systems which have been conseeptenyl isosteres,
cubanes are an alternative which offer the ability to explorepidue-position of a

phenyl groupwith a similar distance between the distal carb@igure34).1%°
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Figure 34 - Similarities between cubane and phenyFi gur e reproduced from Validati:
Cubane as a Benzene Bioisostere, Chalmers B. A., Xing H., Houston S., Clark C., Ghassabian S., Kuo A., Cao
B., Reitsma A., Murray €E. P., Stok J. E., Boyle G. M., Pierce C. J., Littler S. W., Winkler D. A., Bernhardt
P. V., Pasay C., De Voss J. J., McCarthy J., Parsons P.G., Walter G. H., Smith M. T., Cooper H. M., Nilsson S.
K., Tsanaktsidis J., Savage G. P., Williams C. M. , AngeWwem. Int. Ed., 2016, 55, 3588585 with
permission from John Wiley & Sons

Chalmerset al investigatedfive clinical or agrochemical moleculescluding
suberanilohydroxamic acid (SAHA), leteprinim and benzogaimi#h cubane

bioisosteresnserted(Figure35).1%°

L § = ;

SAHA 2.9.10 SUBACUBE 2.9.11
0 O
O o}
Né\N/\/lLN/@/‘(OK N%N/\)LN/@/‘kOK
— o H . H
N\\’NH N\\/NH O
Leteprinim 2.9.12 Letepricube 2.9.13
o ¢}
OEt /@/‘(OB
CIH3N CIH3N
Benzocaine 2.9.14 Cubacaine 2.9.15

Figure 35- Parent compound and their cubane derivativé?®

Of the five cubane derivatives investigat@mly one lost activity compared to its
parent with two displaying increased bioactiVify. One such example was
letepricube which displayed an increased suppression of neuronal differentiation
compared to the parent neotrophdrug leteprinim?® SUBACUBE and SAHA
exhibited similar tumour sygpession in both a cell basadsayand mouse model for
T-cell lymphoma?® Cubacaine also showed equal activity as an anesthetic in a rat

model compared to its pareft.

These examples demonstrate the successful use of a cubane as a phenyl,surrogate

mostly in conjunctionwith a para-substitution pattern; however a cubane is
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substantially more sterically encumbered than its phenyl afguitand adds extra

MW. Accordingly, efforts have been made to identify polycyclic systems related to
cubanes which could provide the same vectors in terms of orienting substituents but
without the attendant negative effects on physicochemical prope@Qiss.such
framework which is of emerging interest is the bicyclo[1.1.1]pentane (BCP) moiety.

2.10Bicyclo[1.1.1]pentane(BCP)

To date, he use of theBCP structureas a phenyl bioisostereas beeneportedin a
limited number of example&irstly, Pellicciariet al investigated th&CP within a
metabotropic glutamate receptor (MGIuR) 1 antagdfflst? This investigation built

upon the work of Watkinet al. who discovered carboxyphylglycines were mGIuR

antagonistsRigure36).1%
Os_OH
R
R
HNT COH

Figure 36 - General structure of mGIuR antagonists

From this small subset, Pellicciari compared the phé&nj0.1 against theBCP
2.10.2and cuban@.10.3moieties Figure37).13% 1%

0 OH (@] OH N-—=NH
Os_©OH N’ /N
- H,NY ~CO,H "
H,N™ ~COyH 2 2 HNY SCOH  HNY “CO,H
2.10.1 2.10.2 2.10.3 2.10.4

Figure 37 - mGIuR antagonists
They showed that thé8CP was a suitable replacement for the phenyl group
displaying slightly enhanced poten@/10.2ICso= 25 ¢ M c d.10dl@€p=ed t o
44¢ M Interestingly, abane2.10.3 which provides a similar distance across the
rings, showed diminished potency, possiilye to the increased steric butlkmparts

(Figure 38).13! Tetrazole2.10.4 a known carboxylic acid replacement, was also
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investigatedin an attemptto mimic the distance across a phenyl ring and acid,
however this also displayedducedpotencywhich wasattributed to a change in the

pKa (Figure3g).13:132

6.6 A 5.6 A 6.3 A 6.8 A

Figure 38- Comparison of distances between pharmacophoric groups #10.1, 2.10.2 2.10.3and 2.10.4%*
Reprinted from Synthesis and biological evaluation of 23(BH-tetrazol5-yl)bicyclo[1.1.1]pentl-yl)glycine
(S TBPG), a novel mGlul receptor antagonist, Costantino G., Maltoni K., Marinozzi M., Camaioni E.,
Prezeau L., Pin JP., Pellicciari R., Bioorg. Med. Chem.., 2001, 9, 2227, Copyright 200Iwith permission
from Elsevier

However,this reportonly focused on the potency differences between the isosteres.
More recentlyevaluatiors of the physicochemical differenc@aparted by the BCP
moiety were investigated when Stepanand ceworkersexamined BCP as a phenyl
ring bi oi-seorataseimhibitdil0.5(Tableis).>*
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Table16-Co mp ar i ssecretase fnhibitors2.10.5and 2.10.6% Reprinted with permission from: J. Med.
Chem., 2012, 55, 3413424, Copyright 2012 American Chemical Society

Cl Cl
O-N O-N
<\N \ O=§=O <\Nﬂ\6\o/=§=o
N.__~_-CF3 N w~_-CF3
F O;\NHZ O;\NHQ
2.10.5 2.10.6
IC 50 (NM) 0.225 0.178
Selectivity 350 178
Human hepatocytes
(HHEP) CI 15.0 <3.80
(eL/ min/ mil
HLM CI (mL/min/kg) <16.2 <8.17
Permeability (nm/s) 55.2 193
ELog D74 4.70 3.80
Kinetic solubility 0.60 216
(pH 6.5,
Thermodynamic
solubility (pH 6.5, 1.70 19.7
e M)
Thermodynamic
solubility (pH 7.4, 0.90 29.4
e M)

Potency wa maintainedwith the BCP analogue, albeit accompaniedabglight
reduction in selectivity>* Permeability as well as solubilityasimproved with an
additional reduction in lipphilicity observed>* It is also noteworthy that the
metabolic stability also improved, whieves surprising considering thetrinsic ring
strain of the systert?* These data showvthe utility of theBCP as a phenybioisostere
with an overall enhancement of the pispshemical profilé** These improvements
can potentially be attributed to the disruption of planarity and increased 3
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dimensional character of the inhibit@r10.6"** These inhibitors have also been
explored in anin vivo model in which2.10.6 demonstrated an improvedral

absorption profile with good efficacy?

Further to this work, Stepagt al havevery recently published their findingshen
incorporatinghe BCP or a cubanetmthe imatinib templateHigure39); an Abelson
murine leukaemia viral oncogene homolog (ABL) 1 kinase inhibitor used to treat

&35,136
Veds
R"”\N NJ\\N X
3 H H |
(\N N

Figure 39- Imatinib template

leukaemi

The data show that the phenyl replacements improve the physicochemical profile
with lower lipophilicity and increasesblubility being exhibited byoth the cubane
2.10.9 and BCP 2.10.8 analogues®> BCP 2.10.8 showed enhancedmetabolic
stability compared to both imatinib and cub@h&0.9 however tle potency dboth

replacements veanoticeablydiminished Table17).1%
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Table 17 - Comparison of imatinib, 2.10.8and 2.10.9° Table reproduced from Synthesis and
Biopharmaceutical Evaluation of Imatinib Analogues Featuring Unusual Structural MatjfNicolaou K. C.,
Vourloumis D., Totokotsopoulos S., Papakyriakou A., Karsunky H., Fernando H., Gavrilyuk J., Webb D.,
Stepan A. F., ChemMedChem, 2015, 11;32 with permission from John Wiley & Sons

. || e
imatinib 2.10.7 2108 2.10.9
Potency( ¢ M) 0.371 >30 >1
Fsp® 0.24 0.43 0.48
clog P 4.53 1.93 1.46
log D; 4 2.45 1.51 1.67
Thermodynamic
solubility (pH 7.4, 30.7 2680 356
e M)
Permeability (nm/s) 82.8 65.5 94.4
HLM CI (mL/min/kg) 18.7 <16.6 37.0
HHEP Cl 14.7 6.72 21.1
(eLlL/ min keftsj |

The significant drop in potency is potentially due to the loss kdyahydrophobic
interactiors within the binding sité® These data indicate that although the
physicochemical profilshould beémproved, care mustill be taken in selecting an
aromatic group tdbe replaced with a bioisostere, and ideally will be informed

through the use of biostructural data.

Based on the above, was hypothesised that the BCP could be applied as a phenyl
bioisostere in a lead optimisation programmé interest in our laboratory
Darapladib, an L{°LA; inhibitor discussed previously, has reached phasziital

trials but nonetheless, it exhibits a syttimal physicochemical profile. As such, the
previous literature in the synthesis of BCPs was examined with a view to
incorporating the BCP sy=i into the darapladib template in order to improve the

physicochemical profile of the series.
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2.11Synthesis of BCP
The BCPmoiety has been known since the 1968soughthe pioneering work of
Wiberg et al providing the first synthesis of the BCRusing 3-

bromomethylcyclobutyl bromide and lithium amalgéBthemes).**’

Br
Li(Hg)x (COCl),
o o L o

2.11.1 6% 2.11.2 62% 2.11.3 1% 2.11.4
Scheme3 - First synthesis of BCP
It was thenpossible to functionalise the BCP utilising radical chemistry to generate
an acyl chloridewhich could be further derivatisé8chemed).'* This route to the

BCP howevers very low yielding and salternativesynthetic routes were desired.

Semmleret al developed a route to the BG@® which they used a halogdithium

exchange to drive a cyclisation reaction to genexaimpellane§chemet).?3%140

Cl
BuLi
—_—
Br

c| Br

2.11.5 2.11.6
Scheme4 - Semmler propellane generation
This propellane intermediatean beused as the basis for a variety of further
functionalisation. Firstly, in 1988, Michl et al reported a photochemical

diacetylation of the propellane intermediageliemes).***
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Br, Br )
Cl HCBr3, KOH MelLi
~_ - Do ——
Cl
Cl
211.7 2.11.5 2.11.6

(CH3CO)2, hv

0] O NaOBr (@) 0]
S 504
HO OH
2.11.9 90% 2.11.8
58% over 2
steps
Scheme5 - Photochemical diacetylation of propellan&*
This radical addition to the propellapeomptedfurther investigations into radical
based reactions of propellan&giberg et al disclosedan extensivepalette of such

processeswhich includedodination and addition of phenyl sulfid8¢hemes).**?

2.11. 15 2 11.10
PhSSPh PhSH

PhSeSePh
PhSeﬁé—SePh - 4> —éfl

2.11.14 2.11.6 2111
t-BuOCl BrCCly

C|—<>—Ot Bu —@—ch

21113 21112

Scheme6 - Free radical additions to propellanesAdapted with permission from: J. Am. Chem. Soc., 1990,
112, 21942216, Copyrightt990 American Chemical Society

This small subsetvas further explored by investigatimgdical additions of ketone

and ester functionalities to the propellane intermediate with varying degrees of
succes$* Thevariability observedvas proposed to bdue tothe degradation of the
ketone or ester functionality into further radical species. Additionally, polyntiersa

of the radical propellane wabbserved and difficult to contrbf
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Building on the work of Screttds® Wiberg and cevorkers werealso able tautilise
the phenylthioether propellang&cheme6) to form the lithiated propellaneand

functionalise this intermediate in a variety of wagsifemer).}#?

2.11.27 2.11.17
0
R
oo O
0 OH
2.11.26 <>_( (k;\ /:a <>_< 2.11.18
R

)
R\ 9/(

(c)
2.11.25 &SnB% o @Li — SiMe; 2.11.19
I
d

o (h 0
2.11.246_// (g'V (f) \ie) <>_/< 2.11.20
OH
< .
OH
ey

R
ﬂXH

2.11.23 211.21
2.11.22

Scheme7 - Functionalisation of lithiated propellane*? (a) =i) O,, i) RCOCI, R=t-Bu, Ph (b) = RCHO, R =
t-Bu, Ph (c) = TMSCI (d) =i) CO,, ii) H+ (€) = RCOMe, R =t-Bu, Ph (f) = RCOCI, R =t-Bu, Ph (g) =t-

BuOOt-Bu (h) = methyl formate (i) = BsSnClI (j) = RCN, R =t-Bu, Ph (k) = MeOD Adapted with
permission from: J. Am. Chem. Soc., 1990, 112, 22216, Copyight 1990 American Chemical Society

This work demonstratedow the utility of the organolithium intermediate could be

used to enable tfermation of a plethora of monosubstituted propellane moieties.

With the generation of the propellane intermediate now being readily reproducible,
the synthesis of difunctionalised BCP systems utilising this intermediate was desired.
Building upon the previouslgiscused synthesis of the symmetrical dieer1.8**

and work by Eatoret al,***

the desymmetrisation of the diester and subsequent
selectivefunctionalisatios of the half-ester2.11.28was investigeed by Dellaet
al..**> This work gave access tovariety of difunctionaed systems utilising a range

of different chemisiy (Schemes).**
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o) o) R = H, COOCHjg, CH,OH, CH,OTs, CH,ClI,

>—<>—( — R—<>—Br CH,OAc, CO,-, COCH;, OCOCHj, Cl, CH,

MeO OH CN, Ph, p-O2NC6H4, t-BU, p—MeOC6H4, Br,
2.11.28 F, OMe, Me3Si, Me3Sn, PhSe

SchemeB - Generation of a multitude of bifunctionalised BCPs
It should be stated, owever, he generation of these compoundscasionally

requiredseveralkteps with variable yieldsndbr the use oharmful reagents.

Utilising the dtiodinated BCP2.11.11Wiberget al extenadtheir original work by
investigating the generation afBCP cation or anion specié®.He observed that
adding methoxide t@.11.11led to the generation &.11.29in good yield(Scheme
9).1% Investigation into the mechanism suggested fibreation of the tertiary
carbocabn, which was then quenched with methoxi@®Additionally, he utilised

this methodology tdncorporate an azide to generat@1.30(Scheme9).*4®

KOH
| I — | OMe
MeOH

2.11.11 2.11.29 74%
KOH, NaNs
| | ———— N3
MeOH
2.11.11 2.11.30 79%

Scheme9 - Synthesis 0f2.11.2%and 2.11.30

During this researchWiberg also investigated thaddition of Grignard reagents

across the propellan2.11.6 and subsequentrapping of the resulting metalated

species with carbon dioxide to generate the &ithémel0).**®

-MeOCgHy, p-O,NCgH
2) CO, oK p 614, P-O2NCgHy
2.11.6

SchemelO - Addition of Grignard reagents across propellane

This work has ben enhanced by the use of craessipling methodology with the
intermediate metalated spect&5This investigationexemplifiedthe effectiveness of
nickel and palladium catalysis to couple a variety of aromatic and vinylic

substituents to the BCP’ Furthermore, thegtudiedthe addition of alkyl and aryl
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iodides to the propellane unit using either a photochemical radical addition or
methyllithium mediated additionéSchemel 1).4’

hv or MeLi
S -

2.11.6

R = Me, "Pr, "Bu, "C;Hys, "CgH47,
THPO(CHy),,, CH3CH,C=CCH,CHo,l, Cy,

Schemel1- Addition of alkyl or aryl iodides to propellane
Treatment of the iodide withtertbut yl I it hi um -ditert- | i t hi
butylbiphenylide generasethe lithiated speciesvhich could in turn be converted
into the zincaté?’ Subsequent palladium cressupling with these species was

facile, producinga further enhancemewt substrate scopé’

It was na until nearly a decade later that the generation of tlde-azide BCP
2.11.30Q mentioned previousl{&chemed), was utilisedas a basis for the synthesis of
a terminal BCP amineScheme12).1*® Adsool et al investigated a variety of
reducirg agents,such as lithium aluminium hydride and tin hydridefore settling
on the tin hydride replacement tris(trimethylsilyl)silane (TTM&€)This wasused
to generat¢he desired terminal BCR.11.31in good yield on a multigram scai&

TTMSS, AIBN,

2-mercaptoethanol
N3~<>~| - <>—NH2.H|

H,0,80°C,4.5h
2.11.30 2.11.31 82%

Schemel?2 - Terminal BCP amine synthesi&*®

The most recent work on the BCP system has come from the Baran gloupave
developed a so callestrain release aminatipwhiches sent i al |y bui |l ds
earlier work**®**° This research focused adentifying a more scalable route @

variety of BCP amine. Using the propellane intermediate and a metalated nitrogen
source, generation obver 25 amines with a terminal BCRvas accomplished

(Schemel 3) andthe methodologywasapplied to six pharmaceuticdfs.
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R?R'NMgCI.LiCI
> NR'R?
rt, overnight

2.11.6 12 - 84%

Schemel3 - Strain release amination

It is worth noting that, tathe outset ofthe current study neither of the
aforementioned scalable synthesd# BCP amine2.11.31had beerpublished and
there remained a need fanethodology that provided robust access to BCP
derivatives.Prior to the propellane derived rout&pplequistet al developeda
synthesis of the disubstituted B@#ich involved the addition od dichlorocarbene
acrossa bicyclo[1.1.0]butaneSchemel4).**°

o)
R! L cl. Cl

NaO™ "CCl; R' = CO,CH; or CN
R R? R? = Me or Ph

R2

16 - 46%
Schemel4 - Applequist synthesis of BCP*
This investigationexamineda small range ofsubstituentsand thé& subsequent
functionalisation.Wiberg et al later exploited this methodology to generate a fully

deuterated propellarté’
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2.12 Aims and proposed work application of the BCP bioisostereto Lp-PLA>
inhibitors

Considering the evidence supporting the improvement in the physicochemical profile
when utilising the BCP as a phenyl bioisostere, it gasoed that this moiety could

be applied to the darapladib scaffofabstlating that replacing one of the three
aromatic ringsvould provide a improvementn the physicochemical profile of the

compound

As menti oned previ ous | y-stackidg & rhydpphbbicg any
interactions can have a deleterious effect onpibtency. This was important when
considering the darapladib structure as there are three potential aromatic rings which
could be replaced with the BCP systéFrhe crystal structure of darapladib bound to
Lp-PLA,, solved inhouse and comparable to the stume recently publishetf,

could be used to make an informed choice as to which ring to replaeefore all

three possible permutations involving switching of each phenyl with a BCP were
modelled inthe bindng site of LpPLA, at each different positio(Figure 40). This

was modelled using the Molecular Operating Environment (MOE) softusingthe

crystal structure of darapladienerated in our laboratori&€ The structures were
optimised using LigXandthe Amberl2£xterded Hickel theoryEHT) forcefield

and generalisd Born/volume integral implic{iGBVI) solvation modet>? *>*

Figure 40 - M odelling of bioisosteric phenyl replacement overlaid with Xray crystal structure of bound
darapladib
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Comparison of these models suggested phgystem?2 was the ring othoice for
replacement as it appeared to be acting primarily as a spacer unit rather than being

essential to bindin@Figure41l).

1.3.1
Figure 41 - Potential phenyl rings to be replaced

It was reasonedhat incorporatin of the BCP at this position wouldotentially
enhancethe physicochemical profile whilgbotentially having limited impact on
potency. It is also worth noting thatodification of the karyl unitwould potentially
lead to ayet greaterimprovement in physicochemical profile by disrupting the
planarity of thee X t e nsysted.

Based on the informatioavailable at théime, it wasenvisaged that access to the
BCP target would require the application of the propellane or bicyclo[1.1.0]butane
methodology describeaarlier The propellane route has significant challenges
associated with theéncorporation ofthe required functionaity as well as issues
regarding handling and instabiliths such, e dichlorocarbene meth3d (Scheme
14) was considered as the masictabé route tothe desired BCRystemwith the
investigation of alternative carbene sourdeading toa potentialimprovement.
Using this information, aetrosynthetic analysis was applied to the desiegdet
compound2.12.1(Schemelb). It was anticipated tha&2.12.1could be split into two
fragments with an amide coupling being utilised in the final step to conZbl2e2
and2.12.3
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O

2127

Schemel5 - Retrosynthetic analysis of darapladib analogue

The synthesis of fragmeft12.2has been previously reported Blackieet al. in the
process scaloute towardslarapladiSchemel 6).3*
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EtOij;>thlourea NaOEt in> 4-F-PhCHCI, K,CO; )\Jj:>
EtOH )\

0]

F
2128 2129 21210

t-BU02CCH2|,
DIPEA, CH,Cl,

g*ﬁj Lfﬁb

OH O'Bu
2.12.2 2.12.11

Schemel6 - Blackie et al synthesis oR2.12.3*

The retrosynthetic analysis &.12.3 leads back to the commercially available
ketoacid 2.12.7 Initially, an organometallicaddition to 2.12.7 and subsequent
functional group interconversions could set up a cyclisation to the key intermediate
2.12.6 which canin turn be used t@enerate the BCP structure using a carbene
addition. Subsequent manipulation can lead to the amine coupling part2e8

The synthesis fathis fragment can also be modified to generate the amine coupling

partner2.12.12for the incorporation into rilapladib-{gure42).
MeQO

\_\N
QH

21212

Figure 427 Potential coupling partner for incorporation into rilapladib

The aim of this project was therefore to incorporate the BCP moiety into the two Lp

PLA; inhibitors darapladib and rilapladib order to enhance their physicochemical
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profiles. Furthermore, improvement and development of the cuB€Rtsynthesis

was desired.
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3.0BCP analogue as a phenyl bioisostere
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3.1 Synthesis of BCP analogues of EBLA ; inhibitors

It was anticipated that the first step in the synthekithe proposed darapladib BCP
analoguecould be achieved by organometallic addition to a commercially available
ketone. Indeed, addition & readily accessibl&rignard reagent3.1.2 to ketone
2.12.7furnished carboxylic aci®.1.3 The preparation of the organometallic was
accomplished in situ by treating 1-bromo4-(trifluoromethyl)benzene with

isopropylmagnesium lithium chloridgurbo Grignard®® (Schemel?).

Br\©\
CF

3.1.1

3

i-PrMgCl.LiCI
THF,0°C-rt, 16 h

CF

3
Q 3.1.2 oH
. FC
COOH THF, 0°Ctort, 48 h COOH
2.12.7 3.1.372%

Schemel7i Initial Grignard addition to ketone 2.12.7
The initial proposal was to convert add..3to the corresponding methyl esgf.4
then te alcohol into a suitable leaving group to facilitate the subsequent cyclisation
step.Accordingly, tansformation of carboxylic acig.1.3to the methyl esteB.1.4

proceededh nearquantitative yield $chemels).

OH OH
FsC 3M HCI FsC
o MeOH, rt, 4 h o
HO MeO
3.1.3 3.1.4 99%

Schemel87 3.1.4 ester formation

Following on from this, enversion of the benzagl OH group to a suitable leaving
group such as a mesylate, tosylate or chlowds considered Mesylate formation

was investigated first due to itslative easelnitial conditions involved using mesyl
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chloride and triethylamingTable 18, Entry 1) Unfortunately, the desired mesyl

compoundcould not be isolated

Table 1871 Conditions investigated for conersion of alcohol into a suitable leaving group

HO OMe LG OMe
FsC FsC
314

Entry Conditions LG Observation
L MsCI, EgzN OMs Unable to isolate
CH.Cl,, rt, 4 h 3.15 product
MsCI, py OMs
2 Only SM observed
THF, rt, 4 h 3.15
TsCl, EgN OTs
3 Only SM observed
CH.Cl,, rt, 24 h 3.1.6
4 HCI (4M in 1,4dioxane) Cl Only SM and ester
1,4dioxane, 50 °C, 24 h 3.1.7 hydrolysis
. HCI (4M in 1,4dioxane) Cl Ester hydrolysis anc
1,4-dioxane, MgSQ@ 50 °C, 48 h 3.1.7 starting material
InClz, Me;SiHCI, MeOH, PhC(O)C(O)Ph Cl
6 Only SM observed
CHXCl,, rt, 16 h 3.1.7
Product formation,
SOC, EgN Cl ,
7 very unclean profile
CHXCl,, rt,5h 3.1.7 )
unable to isolate

A variety of alternative conditions were investigatédlfle 18). Replacingthe base

and the solventvas not successfulTable 18, Entry 2). Using a tosylate as an
alternative leaving groudid not afford product eithgiTable 18, Entry 3). Another
alternative leaving group that was considered was a chloride. Initially, stgrind

in hydrochloric acid was considered, however only starting material and some
hydrolysis of the ester was observé@alfle 18, Entry 4). In order to mitigatagainst

this and potentially drive the reaction forward, magnesium sulfate was added as a
desiccantTable18, Entry 5). Unfortunately, this produced no change to the reaction

profile. An alternative method developed Ygsudaet al. using indium chloride was
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examined Table 18, Entry 6)*°°® Disappointingly, this resulted inan unsuccessful
reactionwith only starting material observedsingthionyl chloride as an alternative
chlorinating agenproduced the first evidena# successful conversion, however this
reaction produced a complex mixturef productsand no desired product was
isolated Table 18, Entry 7). With the isolation of the product being an issue,ithe

situ generation of the mesylate and subsequent cyclisation to the desired

bicyclobutane systerd.12.6was exploreqTable19).

Table 1917 Mesylate formation and subsequent cyclisation conditions

OH
FsC O
— -0
© OMe
MeO
3.1.4

2.12.6
Entry Conditions Observation
NaH (2.4 eq), MsCl _ _
1 No desired product isolate
THF, 60 °C, 16 h
) 1) NaH, MsC| THF, rt, 4 h Only starting material
2) NaH, THF, 66 °C, 16 h recovered
1) EtN, MsCI, THF, 0 °C-rt, 4 h _ )
3 No desired product isolate
2) NaHTHF, rt, 16 h

The three conditions investigated were; first using two equivalents of sodium hydride
in the reaction mixture from the outsdtable 19, Entry 1); second with sequential
addition of sodium hydrideT@ble 19, Entry 2); and third with initial use of
triethylamine followed by the addition of sodium hydridelle 19, Entry 3)1>**>’
Unfortunately, all of these experants failed to generate desired product
presumably due tohe instability of the material It was hypothesied that the
stability of the benzylic tertiary carbocatigeneratediponloss of the leaving group

would facilitate regeneration dghe starting raterial.
With the numeroudssuesencountered while attempting to convéine alcohol

substituent oB.1.4into a suitable leaving group, the transformation using &did
was examined.Sieja et al. have previouslyrepored the synthesis of the
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bicyclobutane system as a means to generate polyMieFhis methodinvolves
shaking the compound in a mixture of concentrated HCI| and benzene. In order to
avoid the use of carcinogenic benzene, modification of these conditions was
explored.

The S1 displacemenof the alcohol was attempted on addL.3 under similar
conditions to those used on est&d.4 however no conversion was observed
(Schemel9).

FsC 4M HCI (1,4-Dioxane) (5eq)  FsC
OH MgSO;, (3 eq) Cl

Y

1,4-Dioxane, 50 °C, 24 h

HO HO
3.1.3 3.1.8

Schemel9i Initial chlorination condition of 3.1.3

In order to more closely mimic the conditions used by Sitjal,™® 3.1.3 was
shaken with conc. HCI in toluene, as a safer alternative. Despt@dhiproducing

any product, it was noted that the solubility of the acid under these conditions was
poor. In a slight modification to the published prdare sonication was employdt

was believed that this wouldid solubilisation ofacid 3.1.3 as wellas provide a

simplermethod of agitating the reaction mixtdoe a prolonged period of time

On small scale (100 mg), this reaction worked well with full conversiodesired
chloride 3.1.8after just 1 h However, when this reaction was scaled up16 g it
took 7 h to achieve full conversiowith an isolated yield of 75%mixture of
diastereomers some product potentially being lost in the aqueous pldee(ne
20). The timediscrepancy was attributed to thmallersurface are& volume ratio

betweenhe organic and aqueous phasesa larger scale

FsC FsC
OH c. HCI (10 eq) cl
PhMe, rt, 7 h, )))
o] 0]
HO HO
313 3.1.8 75%

Scheme2017 ultrasound assisted chlorination of 3.1.3
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With acid3.1.8in hand, conversion tthe corresponding est8rl.7wasachievedn

quantitative yieldas a mixture of diastereomd&cheme2l).

FsC F3G
4M HCI (1,4-Dioxane)
MeOH cl
Cl .
1,4-Dioxane, rt, 3 h
0% OH 0O~ "OMe
3.1.8 3.1.7 quant

Scheme21i Ester 3.1.7 formation

After the route td.1.7had been optimised, large scale synthesisasasluctedvia
an external collaboratiofScheme22).*° 3.1.7was accessed on a multigram scale
with slight modifcatiors to the planned proceduraterestingly, the isomers 8{18
could be separatedia trituration with 3.1.10 remaining as solid and.1.11

dissolving in the solver(hexang.

BI’\©\
CF

3141

3

n-BuLi, THF,
-78°C,2h

Li
\©\ CFs CF4 CF3
CF

c. HCI (10 eq)

_—

THF, rt, 16 h oy PhMe, 1t, 72 h,)))

g
O

COCH

wnCl D—CI

HOOC Hooc" Hooc"

2127 31.377% 3.1.1029%  3.1.1130%

Scheme22i Outsourced synthesis of 3.1.8 and separation of the isomers 3.1.10 and 3.1.11
Initial additionto ketone2.12.7was achieved in good yield usimgoutyllithium as
the metalating agent. Subsequent conversior8.0f3 to 3.18, using thenewly
developedsonication methodology, proceeded in good yield with separation of the
diastereomerg3.1.10and3.1.11) achievedat this stageas noted abov&Scheme2?2).
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R2 R R2 R!
§ §

€> SOCl, (5 eq) €>

: MeOH, 0°C - rt, 3 h :
07 0oH 0% oMe

Rl = 2_ F3C R1= 2 _F3C
.p1= F3C 2 .p1= F3C 2_
3111 R QR cl 3.1.13:R \©§ Cl s

Scheme23i Conversion of the isomers 3.1.10 and 3.1.11 into the corresponding methyl esters

Conversion of the individual isome8s1.10and3.1.11to their corresponding ester
derivatives 3.1.12 and 3.1.13 was achieved using thionyl chloride in good to

excellent yields$cheme23).

With intermediate$.1.12and3.1.13in hand, the cydsation to bicyclobutan2.12.6
was now possible. The cyclisation step prowedbe somewhat capriciousith

isolated yieldgarticularly dependent on scdleable20).

Table 2071 Cyclisation reaction with varying yields on different scales

F3C clL F5C
d NaH (1.2 eq)
> o}

'Z],OMe THF, rt, 3 h -
3.1.12 2.12.6
Entry Scale () Yield Range
1 <1 07 35%
2 175 5971 72%
3 50 98%

This trend wagationalised by the presence of adventitious wegacting withthe
sodium hydridgo produce hydroxideThis was supported by LCMS evidence in the

small scale reaction where conversion of the ester to the acid was observed

With access ta2.12.6 now achieved, the key step in the BCP synthess to

perform a cyclopropanation on the central bond of bicyclobufab2.6 Previous
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literature in this area only reported a handful of successful reactbona small
number of substrates utilising actiorocarbene additigiollowed by dechlorination
using tributyltin hydridé®®*! |t was proposed that the use @fternative
cyclopropanation reagents mighthievethis transformation without the need for a
dechlorination stepTo this end, nitial reactions focused on using Simmdsith
reagents® The first attempt used diettyhc and diiodomethane, howevire
desired product was not isolated. Instead cyclobuBehd4was isolatedalbeit in
low yield (Scheme24).

F3C

FsC
Et,Zn (3 eq), CH,ly (5 €q) O
CHzclz, 0°C- rt, 72 h o)
MeO
MeO
2.12.6 3.1.14 1%

Scheme24i Isolation of undesired byproduct 3.1.14

The proposed mechanistic rationale fioe formation ofthis by-productsuggested
that addition of the carbene species was occurring without subsequent cyclisation.
was hypothesised that fahydride elimination was occurringnore readily than
cyclisation, to generate the cyclobutene system. Theleodould thernreactwith

water upon worlup to generatthe primary alcohaB.1.14(Scheme25).

1Zn | |
0
0
3 OMe 1Zn{ f
2.12.6
H,O

3.1.14

Scheme251 Potential mechanistic rationale for 3.1.14 formation
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This reaction was repeated in order to isolate the undesired p@dub4 for full
characterisation, however this was unsucces$fufther attempts to repeat this
reaction also provednsuccessfuleven on a larger scale (1, gyhich casts doubt on

the general utility of using this approach in the preparative sense. Based on this, no

further work was undertaken to investigate this process.

Alternative SimmonsSmith conditions were investigated dilg zinctopper
powder and diiodomethanénterestingly a different undesired produci.15was

isolated in this case&Stheme26). 161162

FsC

FsC
Zn/Cu (3 eq), CHyl, (3 eq)
o}
0
o CH,Cl,, rt, 24 h N NOMe
MeO HO
2.12.6 3.1.15 9%

Scheme267 Isolation of undesired by-product 3.1.15 under SimmonsSmith conditions
This experiment was also repeated with a view to isolate further product, however
againthis was unsuccessfut. was proposed that this was a degradation product in
which the zinc copper couple wasting as an oxidant as well aglucing ring-

opening.

It has beensuggestedhat the central bond of the bicyclobutama be thought of as
a pseudalkene due to its considerablecparactef®®**” Consequently, alternative
cyclopropanation reactions known to work on olefins were densd. Due to the
highly electrordeficientnature of bicyclobutan®2.12.6 use of a Core{Chaykovsky

cyclopropanation wasxamined Table21).
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Table 217 Corey-Chaykovsky cyclopropanation conditions investigated

F,sC FsC
— %
0] @)
MeO MeO
2.12.6 3.1.16
Entry Conditions Scale ()
1 (CH3)3S(O)CI, NaH (prestirred for 30 mins) 0.0
DMSO, rti 65°C,1.5h
2 (CH3)3S(0)Cl NaH (pre-stirred for 30 mins) 0.2
THF, rti70 °C, 1.5 h
3 (CH3)3S(O)CI(Dried), NaH(pre-stirred for 30 mins) 0.5
THF, rti 70°C,3.5h
4 (CH5)sS(O)CI(Dried), NaH(pre-stirred for 30 mins) )
THF, rt7 70°C,3.5h

Varying the reaction conditions, suab solvent and drying the trimethylsulfoxonium
chloride’®® did notresult inany product formatiorwith all reaction préiles being
particularly uncleanAs such, a alternativecyclopropanation utilising a rhodium

carbene was consider&.However, again this reaction proved ineffectigetfeme

27).

F1sC FsC
ha(OAC)4
2M TMSCH,N, TMS
CH,Cly, 1t, 1h
o) 2>z o)
MeO MeO
2.12.6 3.1.17

Scheme27i Alternative rhodium diazocarbenoid investigation
With the alternative carbene souraesulting in degradation of starting materials
into unknown byproducts the literatureprecedented dichlorocarbene methodology
was investigated®®!*! The initial attempt using theeportel procedure was
employed on a small scale. This unfortunately did not provide any improvement

compared tahe previously described carbene methdde literature exapieswere
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performed on larger scal@s suchthe reaction was repeated on a 5 g scale.
Pleasingly this produced the desired compouBd.18in a reasonable yield when

compared with the literatu(&cheme28).

FsC O cCl
FsC
j\ MeO” N Cl
cl
NaO” cCl; o
PCE, diglyme,
O  120°C-140°C,1h OMe
MeO (@]
CF,
2.12.6 3.1.18 38% | 31.194%

Scheme28i Dichlorocarbene addition to 2.12.6
Additionally, by-product3.1.19was isolated. This could be rationalised by initial
nucleophilic attack of the bicyclo[1.1.0]butane on thehloroccarbenegeneratedn
situ (Scheme29). This is followed by either cyclisation to the desired BCP ring
system3.1.18or elimination to give the unstahbg-product3.1.19

Cl Cl
O
FsC

3.1.19

Cl_Cl
©® cl
ol -Cl
O VAN
F@% S F3CO
OMe MeO
2.12.6

Cl_Cl

(0]
FsC
OMe

3.1.18

Scheme297 Proposed mechanism for dichlorocarbene reaction

With a sufficient quantity 0f3.1.18 in hand, the next step wasemoval of the
chlorine from the BCP 3.1.18 Literature procedures used tributyltin hydride in a
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radical dechlorinationand this wasattemptedupon 3.1.18"°°***However, analysis
of the reaction mixtureusing LCMS suggested the production @he mone
chlorinated analogue3.1.20 but isolation of this material proved unsuccessful
(Schemes0).

F3C FsC
Cl
cl AIBN, BusSnH Cl
o Cyclohexane, o
80°C, 16 h
MeO HO
3.1.18 3.1.20

Scheme30i Investigation into literature precedented dechlorination conditions
In parallel toapplyingthereportedconditions alternative methods were investigated.
These includedusing hydrogenation methodologyvith either a nicket™ or
palladium catalystas well as the use of triethylsilane with aluminium chlgfide

however ineach casenly staring material was observeddble22).

Table 227 Alternative dechlorination conditions

Cl. CI
(@) O
FsC — %CW
OMe OMe
3.1.18 3.1.16
Entry Conditions
1 Pd/C, H EtOH, rt, 48 h
2 Ni, H,, KOH, EtOH, rt, 60 h
3 AICl 3, Et:SiH, CHCI,, rt, 16 h

Alternative conditions utilisinghe less toxicTTMSS as thedechlorination agent
were nextinvestigated. This reagent has been shown tonbeffactivereplacement
for tin hydrides in other dechlorination reactions and has additionally been used

successfully in the monodeoerination of a similar systefi>*>173

The initial attempts using the literature cdrwhs using AIBN and TTMSS$roduced

a disappointing yield of 27%? Repeti ti on of thi-s rea
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azobis(cyclohexanecarbonitrile) (ACHN3$ a more stable initiator was considered.
Initially, heating the reaction for 16 drave a 60% conversion of starting material
3.1.18to product3.1.21 With the addition of extra initiator and increasing the
temperaturethe monochlorinated BCB.1.21wasproduced in good yieldScheme
31).

F3C F3C,

C'C| ACHN, TTMSS Cl

o PhMe, 80°Cto 110°C, 19 h o
MeO MeO
3.1.18 3.1.21 81%
Scheme31i Successful monadechlorination of 3.1.18
It was believed that more forcing conditions would allow access to the fully
dechlorinated BCP3.1.16 Increasing thestoichiometryof silane and heating the
reactionto reflux for 12 hproduced a 2:1 ratio (f.1.21to 3.1.16by NMR and were
isolated in 3% and 19% yieldsrespectively(Scheme32). The disappointing yields
obtainedcan be attributetb the difficulty in separating the two products.

FsC F5C FsC

cl o/ ACHN, TTMsS cl

0,
o PhMe, 110 °C, 12 h

MeO MeO MeO
3.1.18 3.1.21 25% 3.1.16 19%
Scheme32i Separation of mono- and fully dichlorinated 3.1.18
Despite the low vyield, it was reasoned that this reaction could be forced to
completion with additionalsilane and sequential additioaf initiator. These

optimised conditionsiltimatelyafforded BCP3.1.16in good yield(Scheme33).
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F3C, FsC

CIC| ACHN, TTMSS

\J

0 PhMe, 110°C, 5d

MeO MeO

3.1.18 3.1.16 74%

Scheme33i Optimised dechlorination conditions to generate 3.1.16

With intermediate3.1.16 in hand it was envisaged thateductive aminatiorof
aldehyde2.12.4with amine2.12.5would giverapidaccess to the desired tar@EP
building block As such,an approach taldehyde?2.12.4 was required.Initial
reduction of tle ester3.1.16to thetargetaldehyde2.12.4using diisobutylaluminium
hydride (DIBAL-H) producedthe desired producand the over reduced alcohol
3.1.22in 32% and 50%yields, respectively(Scheme34).
FsC
FsC FsC

DIBAL-H

THF, -78°C,5h

(0]
=0
MeO OH

3.1.16 2.12.4 32% 3.1.22 50%

Scheme347i Reduction of 3.1.16 to 2.12.4 and the over reduced 3.1.22

Unfortunately, eductive amination using aldehyd12.4 ard the commercially
available amine2.12.5in the presence of sodiu triacetoxyborohydride (STAB)

proved unsuccessfubheme3’). It was hypothesised that the steric hindrance of the

BCP unit was disfavouring imine formation.

\ F4C
FsC N
3 HZN/\/ \/
2.12.5
_ H
> N
STAB, 60 °C, 16 h z
=0
N\
2.12.4 2.12.3 K

Scheme357 Reductive aminationof 2.12.4 with 2.12.5
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Based on thisas an alternative to reductive aminatidmydrogen borrowing
methodology using alcohol 3.1.22 was consideredhowever this alsoproved
unsuccessful with only starting material observed by LCMS efttsndecheating in

the microwave $cheme36).

F4C
FsC
[Cp*Irl,],, Cs,COs5, 2.12.5
PhMe, 110 °C, 6.5 h, uw
NH
HO \\\
N
— e
3.1.22 2.12.3

Scheme361 Hydrogen borrowing methodology using iridium catalyst

With attempts at reductive aminatigummoving unsuccessfulit was anticipated that
saponification to the acidfollowed by amide couplingand then subsequent
reduction could provide a more robust route. Accordingly, this was attempted

starting from esteB.1.16

FsC
FsC FsC
LiOH T3P®, Et3N, 2.12.5
—— > o
1,4-Dioxane, EtOAc, rt, 16 h
O "r3n ¢ HN
MeO HO —\

N

3.1.16 3.1.23 95% 3.1.24 99%

Scheme371 Saponification and amide coupling to generate 3.1.24

Initial saponificationto 3.1.23 proceeded in excellent yield and subsequent amide
coupling with amine.12.5produced3.1.24in 99%yield (Scheme37). A variety of

conditions were tbn screened for the reduction of the andide24(Table23).
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Table 237 Amide reduction screen

F5C FsC
HN HN
“ —~J
! A
3.1.24 2123

Entry Conditions Conversion

1 BH3.THF, THF, 66 °C, 26 h 90

2 BHs. THF (sequential additions), THF, 66 °C, 19 h 94

3 RhH(CO)(PPH)s, PhSiH,, THF, rt,6 ht' 0

4 [Ir(COE)Cl],, EtSiH,, CH.Cl,, rt, 16 H” 79

5 LiAIH 4, THF, rt, 16 h 100

A rhodium catalysed reduction prodigmo reaction Table23, Entry 3), however all
the other reduction conditiomesulted inconversion to the desired product. Despite
this, isolation of theoroduct proved very challenging. It appeared that purification by
MDAP resulted informylation of the desired amin&his was thought to be caused
by formic acid contamination within the syste@oncentration of the amine in the

presence of this formic atresutedin the formylated byproduct.

Based on this,tiwas considered that the reaction mixture could be taken on crude
into the final amide couplinghus avoiding the problematic purificatiddsing the
lithium aluminium hydride condition§Table 23, Entry 5), reduction of the amide
3.1.24was successful with high conversion monitored by LCWI& crude material
was isolated in 56% vyield (87% puyitby LCMS) and used in th&nal amide

coupling

Amide coupling using the crude amine and acid fragn2eh®.2 preparecelsewhere
in our laboratoriefScheme16),3* generatecthe desiredBCP analogue2.12.1in
goodyield (Scheme38).
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FsC
R 0]

T3P®, Et;N, 2.12.2 >_N

CH,Cl,, rt, 16 h

e O

J

2123 2.12.1 60%

Scheme38i Final amide coupling to generate desired BCP analogue 2.12.1 of darapladib

Consequently,hte synthesis of BCP analogBd 2.1wasultimately completed in 10
steps in5% overall yield. With the challenging synthesis of the darapladib
counterpart completed, focsifted to therelatedrilapladib analogueAgain using
acid 3.1.23 generated previssly, amide coupling with the commercially available
amine3.1.25furnished amid@&.1.26in goodyield (Scheme39).

OMe
NH
1.2
3129 - F30/®/®/<%

T3P®, EtzN
CH,Cly, 1t, 3 h MeO. \)N

HO
3.1.23 3.1.26 74%

Scheme39i1 Amide coupling of 3.1.23 with 3.1.25
Initially, the reduction conditions used previouslyable 23, Entry 5 were
investigated for this system. However, conversmthe desired reduced produgs
poorandno materialwas isolatedgconsequently, leernativeconditions weresought
The previously investigated reduction conditionsjised on the 3.1.24 template
were examinedvith the addition of a alternativeHantzsch este(HE) mediate

reductiondevelopedy Charetteet al.(Table24, Entry 3.1
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Table 247 Amide reduction screen

F3C FsC
o
OMe NH OMe NH
Cor T
3.1.26 21212
. Conversion (%)
Entry Conditions
(Isolated (%))

1 LiAIH 4, 22MeTHF, rt, 6 h 50 (19)
2 BH3. THF, THF, rt, 16 h 0
3 HE, 2Fpy, EtSiH, THhO,CHCl,, 1T 78 AC 0
4 [Ir(COE),Cl]2, ELSiH,, CHCI,, 1t, 20 h 98 (59)

Switching the solvent to-RleTHF produced an increase in conversioowever the
isolated yield was poofT@ble 24, Entry 1). Disappointingly the alternative borane
and HE conditions failed to demonstrate any conversion to the desired diaine (

24, Entries 2 and 3)The poor conversions were attributed to the potential co
ordination of the hydride species between the nitrogen of the piperidine ring and the

pendant methoxy group.

Pleasngly the iridium reduction conditiongTable 24, Entry 4) demonstrated
excellent conversion d.1.26to the desired amin2.12.12with an isolated vyikl of

599% the diminished yieldbeing ascribed to the purificatiotechnique employed
From a mechanistic perspectivg,is believed thathe amide initially attacks the
catalytically active speciek 1.27at the silicon to generate an activated amideamd
iridium hydride which subsequently reductdse activated amid® the hemiaminal.

The hemiammal then eliminates silanol to generate the imine. Iridium sp8&cleg7

then catalyses a further hydrosilylation and hydride reduction to generate the

silylated amingwhich breaks down on wotlip to the desired produ@¢hemet0).
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o @ _SiHEt, _ o SHEL
I x re ] - KR
R N'R 7* N° > R H'
H
3.1.27 (i 3427~

Et,SiH
k/ Et28|H2 /\‘J 2 2 ‘/
[Ir] Et,HSi),0
0] u' 2 Hzl)z

3.1.27
R1/\ R ¥ R1/\ R

R1/§N’R2
SiHEt, (r(H)] SiHE,
Sl
" \
RHSI—II{  ZIr=SiHR,
H S H
2
3.1.27

Scheme40 - Mechanism of iridium reduction of amides”® Adapted with permission from: J. Am. Chem.
Soc., 2012, 134, 113e#1307, Copyright 2012 American Chemical Society

Final amide coupling with acid fragme®itl.29"" thenfurnished theargetrilapladib
analogue3.1.28in 53%yield (Schemedl).

(@)
0 |

F S“ON " O

N 3.1.29 OH ‘FSC S N

T3P®, Et5N, K(O
CF, CH,Cl,, rt, 64 h N OMe
N\)

21212 3.1.28 53%

Scheme41i Final amide coupling to generate desired BCP analogue 3.1.28 of rilapladib
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3.2Comparison of BCP analogues to progenitor compounds

With bothanalogue 2.12.1and3.1.28in hand, a comparison of the efficacy and the
physicochemical profile tothe progenitor compoundslarapladib (1.3.1) and
rilapladib (1.3.2 could be undertaken. Data collected includedPLA, potency,
solubility, ChromLog D74 (and subsequent PFl)as well as permeability

determination using th&MP method

Analogue2.12.1 maintains high potency compared to that of its parent darapladib
with a plGy of 9.4 darapladib 10.2). This suggested that the bioisosteric moiety
waswell tolerated within the enzyme. In order to compare the binding mode of the
bioisosteric analogu2.12.1with darapladib, an Xay crystal structure a2.12.1in

the LpPLA, protén was generated. Thstructure(solved at ~1.9 A resolutidn
revealed a similar binding mode for both molecul€gyre 43), which is in
agreement with the initial molecularodelling (Figure40). The overlay of the two
structures reveals that tlB&CP moiety precludes the adjacentfiuorophenyl moiety
from extendingquite as far towards Leul21 and PhelZAis is ascribed to the BC
system beingpproximately 1A shorterin lengththan theoriginal phenyl, although

the residuesof the proteinmove slightly towards the inhibitor to fill the void. This
suboptimal occupancy of the pockegtotentially explairs the slight dropoff in
poency as well as the potenti alstackinmpact
interaction between the trifluoromethyl aromatic and the enzyme binding site.
Furthermore, the moiety has mapacton the key interetions within the oxyanion
hole. The hydrogendnding interactions between the cyctiarbonylfunctionality

and the backbone amiddonors (Leul53 and Phe2Jj4are conservedand

subsequently the catalytic trizg&lblocked(Figure43).
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Asp-296

! Ser273

Phe125 His-351

F

Trp-298
Leu-121

Phe274

Leu-153

Figure 43 - Overlay of X-ray crystal structures of 2.12.1and darapladib within Lp -PLA2 binding site

With the similar binding of darapladiband analogue2.12.1 confirmed, a
physicochemical comparison tifie analogue®.12.1and 3.1.28 and their parent
compoundslarapladibandrilapladibwas conductedTable25).

Table 257 Summary of physicochemical data

darapladib| 2.12.1 |rilapladib| 3.1.28
pICso 10.2 9.4 9.6" NT*
CLND (uM) 5.5 74 <1 32
FaSSIF (ug/mL) | 183,399° | >1000 203 635
AMP (nm/s) 255 705 160 220
ChromLogD 6.6 7.0 6.74 7.06
PFI 106 10.0 1174 1106

*NT = Not tested"Two batches tested

Analogue2.12.1showedan improved permeability of 70%mn/srelated t0255 nm/s
and a13-fold increase inkinetic solubility over darapladib (74 vs5.5 ¢ M
respectively). However, this was accompanied by an undesired increase in
lipophilicity from 66 to 7.0 as determined by measure@hromLog D7
Consequentlycompounds2.12.1 and darapladibhave equivalent PFisue to the

removal of one aromatic ringvhich compensates for the increase in lipophilicity
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Thermodynamic FaSSIsolubility was also obtained with analog2id 2.1exhibiting

an approximately -3old improvement(>1000 eg/mL compared to399 £g/mL).
Thesedata are echoedin the comparison 0f3.1.28 and rilapladib, with 3.1.28
displaying improved solubility in both kinetic and thermodynamic measures as well
as equivalent PFls. Additionally, low clearamafel.22 mL/min/g and 0.76 mL/min/g

for both 2.12.1 and 3.1.28 respectivelyin a human livermicrosomal assawas
observed These data lend weight to the hypothesis thisrupting molecular

);6,134,135

planarit and reducing aromatic ring codhtan be beneficial tootubility

and the overall pharmacokinetic profdéthe molecule

In summary, the BCP bioisosteric moiety has been successfully incorporated into
two Lp-PLA; inhibitor development compounds; darapladib and rilapladib.
Unfortunately efforts to identify a improved method for the incorporation of the
BCP itself were unsuccessful. Nonetheless, a modification of literature conditions
usinga dichlorocarbene generatedsitu, followed by dehalogenation with TTMSS
provided an effective route to this challemgimotif. Overall, considerable route
optimisation resulted in a 10 step sequence and an overall isolated yield of 5% for
darapladib BCP analogu2.12.1 and a3.5% vyield over 10 steps for rilapladib
analogue3.1.28 BCP analogu@.12.1was tested in a bibemical assay measuring
Lp-PLA, enzyme inhibition and exhibited similar potency to its parent molecule.
Furthermore, comparison of the physicochemical profiles of both inhitfta 1
and3.1.28showedan improvement upon switching from phenyl to B@Rrticularly

in terms of solubility and permeability.
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3.3 Substrate scope

With the utility of the BCP phenyl replacement confirmedttention turned to
enhancing the scope of tlohemistry used to access the darapladib and rilapladib
analogue£.12.1and3.1.28 It was considered that the esBet.16could be used to
attach a range of functionalityFigure 44). If the substituents on thecanatic ring

could be varied this would pvide a greater diversity ofdniyl isosteres

F3C

MeO
3.1.16

Figure 4471 Structure of intermediate 3.1.16
For this reasonthe aim of this section was to increase vaeation ofthe more
challengingaromatic portion of the compound. Using the already established route as
a starting point the scope of the initial aromatic addition was investigaisohg a

range of different substrates

0]

=G

X . M ﬂ. R
R R

COLH
Gl cl OMe OMe O,N
SO § oTUo
X X X x X X
sHL*Re ool v Sl o Wi e
! X g Nig NT X x/©i/)

F
/
N\
(> J/\//N
X
X

Figure 457 Proposed aromatic and heterocyclic groups

88



Nicholas Measom Property of GSK Copyingnot permitted Confidential

A range of variously substituted phengisd heterocyelswereinvestigated using a
bromide or iodide as a functional handle for méalbgen exchange. The
organometallic reagent generated could then be used for the addition into the ketone
2.12.7(Figure45s).

Initially, dihalogenated aromaticgich asl-bromo-2-chlorobenzenevere examined
However, application ofthe conditions used in the synthesis of analo8ue3
produced a mixture of inseparable produ@sheme4?2). This waspostulated to
resultfrom halogeHithium exchange with either the bromide or the chloride which

would generate similar products.

Cl ) o
Br 1) n-BuLi, THF, - 78 C, 2 h o inseperable mixture
. " of products
2)2.12.7, THF,-78 Ctort, 16 h
3.31

Scheme42i Unsuccessful metalation and addition of 3.3.1to 2.12.7
Moving the bromide to th@ara-positionand sufecting Ebromao4-chlorobenzene
3.3.2to the same conditions led to a simiaixture of inseparable produdiScheme
43).

7 1) n-BuLi, THF,-78°C, 2 h
o Inseperable mixture
] - of products
2)2.12.7, THF,-78 Ctort, 16 h
Br
3.3.2

Scheme43i Unsuccessful metalation and addition of 3.3.2 to 2.12.7
Following on from this, ti was envisaged that using an iodide rather than a
bromide might lead to a more selective reaction profidisappointingly using
both n-butyllithium andturbo-Grignard with Xchloro-2-iodobenzene3.3.3 did not
generate angf thedesired produdiSchemed4).
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cl 1) n-BulLi or i-PrMgCI.LiCl, Cl
| THF, - 78 °C, 10 mins OH
2)2.12.7, THF,-78 °Ctort, 16 h
CO,H
3.3.3 3.34

Scheme44i Switching from bromine to iodine to enhance selectivity

It was suggestedhat in this casdialogenlithium exchangewas occurring but the
resultingintermediataunderwent elimination to generate a reactive benggobeme

45), which caild generate a variety of procts’®

L 3* Q@?M

/\/\Li

Ce
J — %
Li

Schemed5i Potential benzyne formation

It was envisaged that moving the iodide to thetaposition would disfavour this
reactivity and this was tested initially using tw@agnard as the metalating agent
(Schemet6).

o 1) i-PrMgCI.LiCl, cl
THF, - 78 °C, 15 mins A OH
©\| 2)2.12.7, THF,-78 ‘Ctort, 6 h LCOZH
3.35 3.3.6

Scheme46i Switching chloride to metaposition to avoid benzyne formation

In this case, isolation of the product franwhite solid(suspected to be lithium and
magnesium saltsf the carboxylic acigdproved challenginghowever switching to-

butyllithium resulted insimplerisolation of product ir83%yield (Schemed?).
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cl
o] [ 1) n-BuLi, THF, - 78 "C, 30 mins >: 0‘ H
\©/ 2)2.12.7, THF,-78 Ctort,6 h
CO,H
3.3.5 3.3.6 83%

Scheme4771 Successful generation of 3.3.6 usingBuLi
An alternative dihalogenated substrate investigated was th&ra
fluorobromobenzene3.3.7. Using n-butyllithium produced the desired compound
3.3.8in a disappointing 24% yielScheme48). Pleasingly, switching to the iodo
fluoro 3.3.9improved this yield to 59%

/©/Br 1) n-BuLi, THF,-78°C, 2 h E < ) O| H
F 2)2127, THF,-78 Ctort,6h CO,H
3.3.7 3.3.8 24%
/©/I 1) n-BuLi, THF,-78°C, 1 h F ( > O| H
F 2)2.12.7, THF,-78 Ctort,6 h CO,H
3.3.9 3.3.8 59%

Scheme48i Generation of para-fluorinated aromatic substrate 3.3.8
Attention now turned to an alternative electmithdrawing substituent which might
allow for alternéive subsequerfunctionalisation. In this instancenaetanitro group

was consideredSchemes9).

1) n-BuLi, THF, -78 °C, 2 hor O,N

O,N Br  i-PrMgCI.LICl, THF, 0 ‘Ctort, 16 h C O| H
© 2)2.12.7, THF,-78 Ctort, 6 h

CO,H

3.3.10 3.3.11
Scheme49i Unsuccessful nitro substrate
However, even at low temperatures the nitro group proved problematic with the
organomettic generationusing-b ut yl | i t hi um at 178 AC cau:
black. Additionally, with turboGrignardat O °C no product was isolated from the
reaction. This is not unsurprising considering the reactivity of nitro groups towards

organometaits®® This is most predominantly exemplified by the Bartoli indole
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synthesis which involves initial attack of the organometallic onto the nitro

group181,182

With severalelectronwithdrawing substituents already investigated, eleetreutral
andelectronrich aromatics weraextconsidered. Initially thgara-tolyl substtuent
was investigated using the bromotolueéh®.12 Turbo Grignardand n-butyllithium
wereexaminedn parallel withn-butyllithium providing the desired produ8t3.13in

good tomoderate yieldSchemeo0).

Br 1) n-BuLi, THF,-78°C, 2 h OH
/©/ 2)2.12.7, THF,-78 Ctort, 16 h : I:l
CO,H
3.3.12 3.3.1361%
| 1) n-BuLi, THF,-78°C, 2 h OH
/©/ 2)2.12.7, THF,-78 "Ctort, 6 h : I:l
CO,H
3.3.14 3.3.1378%

Scheme507i Successful generation of tolyl substrate 3.3.13

Switching to the iodide8.3.140on a small scale produced the desireddpct in a
similar yield but uponreaction scaleip (5 g the yield was improved to 78%
(Schemes0).

An unsubstitutegohenyl group was also investigated using iodoben3ed5with
the yield on small scale being excelleBtliemesl), however wherattempted on a
larger scale this yield dropped to 41%he difference in yield observedas
attributed tothe short time frame for the halogkthium exchange, resulting in a

diminished gantity of the metalated spec@gailablefor the addition.
: . . OH
©/I 1) n-BuLi, THF, - 78 C, 15 mins < > |
2)2.12.7, THF,-78 "Ctort,6 h

3.3.15 3.3.16 84%

CO,H

Scheme517 Synthesis of barer phenyl substrate 3.3.16
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In order to test electrerich aromaticsystems methoxysubstituents at thgara- and
meta positions wereinvestigated with n-butyllithium providing the best results

compared taheturbo Grignardeagent

Br . OH
©/ 1) n-BuLi, THF, - 78 °C, 1 h g > |

2)2.12.7, THF,-78 Ctort, 16 h MeO CO,H

OMe
3.3.17 3.3.18 78%
OMe OMe
/©/' 1) n-BuLi, THF, - 78 °C, 2 h ©
MeO 2)2.12.7, THF,-78 ‘Ctort, 16 h )j*OH OH
HO,C HO,C
3.3.19 3.3.20 14% 3.3.2123%

Scheme521i Methoxy-substituted aromatics

The metamethoxybromobenzen&3.17 provided the desired product in good yield
as a mixture of diastereomerslearwhile, the paramethoxyiodobenzen&.319
provided a lower yieldhoweverin this casethe isomers3.3.20and 3.3.21 were
separable by MDAPSchemes2).

Aromatic teterocycles areubiquitous in drug moleculesind therefore it was
important to investigate whether this route would be able to tolerate their
functionality. Pyridines are commonlyutilised within medicinal chemistry
programmes and so this important moiety was investigateaditially. 2-
Bromopyridine 3.3.22and 3bromopyridine3.3.24 were examing with a view to
incorporatinga pyriding and 3,5bromopyridine3.3.26wasalsoused todeterminaf

a further functional handle on the pyridweuld be tolerated
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. o OH
N 1) n-BuLi, THF, - 78 °C, 2 h 7\
_ . B =N
N Br 2)2.12.7, THF,-78 Ctort, 16 h

CO,H
3.3.22 3.3.23
. . . OH
N 1) i-PrMgCI.LiCl, THF, 0 °C, 2 h 7\
® -
N™ "Br 2)2.12.7, THF,0Ctort, 16 h CO,H
3.3.22 3.3.23
, o OH
| N Br 1) n-BuLi, THF,-78 C,2h /{ \\
= R T ON= 4
N 2)2.12.7, THF,-78 "Ctort, 16 h CO,H
3.3.24 3.3.25
B . . o OH
B 1) i-PrMgCI.LiCl, THF, 0 °C, 2 h 7\
® a
N 2)2.12.7, THF,0 Ctort, 16 h CO,H
3.3.24 3.3.25

Scheme531 Pyridine substrates
Initially, the conditions attempted previously usingbutyllithium and turbo
Grignard were applied to both3.22and3.3.24(Schemes3). However, no product
was isolated from these reactions. These conditions were also applied to the dibromo

system3.3.26but again proved unsuccessf8chemeb4).

Br
Br Br 1) n-BuLi, THF,-78°C, 2 h oH
| \ ’ ’ ) / \
~ i o N=
N 2)2.12.7, THF,-78 Ctort, 16 h CO,H
3.3.26 3.3.27
Br,
Br Br i i ° OH
X 1) i-PrMgCI.LiCl, THF, 0 °C, 2 h 7/ \
® : - S
N 2)2.12.7, THF, 0 °Ctort, 16 h CO,H
3.3.26 3.3.27

Schemeb4 i Disubstituted pyridine substrates

To establishwhetherthe aciditself might beresponsible for the poor outcontag
reaction was repeated with the commercially available 8s828 It was believed
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that there would be sufficient selectivity for reaction of the organometallic at the
ketonesince the inherently higher reactivity thie ketone would be further enhanced
by its strained natureHowever,a subsequent attempsing turboGrignardat 0°C

did not provide the desired prody&chemesb).

N 1) i-PrMgCI.LiCl, THF, 0 °C, 16 h 7\ o
I N/ B —N
' 2) 0=<>—002'V'e CO,Me
3.3.22 3.3.28 3.3.29

THF,0°Ctort, 16 h
Schemes5i Attempted addition to ester 3.3.28
In an attempt to investigate whether the desired organometallic species was being
generated a time study was performed using ttaam@ 3bromopyridine. Using turbo
Grignard as the metalating agent, the reaction was monitored by TLC quenching with
methanal Unfortunately, at each time point (115 mins (every minute), 30 mins,
1h, 2 h, 4 h) only a weak spot for pyridine was observed. This indicated that the

metalationprocessvas problematic with this species.

Having failed to generatthe organometallion the pyridine substrates, attention
turnedto indole3.3.3Q The original conditions were employdtwever these were
unsuccessfulln all cases, whether usingbutyllithium or turbo Grignard some
startingbromandole was recoveresliggesting thahe halogedithium exchangdor
this substrate&vas slow(Table26).
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Table 267 Indole 3.3.30 substrate investigation

/
N e . O>_<>((>/\>
Br/©/\/) OH
RO
3.3.30
Entry Conditions
1 1) i-PrMgCI.LIiCl, THF, 0 °Ctort, 16 h
(R=H33.31) | 2) 2.12.7 THF, rt, 6 h
2 1) nBulLi, THF, 1T 78
(R=H33.31) | 2) 2127 THF, 1 78 A
3 1) nBulLi, THF, 1T 78
(R=Me 3.3.32)| 2) 3328 THF, 1 78 A
4 1) i-PrMgCI.LIiCl, THF, 0 °Ctort, 16 h
(R=Me 3.3.32)| 2) 3.3.28 THF, rt, 6 h
5 1) i-Pr MgCI . Li Cl, TH
(R=Me 3.3.32)| 2) 3328 THF, 1 78 A

Both sets of conditions were again investigated using the methyl3e3i28 Using
n-butyllithium the majorcomponent that could be isolateas recovered starting
material but some debrominated starting matexia$ isolatedsuggesting halogen
lithium exchange had occurrgd@able26 Entry 3) Despite thisnoneof the addition

productwas observed

Lastly, methyl pyrazol&.3.3 was investigated usg turbo Grignarghoweveragain
no desired productwas observedPleasingly, witching to n-butyllithium did
generate a new produddowever, this was na result othalogenlithium exchange
but rather from a deprotonation of the pyrazole andsequenaddition into the
ketone.The product wassolated in arelatively low yield andrepetition of the

reaction failed to give an improvemd®chemes6).

96



Nicholas Measom Property of GSK Copyingnot permitted Confidential

/ : . ~n-N
N-N 1) n-BuLi, THF, - 78 °C, 1 h N7
Y e

-78° Br

b 2)212.7,THF,-78 Ctort, 16h | J OH

3.3.33 3.3.34 24%

Scheme56i Synthesis of unexpected byroduct 3.3.36

The next step in assessing the scope of this sequence feamtthe bicyclic ring
system followed byarbene reactioto generate the BCP systeWith the exception
of pyrazole3.3.34, the acids produced in the initial screen were progressed to the
chlorination stefdFigure46). The methyl pyrazol8.3.3 was omitted as itould not

be produced in sufficierguantities to support the subsequent synthetic sequence.

(0] (e) (0]
OH OH OH
Cl
OH OH OH
MeO

3.36 3.3.13 3.3.21
0] 0 (0]
OH OH OH
MeO
OH OH OH
F
3.3.18 3.3.8 3.3.16

Figure 46 - Substrates advanced to full BCP synthesis

The chlorination of the previously reported substr@af®16 was undertaken and
proceeded with good conversibti. Subsequent transfer of the compound using
MeOH and heating to 40 °C caused the displacement of theiddlaith MeOH to
generate compoun8.3.3, observed by NMRSchemes7). This is proposed to be
due to the lability of the chloride in anBfashiongenerating @omparatively stable
benzylic tertiary carbocation
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o HCI MeOH, 40 °C

(0] — = O

PhMe, 5 h, ))), rt

HO OH Cl HO OMe

3.3.16 3.3.35 3.3.36

Scheme571 Unexpected production of 3.3.8 after successful conversion of 3.3.16 to 3.5.3

This reaction was subsequently repeated a larger scale, with an alternative

isolation proceduravoiding the use of methangenerating thelesired chlorinated
intermediate3.3.3 in 87%yield (Schemes8).

o HCI

- 0]

HG OH PhMe, 5 h, rt, ))) HO Cl

3.3.16 3.3.3587%

Scheme587 Successfuconversion of 3.3.16 to 3.3.36nder ultrasound conditions

The methyl ester formation was tested on srsallle using HCI in MeOH and
proceeded in excellent yie(&chemes9).

HCI
0] > 0

MeOH, 4 h, rt
HO Cl MeO Cl

3.3.35 3.3.3791%

Scheme591 Small scde ester 3.3.3Formation

When performing this reaction on an increased scdigplacement of the chloride
with MeOH was observedfter stirring for 4 hThe mixturewas stirred for a further
16 h before thadesired producs.3.37 ard undesired byproduct3.3.38 were isolated
in poor yield(Schemes0).

HCI
0] > O 0]

HG Cl MeOH, 20 h, rt MeG Cl MeG OMe

3.3.35 3.3.37 21% 3.3.38 44%

Scheme60i Isolation of desired ester 3.3.8and the undesired displaced product 3.3.38

Consequentlythis substate was not progressed further aiéntion turned to the

alternative substrateshich had not been previougigportedn the literature.
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As the eletron deficient trifluoromethyphenyl derivative3.1.1 had already been
used in the synthesaf 3.1.16attention turned to electrenich systems. To this end

the methoxy substituted aromatic3.21 and 3.3.18 were investigated. The
chlorination ofa 3.321 proved challenging showing only madeonversion by TLC

after sonication for 19 h. It waanticipatedthat separation of starting material and
product would bdifficult at this stage anthereforethe crude product was stirred

for 6 h in methanolicHCI. However, the undesire8.339 was isolated from this
reaction suggesting MeOH was displacing the chloride produced in the initial step
(Schemebl).

OMe OMe
1) HCI, PhMe,
o 19 h, rt, ))) o
2) HCl,
HO OH MeOH, rt, 6 h MeO OMe
3.3.21 3.3.39 24%

Schemeb61i Isolation of undesired byproduct 3.3.39

A repeat of the reactiowith monitoring by NMRshowed a complex profilelhis
suggested product instability whicluld be rationalised by the ability of the oxygen
lone pair to stabilise the carbocation formed by loss of chlorideTiais.carbocation
could subsequently be trapp&dth waterto reform starting material oform an
adduct withMeOH. The intermediate could algmtentially degrade into other by
productsvia the reactive quinonenethide intermediate3.3.41 generated Scheme
62).

5 <D
MeO @ \ O
0, %O=04
0 OH
HO
3.3.40 3.3.41
Scheme62i Potential generation of reactive quinone species3.41

It wasreasonedhatusing the 3methoxyphenyl systemvould potentiallycurtail this
reactivity. However, nitial attempts at this reaction proved unsuccessful with a
complex reaction profile observed by LCMSThis was attributed to the LCMS
sample beingdissolvedin MeOH which could potentially displacéhe chloride

Additionally, the wateiin the mobile phasef the LCMS could react witt8.3.4 to
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generate further bgroducts.Repeating this reaction with monitoring using NMR
provided aclearer picturewith full conversion to the chloridd.3.2 after 3 h of

sonication andraexcellent isolated yieldSchemes3).

MeO MeO
HCI
o) ~ 0
PhMe, rt, 3 h,)))
HO OH HO Cl
3.3.18 3.3.42 99%

Scheme637 Successful conversion of 3.3.18 to 3.2.4nder ultrasound conditions

The methanol with HCI conditionssed previously was attempted in the synthesis of
methyl ester3.3.43 After 2 hours the conversion to the desired product was
observed, however, imttemptingto isolate the product the double substitution
product 3.3.44 was observed by NMR after removing the solvent under reduced
pressure at 40 °(ot isolated Schemeb4). With this disappointing observation, the
focus shifted to an alternative substrate.

MeO MeO MeO
HCI
> (@) (@)
MeOH, rt, 2 h
C MeO Cl MeO OMe

0
HO I
3.3.42 3.3.43 3.3.44

Scheme64i Observed conversion of 3.3.4f desired product with undesired further reaction to 3.3.44

The tolyl substituted systen3.3.13 was the next for consideration with the
expectationthat the weakly donating methyl group would nfacilitate the
displacement of the chloride leaving group. Wa3.13in hand, the chlorination
step was invatigated however, issues with MeOH were again observed. Monitoring
the reaction by LCMS proved difficult with complexreaction profile. Moving to
reaction monitoring by NMRagain proved a superior analytical technique and
subsequently the desired prod@c8.4 was produced in excellent yield @range

of scales $chemegh).
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HCI
0} 0]

PhMe, rt, 5 h, )))

HO OH HO Cl
3.3.13 3.3.4591%

Scheme651 Successful conversion of 3.3.13 to 3.3.dnder ultrasound conditions
The next step was to form the methyl es28.46. Initial conditions investigated
were stirring in MeOH and HCI, however this producetiinly the double
substituted producB8.3.47 through displacement of the chlorideas observedby
NMR (Schemes6).

HCI
0 > O (0]

MeOH. 6 h, rt
© MeO Cl

HG Cl MeO OMe

3.345 3.3.46 L 3.3.47 .
Observed by NMR

Scheme6671 Conversion of 3.3.45%0 undesired 3.3.47

It was envisaged that the use of a more bulky alcohol might prevent displatceim
the chloride and produce only the desired ester. To thisbetil benzyl alcohol and
tert-butyl alcohol wereexplored Benzyl alcohol was stirred with HCI ai®d3.46 in

1,4-dioxane for 3 {Schemes7).

HCI, BhOH,
o ~ O
1,4-Dioxane, 3 h, rt
Hd cl BnO Cl

3.3.45 3.3.48

Scheme671 Unsuccessful benzyl ester formation
The LCMS profileindicatedthe presence of a variety of differesdmponentswvith
displacement of the chloride with benzyl alcohol as well abigibenzyl compound

3.349 (Figure47), although these were not isolated
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OBn OBn
@]
o
OBn HO
3.3.49 3.3.50

Figure 471 Observed byproducts in benzyl ester formation

These results suggested that, when using benzyl alcohol, displacement of the chloride
was faster than the ester formation. Therefore attemtiored to the much bulkier
tert-butyl alcohol. Initial attempts using similar conditions to theggplied with

benzyl alcohol were explored. However, under these condipyadominantly
unreactedstarting material was observed by NMR the reactionafter 4 h. This
reaction was repeated and allowed to stir overnigitt little conversion of the
starting material washservedvia NMR. The reaction was then heated to 50 °C for a
further 16 hbut without successSchemes8).

HCI
O, O,
t-BuOH,
HO Cl 32h,rtto 50 °C t-BuO Cl
3.3.45 3.3.51

Scheme68i tert-Butyl ester synthesis

With little successn switching alcohol, an alternative strategy was considered. It
wasenvisaged that the reactivity of the acid coddncreased by conversidn the

acid chloride As such this wasgeneratedn situ before quenching witMeOH. This

was attempted using thmgl chloride and stirring for 3 (Echemes9). Upon addition

of the MeOH the undesired displacement of the chloride againobserved

1) SOCl,,
CH,Cly, 3 h, rt
o > O
2) MeOH
HO Cl CH2C|2, 2 h, rt MeO Cl
3.3.45 3.3.46

Scheme69i Methyl ester synthesisvia acid chloride
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This reaction was repeated with the addition of base to speed up the generation of the
acid chloride intermediat&ncouragingly,n this case the desired prodGc3.46was

isolated albeit in poor yieldSchemer Q).

1) SOCly, EtzN

CH,Cl,, 3 h, rt
O o O
2) MeOH
g Cl CH,Cly, 2 h, rt MeO Cl
3.3.45 3.3.46 34%

Scheme70 - Methyl ester synthesisvia acid chloride

This reaction was repeated on larger scale under the same conditaeverthe
isolatedyield wasreduced tdl5% witha considerabl@amount ofacid still present in
the reaction mixture.Following this disappointing result attention turned to

examination ofnore electron deficienubstrates

It was reasonedhat aparafluoro substituent, as witthe trifluoromethyl group,
would sufficiently destabilise the cationiqy$ intermediate,therefore preventing
displacement at that positigRigure48).

Figure 48 - Resonance destabilised\3 transition state

As described previously.3.8was generated in good yield and veabjected to the
chlorinationprocedure An initial small scale attempt showed good conversion by
NMR, howeverunfortunately purification by MDAP degraded the product. A repeat
of this reactiorusingalternative isolation conditions generated the desired compound
3.3.2in quantitative yield om variety of scale€Schemerl).

OH Cl
F HCI F

O PhMe, rt, 3h,)) 0O
HO HO
3.3.8 3.3.52 quant.

Scheme7171 Chlorination of 3.3.8
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Subsequent ester formation proved challenging with Mef@#in displacing the
chloride wherB.3.2 was stirred in HCI and MeOH overnight. Reducing the reaction
time to just 2 h gave an improved result with 19% isol8t8d83 and 24% undesired

by-product3.3.54 (Schemer2).

Cl Cl OMe
F HCI F F
O MeOH, 2 h, rt © ©
HO RN N

3.3.52 3.3.53 19% 3.3.54 24%

Scheme72i Isolation of desired ester 3.3.53 and bproduct 3.3.54

It was hopedin this case thatnhancingthe reactivity of the acid with thionyl
chloride would provide facile access to the desired methyl &s8e83. Initially
treatment withthionyl chloride DIPEA andone equivalent of MeOH generated the
desired prodct in 12% yield. However, switching to BN produced3.3.3 in an
improved yet still disappointing26% yield(Schemer3).

Cl SOCl,, Et;N %
F CH,Cly, 3 h, rt
O then MeOH, 2 h, rt o
HO MeO
3.3.52 3.3.53 26%

Scheme731 Alternative synthesis of 3.3.5%ia acid chloride
Following on from this, tiwas considered that alkylation tife acidmight prevent
displacement of the chloride due to the lack of external nucleophile present in the
reaction mixture. Subsequent attempts using potassium carbonateNowEh

methyl iodide were however unsuccesgithemer4).

Cl K,CO3, Mel, 3d or Cl
E Et;N, Mel, 16h  F
o - o)
THF, rt
HO ’ MeO
3.3.52 3.3.53

Scheme74i Alkylation of acid 3.3.52

Due to the limited success in generating the es368s3/, 3.3.4, and 3.3.33 in

sufficient yield, these examples were not progrdsany further.Additionally,
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changing the order of steps into the methyl esBe8s37 3.3.46 and 3.3.53 was
considered, however with the limited success using the trifluoromethyl substrate

3.14this was not investigated.

The final substrateexamined was the metachloro substituted aromati®.3.6
Chlorination of this substraggroceeded with excellent yieldsnging from 93% to
quantitativeon a variety of scalgSchemers).

Cl Cl
H I
Q HCI ¢
(o) PhMe, rt, 3 h, ))) (o)
HO HO
3.3.6

3.3.55 quant

Scheme7571 Chlorination of 3.3.6

Subsequent ester formation was carried outgubioth preactivation with thionyl
chloride and stirring with MeOH in HCI. Both proceeded in excellent yield with the
HCI/MeOH conditions provinguperior when repeatexh a larger scalegiving near
quantitative yield®f 3.3.% (Schemer6).

cl cl
cl Method A: HCI, cl

MeOH, rt, 2 h

o) Method B: o
1) SOCl,, DIPEA MeO
CH,Cl, rt, 4 h

3.3.55 2) MeOH, 3.3.56 Method A: 98%
CHyClp, 1t, 3 h Method B: 84%

HO

Scheme767 Successful synthesis of ester 3.3.56

With the desired compound.3.% in hand, the cyclisation to the strained ring
intermediate3.3.57 was investigated. An initial test reaction on 100 mg scale was
undertaken. From this reactioan isolated fractionafter column chromatography
displayedpeaksin the NMRcharacteristic oflesiredproductand starting materialt

had been noted previously wigh12.6thatthe yield increased when performing this
reaction on larger scal€onsequently, upon scaling this reaction, the desired product
3.3.57was generated in 90% isolated yi€Bthemer7).
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Cl

Cl cl

NaH o
O THF, 16 h, rt Z:> e zOMe

3.3.56 3.3.57 90%

Y

MeO

Scheme77i Cyclisation to 3.3.57

The last step was the addition of the dichlorocarbene unit into the central bond of the
[1.1.0] ring system 08.3.5/. Employing the literature conditions usiid previously,

the reaction generated the desired compdiBdb8in a reasonablgield (Scheme

78).

@)
Cl J\ Cl Cl CI
3 o NaO~ "CCl; N 0
OMe PCE, diglyme, >: é OMe
120°Cto 140°C, 1 h
3.3.57 3.3.58 31%

Scheme787 Dichlorocarbene addition to 3.3.57

Significant effort has been made temonstrate the scope of the methodology
developed to access a PheB@P moiety. Two substrates bearing differing phenyl
substitution were successfully converted to the desired PB&®I| cores in
reasonable yield. Unfortunately a general synthetic apprttaa wide range of such
cores was not identified, with significant challenges associated with the gtabilit
the carbocation generated ooute to the BCP encountered. Nonetheless, electron
deficient systems were viable and it is reasonable to asthah¢his methodology
could generally be applied to such systems, allowing adcetse desired BCP
analogues. In order to synthesise more eledticdnexamples, considerable further
investigation would be required and may need a new synthetic stratéigyugh
disappointing, these studies have tested the limits of this methodology and give a

clear indication on where any future studies should be focussed.
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3.4 Cross couplingas an approach to derivatising the BCP system

During the synthetic approacheswards the BCP intermediates)esstructurewas
particularlyintriguing. The generation of the monochlorinated sysgeb?1via the
radicaldechlorination reactionrScheme31) in good yieldprompted the idea that the
chloride could be used as a further functional hafalelerivatisation Introducing
functionality at this position woulgotentially allow the investigation ohovel
chemical space. Comparing to a phenyl group, this position would allow access to a
previously unexplored vector at 90° to the plane of the molecule, as opposed to the
conventional 60° and 120° from a phenyl grobmre49).

@,i

Figure 497 Geometries associated with phenyl and BCP systems

This could be particularlyuseful within a medicinal chemistry setting thss new
directionality couldprovide a uniqguemeans of exploring binding with a target
proteinand could potentially provide a platform to improve the overall profile of a

drug molecule.

In addition to this investigation of transition metal based®sp? coupling is of
growing interest in the chemical literatdfé.Crosscoupling methodology has been
extensively used by both industry and academia to for@ lidnds for a variety of
processes. The vast array of coupling partners and transition metals utilised in these
reactions has saturated the ardewever there are some templates which still
provide significant challenges.
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Figure 507 Generic alkyl crosscoupling mechanism

One particular area which has received attention is the -coogding of alkyl
halides. These substrates present significant challenges pertaining to two factors:
slow oxidative addition and fasb-hydride elimination®**%* Recent advances
reported inthe literaturehave tried to addreshese particular challengeghe Fu

group investigated the application of bulky alkyl phosphines in the coupling of alkyl
bromides, chdrides and tosylates to alkyl boron reagents in a Stidijaura cross
coupling’® %" The successful results were attributed to the high eledmoating

ability of the phosphines facilitating oxidative addition and the large steric effect of

the ligands suppressitfighydride elimination®®

With suppression ob-hydride elimination being a particular challenge in alkyl
halide crossouplings, it is fortuitous that on this particular template tlaeeso b-
hydrogens available for this undesired pathway. Additionatipsilering the vast
amount of literature badearound the SuzuVliyaura crosscoupling, a boronic acid
was envisaged as sensiblecoupling partner for this transformation. Accordingly,
phenyl boronic acid was chosenasnodelcoupling partner in these investigations.
The screeimg parameterexamned included the palladium source, ligand, salven

and temperature
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Table 2717 Initial screening conditions for crosscoupling of 3.1.21

Pd source (0.1 eq),
Ligand (0.2 eq)
cl PhB(OH), (1.1 eq) Ph

O K2CO3 (2 eq) O
F3C > F3C
OMe solvent, Temp, 16 h OMe
3.1.21 3.4.1
Entry Pd Ligand Solvent (10:1) | T (°C) Outcome
Minor by-product,
1 Pd(OAc) DavePhos THF:H,O 20 _
not isolated
2 RuPhos THF:H,O 90 Only SM
3 JohnPhos THF:H,O 90 Only SM
4 XantPhos THF:H,O 90 Only SM
5 XPhos THF:H,O 90 Only SM
Minor by-product,
6 PPh THF:H,O 90 _
not isolated

Firstly, the palladium source and ligands weseaminedusing 1.1 eq of phenyl
boronic acid, 2 eq of base in THR® at 90 °C for 16 hTable 27). Palladium
acetate was the first source of palladium tostiedwith six different phosphine
based ligands: DavePhos, RuPhos, JohnPhos, XantPhos, XRhads
triphenylphosphine.

In this intial screen no reaction was observed for 4 out of the 6 ligands. Some
reaction was observed by TLC using DavePhos and triphenylphosphine, however in
these cases only starting material was isolated upon purificd&@sed on this,
replacing the sourceof palladium was thought tooffer improved reactivity.
Tris(dibenzylideneacetone)dipalladium was deemed a suitable alternative and
accordinglywas screened with the same ligand set ung®chingconditions Table

28).
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Table 281 Alternative palladium source for crosscoupling of 3.1.21

Pd source (0.1 eq),
Ligand (0.2 eq)

Cl PhB(OH), (1.1 eq) Ph
0O K2COj3 (2 eq) O
FsC > F4C
OMe Solvent, Temp, 16 h OMe
3.1.21 3.4.1
Entry Pd Ligand Solvent (10:1) | T (°C) Outcome
Minor by-product, not
1 Pd(dba)y | DavePhos THF:H,O 90 _
isolated
2 RuPhos THF:H,O 90 Only SM
3 JohnPhos THF:H,O 90 Only SM
4 XantPhos THF:H,O 90 Only SM
5 XPhos THF:H,O 90 Only SM
Minor by-product, not
6 PPh THF:H,O 90 _
isolated

However, the results of thiscreen were equally disappointing. It was thought that
combining the reaction mixtures foirable 28 entries1 and 6 would allow the

isolation of the nely observedroduct however this proved unsuccessful.

Table 2971 Further conditions screened

Pd source (0.1 eq),

Cl PhB(OH), (2 eq) Ph
O K,COj (3 eq) O
FsC = FC
OMe solvent, Temp, 16 h OMe
3.1.21 3.4.1
Entry Pd Solvent (10:1) T (°C) Outcome
1 PdCL(dppf) THF:H,O 90 Only SM
2 RuPhos Precat THF:H,O 90 By-product

Using similar conditions to those in the first two screens, two alternative catalysts
were considered: Pdgdlppf) and RuPhos precatalysturthermore, tiwas thought

that increasing the amount bbéronic acidcoupling partner irthe reaction mixture
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could promote desired reactioWVith PdCh(dppf) (Table 29, Entry 1) no reaction

was observed and only starting matenials isolated from this reaction. However,
pleasingly the use of the RuPhos precatalyst saw conversion of starting material.
Uponisolationof the major producit was determined that this was not the desired
coupled producB.4.1but a dialkene speci&42 (Schemer9).

CF3
Cl
@) Table 29 Entry 2 O
FsC
OMe MeO \
o
3.1.21 3.4.2 14%

Scheme791 Isolation of by-product 3.4.2

Considering the stability of the ring system under the high temperature
dechlorination conditions two mechanisms for this degradation were postulated.
Firstly, the palladium species in the reaction mixture could be acting.@wsiaacid

to activate the ng system twardsa degradation pathway in which a rearrangement
occurs. This could be either through a concerted pathway or awsepbond
breakage to form a stable enolate which then eliminates to generate the chlorinated
alkene speciesSuch an intermdiatecould then undergo a Suzuki crassupling to

give the product observe(Scheme80). Alternatively, it was postulated that the
palladium speciegould oxidatively insert into the carbahlorine bond and then
subsequent ring opening of the BCP system could occur to relieve the ring stfain a
generate a palladacycle. Tipalladacycleintermediatecould then degradé the
dialkene species with thpalladium complexedto the alkene. This could then
perform a Suzuki coupling with the phenyl boronic acid to generate the p&dct
(Scheme30).
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SchemeB0i A) Lewis acid assisted thermal degradation with Suzuki coupling, B) Palladacycle mediated
degradation

The original seeenng conditions were repeated using the extra equivalents of base
and boronic acid, this time using toluene as solvent to allow heating to a higher

temperatureTable30).
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Table 307 More forcing conditions used for crosscoupling of 3.1.21

Pd source (0.1 eq),
Ligand (0.2 eq)
Cl PhB(OH), (2 eq) Ph
K2003 (3 eq)

o) o)
FsC ~ F,C
OMe Solvent, Temp, 16 h OMe

3.1.21 3.4.1
Solvent
Entry Pd Ligand T (°C) Outcome
(10:1)

1 Pd(OAc) DavePhos | PhMe:HO 110 By-product
2 RuPhos PhMe:HO 110 By-product
3 JohnPhos | PhMe:HO 110 By-product
4 XantPhos PhMe:HO 110 Only SM
5 XPhos PhMe:HO 110 By-product
6 PPh PhMe:HO 110 Only SM
7 Pd,(dba) DavePhos | PhMe:HO 110 By-product
8 RuPhos PhMe:HO 110 By-product
9 JohnPhos | PhMe:HO 110 By-product
10 XantPhos | PhMe:HO 110 Only SM
11 XPhos PhMe:HO 110 By-product
12 PPh PhMe:HO 110 Only SM

This survey of reaction conditiorshowed conversion to the undesired dialk@de

using four of the six ligands with palladium diacetate. Switching tgdBe) gave

similar results with the same four ligands generating the undesirgdolojct3.42.

In both cases the reactions producing the undesiregrdguct neededto be

combinedn order to isolate sufficient quantities for characterisation

In order to obtain an isolated yield for a specific rea¢tituiPhos was considered the

logical choice considering the successful conversion using the precataliptd 29
Entry 2 and the production of the fproductas observedy TLC in Table 30

Entries 2 and 8The RuPhos conditions were therefore attempted on a 50 mg scale
using stoichiometric amounts of the metal and phosphine ligandharuproduct
3.42 was isolated ir35%yield (Scheme31).
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Cl Pd(OAc),, RuPhos,
O  K,COj, PhB(OH),

FsC
OMe  phMe:H,O (10:1),

110°C, 16 h
o
3.1.21 3.4.2 35%

SchemeB1li Isolation of degradation product 3.4.2

Following on from the issues observed with freposed spsp’ crosscoupling, t
was believed that increasing treactivity of the halide might accelerdtes reaction
and prevent the palladium insertion tim the ring system. To this end, akelstein
reaction was attempted on the monochlorinayestiesn3.1.21using potassium iodide
(Schemed2).

Cl |

0 KI 0
F4C > F,C
OMe (CH,),CO, 56 ‘C,16 h OMe

3.1.21 3.4.9

SchemeB82i Finkelstein reaction
Unfortunately, only starting material wadbserved in this reaction after heating
under refluxfor 16 h. Therefore more forcing conditions were applied using sodium
iodide and heating at 180 °C in diethylene gly¢DEG) (Scheme83). These
conditions did not produce any iodinated product with the harsh conditions

potentially degrading the starting material.

o] I
O Nal O
F5C > F,;C
OMe DEG, 180°C,16 h OMe

3.1.21 3.4.9

Schemes3i Finkelstein reaction under harsh conditions
In attempting to explain the lack of reactivity in the Finkelstein procéssas
considered that ax3-type reaction might be disfavoured due to the positioning of
the hydrogens othe ring systemThe hydrogeratomson theb-carbonare orientated
directly towards the point of attack for ap2stype mechanismthereforeblocking

accesstdt he U* Figure®lj. t al (
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H
Ar
S\2 disfavoured due to o* orbital blocked
H g N
H HO
MeO

Figure 517 Energy minimised structure demonstrating hypothesis for lack of reactivity of 3.1.21

This consideratiordirected the investigation into trying reverse the reactivity of

the chloride. It was envisaged that an organometallic exchange could provide a
useful intermediate for a subsequent cromgpling or addition reactior-ormation

of the zincater magnesium specidsllowed by addition obenzaldehyde to trap the

metalated speciegasexamined Schemed4).

i-PrMgCI.LiCI
THF, - 40 °C, 3h HO__ Ph

cl

o) then PhCHO, THF, 6 h o)
FsC > F,C

OMe or Zn, LiBr, I, OMe

DMF, 80 °C,30r 16 h
then PhCHO, DMF, 16 h 3.4.10

SchemeB841 Metalation of 3.1.21
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In all caseshowever no desired product was obtained and only starting material was
observed.This suggested that metalation of this intermediate was not occurring

which mayagain be attributed to the low reactivity of the chloride.

Finally, nickel was considered as an alternative to palladium for the direct cross
coupling. Nickel has a smallatonic radiusthan palladium;allowing for facile
oxidative addition and can allow access to radical pathways. With this in mind, it
was considered that nickel might not facilitate ring opening of the strained ring
system'®® Additionally, considering that the dechlorination stepadical innature
proving generation of a radical intermediate is possible without ring opgetiieg
ability to access radical pathways might allow coupling to ockewever, initial
attempts usingnickel catalysisdid not generate any desired product with only

stating materialrecoveredSchemess).*®°

cl NiCl,.glyme or NiCl,(PPh3), Ph

e} L-prolinol, K,CO3, PhB(OH), e}
FsC FsC
OMe OMe

PhMe:H,O (10:1),

110°C, 16 h
3.1.21 3.4.1

Scheme85i Alternative nickel cross-coupling
In summary, dspite the comprehensive investigation of the monochlorinated BCP
3.1.21as a potential crossoupling partner, no desiremtosscoupling product was
observed. With the limited reactivity & 1.21and itsdegradation under palladium

catalysed conditions, this investigation was not progressed any further.

Additional investigation into this type of functionalisation of the BCP structure is
certainly viable. With the ability to dechlorinate the ring systenmgus radical
processhaving been establishedt can be envisaged thdhat merging these
dechlorination conditions with addition of a Michael acceptor could allow

functionalisation at the desired positi®chemes6).
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Cl

OMe X OMe
FsC el O
0O 0

3.1.21 3.4.11
GO
Ph
Ph.__O
OMe

FsC

0

3.4.12

Scheme867i Potential radical pathway to functionalise 3.1.21

The dichlorinated precursor BC31.18could also be considered as a stgrpoint
for these kind of reaction3he generation of a radical on this specsasore facile
thereforecoupling of this might have a greatamobability of successFurthermore,
with the use a ohickel catalyst haing the potential to aess radical pathways for
crosscoupling, it was considerethat the enhanced ability tgeneratea radical
species using the dichlorinated BGPL.18 could improve the potential coupling

process
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3.5 Conclusiors and Futurework

Ultimately, the main aim of this work has been achieved with the successful
incorporation of the BCP unit into the darapladib and rilapladib scaffolds. It has also
been clearly shown that thiecreased spcharacter of this moietiias a beneficial
effect to the physicochemical profile of the two inhibitodsaprovements were
observed in both the solubility and permeability of the isastericinhibitors with

the binding mode oR.12.1 confirmed to be the same as its parent darapladib.
Moreoverwith many of the steps being performed on mgitam scale, it can be
extrapolated that thisynthetic routeould be utilised in a procesiemistrysetting.
Further investigation into methods of improving the synthetic routeisever still

desirable.

With this route being inherently scalable, the ability to modify the templates was
desired. Utilising the synthetic route already establisltied applicability of the
methodology was investigated in a variety of templates. Unfortunately, with each
template preiding significant challenges, a general synthetic route was not
established. Electron deficient aromatics proved the most effective substrates in the

general scheme with two examples carried through to the BCP structure.

It is believed that modifications of the route would allow access to the alternative
substratesWith iodinated starting materials proving more effective for aromatic
substituents, it could be possible to utilise iodinated heterocycles analogously.
Additionally, with the carbocation stability in the ester formation step providing a
significant challenge, it could be possible to mitigate this by activating the acid with
thionyl chloride in combination with a bulkier alcohol to prevept Sisplacement.
Alternatively, a more comprehensive investigation into alkylating on the acid could
be performed with a stronger base potentially being employed. Despite the
unsuccessful conversion of the alcohol to a leaving group using sulstratethe
challenges assode&d with the subsequent templates investigated could provide cause
to revisit the order of steps.

Finally, the potential crossoupling of 3.1.21 has been thoroughly investigated.
Despite the breakdown of the compounds using palladium catalysis, ilidgede

that a radical process for functionalisation at this position is plausible. It is also of
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interest to utilise the dichlorinate?i1.18system as an alternative coupling partner
with the intermediate radical specibging inherently more stable andetefore
potentially more accessible. This prospective functionalisation could be
accomplished using either a Michael acceptor or an alternative metal species for the

coupling reaction.
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4.0 Bioisosteres in modulatingmetabolic
stability
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4.1 Soft-drugs

As discussed previously, carbonyl bioisosteres are inherently interchangkable.
such, esters could be used as isostefemmides; however, esters argrinsically
unstableboth from a chemical and metabolic perspectiech generallynegates
their use in an oral drug moleculdaving stated thishe use of ester functionality
can incorporate a predictable metabolic sgfiot into a drudike compound.
Classically this can be used in two ways predrug or a sofdrug. There is
extensive literature on the use of yhugs in which theparent compound is
converted by metabolism in a predictable way to the active sp@imse 52).1%
These are generally used to imprave physicochemical properties of tHead
compound for exampleto increase absorption or tune any potential side effect
profiles'?° A soft-drug is the oppositén that it isdosedas theactive specieand is

metabolised to an inactive compound in a predictable fasRigare52).'*

Pro-drug Soft-drug
Inactive Active

metabolism

Active species Inactive species

Figure 52 - Pro- and Soft-drugs

The softdrug concept waproposedyy Bodoret al in the 1980svhile investigating
the application of a metabolically labile centre within antimicrobials, antitumor
agents, and antholinergenicg® % Since then the development of sdftigs has

relied on 4 main approach&¥:

1) Soft analogues a close structural relative to a known active drug whiah
aspecific metabolic liability built in
2) Inactive metabolite approaéhan active compound designed from a known

or hypotheticametabolite of an existing drug.
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3) Active metabolite based sedrugi metabolic products of a drug that retain
significant activity can be developed with further metabi@digilities.
4) Prosoftdrugsi Inactive predrugs of a softrug from any of the above

designs

All of the above approaches are exemplified in the literatuti® the most common
being the use of soft analogues or the inactive metabolite appr8akhe basic

principles of soft analogues are:

1) Close structural analogues of a selected lead compound

2) A metabolically labile psitionis built into the molecular structure of the lead
preferably a hydrolytic centre

3) The metabolic liabilityis located so that theverall profileis very close to
that of the leadysually isosteric to the lead

4) The built in metabolism is the major, or preferably the pmbute for
deactivation

5) The rate of dedivation is controllable by structural modifications

6) The metabolites are ndoxic and have no significant biological activity
including at offtargets

7) The metabolism does not require enzymatic procesbesh lead tohighly

reactive intermediates

As statel above, the soffrug approach is prevalent in tmeedicinal chemistry
literature One simple examplecomes from antimicrobials developed around
pyridinium salts Figure 53).®* The incorporation of the ester group domt
significantly alter the physiochemical propertiewhen comparingt.1.1and4.1.2
however the lethal dose when compared betwkéril and 4.13 is significantly
improved, with4.13 beingapproximately40 times less toxi¢>*
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Figure 53- Development of antimicrobial soft drugst®*
Using the inactive met ab-lddckersweredeyelpped ac h,
T h e-blobker metprolol has a well established metabolic fa@arboxylic acid
derivative4.1.5is one such metabolite which was investigated as angtaxint for

the inactive metabolite approach to siftig designKigure54).

o) NN
o/\cg\HJ\ /\o?\H

HO

metaprolol 4.1.4 415
Figure 54 - Metaprolol and its inactive metabolite4.1.5
Converting the acid metabolite the ester functionality antéhomologatingthe
carbon chain produced esmol@igure 55). In 1986, Esmolol was approved for
intravenous clinical use by thfeod and drug adminisdtion (FDA) for temporary

ventricular control irsupraventricular arrhythmids*

SRR

J\ O _NH,
o) N HO
O /Y\H
0"
: 90 N
oH

o~
esmolol 4.1.6 propranolol 4.1.7 labetalol 4.1.8

Figure 55 - b-blockers
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Esmolol demonstrates a markedly reduced half life {5 mins) when compared to
ot h @lockets propranolof2 i 4 h)**® metoprolol(3 7 7 h)** and labetalol6 i
8h) (Figure 55)*°° with dissipation of its pharmacological effect within-26
minutest®®**It is also noteworthy that the acid metabotité.5has a long half life

of 3.7 h, however it is inactive t  treteptordnd has no clinical effe¢t?*’

Further examples of the sedhalogue approach can be seenrnirmaatiarrhythmic
agent developed by Du Pomtich utilised an ester instead of an amid&The
amide ACG9358 exhibied suppression of spontaneous ventricular arrhythmias for

up to 6 h after oral or intravenous dos({figure56).1%

s
o+

ACC-9358 4.1.9

Figure 56 - Anti -arrhythmic agent ACC-9358

Incorporation of a variety of alkyl ester functionalities produced compounds with

similar activity(Table31).'%
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Table 31- Anti-arrhythmic activity and metabolism of soft analogues of ACE9358°% Reprinted with
permission from: J. Med. Chem1989 32, 19101913, Copyright1989American Chemical Society

O

OH
RO n
5 )
Compound R n Guinea pig Human blood
right atria , metabolism, t,,
EDso( € g/ n min
ACC-9358 .
N/A N/A 11 Not metabolised
4.1.9
4.1.10 (CH3),CH 0 11.4+£6.9 Not metabolised
4.1.11 CH3CH,CH(CHg) | O 6.7+1.7 Not metabolised
4.1.12 (CH3),CHCH;, 0 23+11 Not metabolised
4.1.13 (CH3),CHCH;, 1 5.0£0.0 8.7+21
4.1.14 (CH3),CHCH;, 2 14.0+4.1 25.9+3.0
4.1.15 (CH3),CHCH, 3 6.0+ 4.0 1.96 + 0.57

A shorter acting ardarrhythmic agentvas desiredlue to potentialoxicity problems
especially in prophylactic administration for acute. Mbomologationof the chain
between the aromatic ring and the ester was investigated in ordamonote
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metabolismthrough increasing lipophilicity and minimising steric bulk at the ester
carbonyl centrd®*%4.1.13displayedthe optimumchain lengthwith good potency

and the desired shantlf life of around 10 mingTable 31).2°>%®This provided the

basis for the development cbmpoundst.1.16and4.1.17 which display short half

lives (3.5 and 7.1 minsespectively) and good potency (> 5. 5 and 7. 3 ¢

respectively)Figure57).192%
d N CN Q O/_Q_o
HO "
CN CN
4118 4417

Figure 57 - Short acting anti-arrhythmic agents

4.1.16and4.1.17were evaluated im vivomodels andl.1.17was taken forward as a

development candidatecause it possesst most desirable profifd®2®

Considering the effectiveness of this appro@cimprovingthe toxicological profile

of drug moleculesit wasproposedhat a softdrug approach could tepplied toan
inhaled bromodomain(Brd) and extraerminal (BET) domain familyinhibitor, a

class of compound which is of interest to our own laboratories as a treatment for
inflammatory diseasesThe background to this target and the proposed study is

outlined in the subsequent sections.
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4.2 Bromodomain(Brd) and extra-terminal domain (BET) proteins
Deoxyribonucleic acidDNA) carries the genetic code ofexy individual within a
eukaryotic cell.To facilitate storage within the cellhg DNA is wrapped around
positively chargedproteins called histones to form sieoomes?* These undergo
further bunding to form densely packed DNA structures called chrom@igure

58).2%2 These chromat structures further bundletinthe chromosome structure with
each chromosome packing appimately 2 x 18 nucleotide pairsRigure59). When
packed in this way, genes are unable to undergo transcription and are effectively

silenced.

Nucleosome
147 bp of DNA 200 bp of DNA

Figure 58- Structure of chromatin®** Reprinted by permission from Macmillan Publishers Ltd: Nat. Rev.
Urol., 2012, 9, 147155, Copyright 2012

Accordingly, control of transcription can be achieved through -jrasslational
modifications (PTMs) of histone3.he packing of these structures is dynamic with
protrusions from the chromatin structure known as historetiaihg susceptible to a

variety of PTMs.
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NN
'\ Non-coding RNAs

Figure 59 - Structure of a chromosomé® Reprinted by permission from Macmillan Publishers Ltd: Nae,
2008, 454, 711-715 Copyright 208

Direct methylation of DNA andhese PTMsof the histone proteinsincluding
methylation, acetylation,hpsphorylation and ubiquitinatipare created by a series

of enzymesknown asiwriters 6 PTMs can also be removed by another subset of
enzymes termedierased enzymes. PTMgprotrude from the nucleosome structure
and make up the epigenetic cddefi Re a d e r 0 or érangcyptire regulators

bind to thesdeaturesand recruit further proteins such as transcription factors to
allow for ribonucleic acid RNA) transcriptior?® Clearly, modulation of the activity

of enzymes which either add or remove a PTM could be of interest in treating disease

as this ultimately controls protein expression.

Acetylation of lysine residueweakers the DNA-histone interaction and expase
DNA for transcriptior® Bromodomains Brds) arefi r e apfogein®which arable
to recognise and bind these sites ,ahtough proteirprotein interactionsrecruit
protein complexethat enabléranscriptionof the DNA code®® 2% To date 61 Brds
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have been iddified across 46 different proteinsvhich are made up of
appoximately 110amino acig.?°®?*® Thesecan be displayedn what is termea
phylogenetic treewhich groups theBrd proteins into8 subfamilies based oprotein

sequence homologfFigure60).2°®

TAF1L (d1) SMARCA2
TAF1L
(d2) TAF1 PB1 (d6)
(d2)
ZMY11
SP110 PB¥/(d5)
(ISOfOI’m A) PB1 (d1)
PKCB1
) SfP11°c PB1 (d3)
(snf:: :(:m ) , PB1 (d2)
PB1 (d4
(isoform C) )
SP140/LY10 ASH1L
LY10L RS /
< TIFa /
N TRIM24 / BPTF/ GCNS/
\ FALZ KAT2A
TIF1B/ITRIM28 , PCAF/
TIF1y/TRIM33 == KAT2B
TIF15/TRIM66 — CECR2/
= KIAA1740
BAZ1A
- BRD2 (d1)
BRWD1/ == , N\ BRD3 (d1)
WDRS (d2) g L BRD4 (d1)
/ \ BRDT (d1)
BRWD3 (d2) / ‘ BRD2 (d2)
PHIP (d2) / I | BRD3 (d2)
/| \ BRD4 (d2)
CREBBP / ‘ \ BRDT (d2)
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BRPF2/ BRD1 \ BAZIA
BRPF3
BRPF1
BRD7
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(d1) (d2)
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ATAD2
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BRWD1/WDRS (d1)

Figure 60 - Phylogenetic treeof the Brd family2'°

Subgroup Il Figure60) is termed the BET family oBrds and consists of B2,
Brd3, Brd4 and Brdl.?®®?'!Brds 2-4 are ubiquitously expressed throughout the body
whereas Brdl is a testes specifiBrd containing protein (BCP¥> Each of these

BCPs contain tw@rds classed as BD1 and BD#5 well as an extra terminal domain
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(Figure 61).2°° EachBrd within the protein shares significant structural similarities
but thee is a greater similarity between BD1 or BD2 domains across the proteins

compared to the domains within the same prdt&ifi-2

1 74-185 345-457 632-710 801

Brd2 (@eo: @0 Q=" @)
1 34-145 307-419 562-640 726

Brd3 (@feo Q@l=o: @™ @

1 58-159 349-461  600-678

Bra4 (@0 @e0: @E

1 27-138 268-380 500-578

BraT (@01 @ec @ET

Figure 617 BET protein sequence structuré'?

Many individual Brd crystal structures have been sol¥&H.These structures
confirmed a earlier prediction made by Dhalluiret al that all Brds adopt a
conserved structur al a bk dih eterbdicalfZaand hel |
BC loops(Figure 62A).293214216 The |oops are variable in length and sequence and

fold to forma hydrophobic pocket in which theetyl lysine residuesf the histoe

systemsan bind?%>21

Despite the variability in ZA and BC loops leadirgBrd differentiation, the amino

acid residues which engage the acetylated lysines are highly conserved across the
Brds?*>#'® These include two tyrosine residues and an aspardginelater
molecules at the base of tiZ#\ channelalso contribute to the acetylated lysine
binding with interactions through hydrogen bonddhe amidecarbonylgroupsof

the protein backbon@® The specificity of eachBrd is achieved by recognitioof
residues which flank the acetylated lysine it§&if

Figure 621 A) X-ray crystal structure of Brd2 BD12**B) Brd2 BD1 complexed with {BET762 (green) and
GW841819X (orangef® C) Surface representation of Bd2 BD1 with GW841819X oerlaid with
acetylated histone 4 peptid®®B and CAdapted with permission from: J. Med. Chen2011, 54, 3828838,
Copyright 2011American Chemical Society
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The structural similarities between the 8 BHIds has made it particularly
challenging to access molecules which are selective for any oneBBETAsS a
result, effors in the first instancehas primarily focused on developing p&8ET
inhibitors. The first disclosure of paBET inhibitors was in 2010 upon publication
of (+)-JQ1 andBET762(Figure63).29" %’

Cl

GW841819X 4.2.1 I-BET762 4.2.2 (+)-JQ14.2.3
Figure 637 GW841819X,I-BET762 and (+}JQ1

I-BET762 was initially developed tpromoteup-regulation ofapolipoprotein Al
which is involved in atherosclerosiprogression and inflammatigfi>*'® A
chemoproteomic study concludedtthd8ET762 was an inhibitor of i82, Brd3 and
Brd4.2°® (+)-JQ1 which has the same benzodiairepscaffold was developed by
Filippakopouloset al and displays am vitro ICso of 77 nM at Brd4 BD1 and an
ICso of 33 NM at Bd4 BD2, with goodselectivity over other neBET Brds?” This
is comparable to-BET762 which hasan IG of 36 nM, again witlselectivity over
nonBET Brds?"?8X-ray crystal structures ofBET762 and the relatecbmpound
GW841819X have been solved and elucidated the binding pocket of the BET family
(Figure 62B).?°® This consists of the key acetylated lysine pocket recognition
regi ons dvePr shelieadd thefZ A channed (Figure62C). 2%

Further investigation of the BET family ddrds has led to the development of
inhibitors which have potedl utility for a variety of diseases including asthma,
chronic obstructive pulmonary disease and a selection of caAcstsdycarried out
by other members of our laboratorigsrestigatedl-BET762 in an inflammatory
model, demonstrating that it was alio suppress the production of a variety of

cytokines and chemokines stimulated by lipopolysacchétig&)?!’ This study also
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demonstrated the selective effects of BET inhibition with -hBS stimulated

macrophages displaying minimal chaadje expressionf other genes'’

(+)-JQ1 has been investigated by Filippakopowbsal as a treatment for NUT

midline carcinoma, a rarandaggressive cancél’?*It was demonstrated that (+)

JQ1 caused tumour regression aretluction in tumour growth in xenograft
models?®”?! The BET proteins have also been implicated inuaberof other

cancer types including: acute myeloid leukaefii®& u r ki t t 6 s rhultiptep h o ma ,

20

myeloma®?° and lung adenocarcinomd.Since thenitial development of-BET762

and (+}JQ1, adiverse range OfBET inhibitors have been developed for the

treatment ofa rdt of diseasesHigure64).2%

0
Cl
N
7o WO Oy
" HO
N
. (@)
N HN. ©
/& o’
@)

I-BET151 4.2.4 I-BET726 4.2.5 PFI-1 4.2.6

Figure 64 - Selection of parBET inhibitors 2%

Inflammation is a common issue caused by many disease statessalistussed
previously, BETBrds are involved in theroductionof inflammatory cytokinesind
chemokine$!’ The inflammatory responsmediatedby the BET family has been
investigated ina pulmonary arterial hypertensiofiPAH) model using (+JQ17%
PAH is a fatal disease wdfi is caused by nuclear factor kappé&\#--a B mediated
inflammatory gene expressipms well as endothelial cell proliferatiéff BET
inhibition with (+»JQ1 demonstrated a decrease in inflammation and cell
remodelling indicating its potential therapeutic &€g+)-JQ1 has also beeused to
reduce inflammation withiepithelial cellsobtained fromcystic fibrosissufferersby

reducing he overexpression of the inflammatory chemokine interleuigiL-8).2%®
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Cl
CPI-203 4.2.7
Figure 65 - Pan-BET inhibitor CPI -203

A further study oBET inhibitor CPF203 (Figure 65), investigatingeffects oncystic
fibrosis was carried out by Chen al.?** This investigation demonstrated that BET
inhibition can regulate -Eell responses of -helper cell 17 (Thl17) mediated
inflammation®** It was shown thatthe production of the primflammatory
chemokinelL-17 in human bronchial epithelial cells was redué&dThis was
extended to a murine model demonstrating decreased inflammatiaout
exacerbating infectioff’

The alternative inhibitor -BET762 has been investigated as a treatment for
asthm&?® As the previous reports have showsBHET762 inhibits the production of
inflammatory chemokines and cytokirfé$ In this investigation Yanget al
demonstratedhe effectivenessf the compoundn steroid resistant airway hyper
responsiveness in two murine mod&ksAdministration of BET762resulted ina
decrease in macrophage and neutrophil infiltration into the airways @ptdessed
key pro-inflammatorycytokines such as MGR, INFo  a na¥.>*IBased on all of
the above, e@search into BET inhibition provides conclusiveidence for its

implication ina variety of diseases and its potential therapemiicy .
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4.3 Aims

The fundamental role of BET proteins in gene transcription madmkition can
have potential toxic implications. It has been reported that strong suppression of BET
Brd 4 proteinshastoxic effect in a variety of tissuagsulting inepidermalstem cell
depletion within the small intestine, alopecidecreasedcellular diversity and
hyperplasig€®® Furthermore, it can lead to sensitivity to organ stress and impaired
regeneration With these potential toxic implicatign a tissue selective inhibitor
could be desirable.Accordingly, a softdrug might provide suchselectivity by
utilising theb o d yntermal mechanisms. With BEproteirs being potential anti
inflammatory targes within the lungs selectiveinhibition at this site of actiorvia
inhaled delivery is viable. Upon inhalation the potential drug wbeldiepositedh

the lungs and be absorbed into tieéevantcells to impatr its therapeutic activity.
After entering the blood stream tkeft-d r u igo@rporatedibbility would result in
metabolismto generatean inactive (or peripherally restrictedtompound thus

achievingsite (lung) selectivity.

Considering thatapproximately80% of an inhaled dose enters the bodyia the
oesophagugi.e. is swallowed), downstream toxicological implications from this
route of administration could be foreseen. However, a further benefit of-dragft
approach could be degradation of the drug within the gastrointestinal tract
preventingsystemic exposure and therefongnimising the risk oftoxicology. The
potential toxicity risks associated twi BET inhibition meant that softdrug
approachcould improve the therapeutic window for eanaled BET inhibitor This
hypothess was subsequently investigated on a range of mieleedentified as BET

inhibitors in our laboratories.
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5.0 Bioisosteic acetyklysine mimetics
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5.1 Application to BET inhibitors

As discussed in the previous chaptBrds recognise and bind acetylated lysine
residues on histone tails. Mard inhibitors blockthe keyacetyl amide toBrd
interaction and incorporate an acetylated lysine bioisost&pplication of a
metabolically labile isostere could provide a BET inluhitwhich upormetabolism
would be rendereddrogoticoel dSouthen fibeft
selective inhaled therapy. Inhalation of the drug in question would direct the
compound to the site of action within the lung, however upon egte¢hi@ blood
stream the labile functionality would be hydrolysed to the inactive acid. This would
ensure biological activity only within the lungs and avoid potential toxicological
liabilities brought about as a result of systemic expoduarés simplestform, the
acetytlysine isostere ia methyl amide moietyl hreecompoundsuitilising a methyl
amide/reverse amideere identified fromscreening othe library of BET inhibitors

available in our laboratorig&igure66).

N

F Ph O~ "Ph

51.1 5.1.2 51.3
Figure 66 - Selected compound$.1.122"5.1. 7% and 5.1.3%

The compoundgachdemonstrateaneasureabl@otency againsBrd 4 BD1 andbr
BD2 (used as a surrogate for other BBids) and had hih ligand efficiencie$LES)
(a measure of affinity per heavy atomhhereby making them a good stagtpoint
for optimisation(Table32).

Table 327 Potency and ligand efficiency data of 5.1.1, 5.1.2, and 5.1.3

Compound 5.1.1 5.1.2 51.3
BD1 pl Cs 51 4.4 4.4, <4.3
BD2 pl Csg 54 5.7 4.5
BD1 LE 0.39 0.32 0.33
BD2 LE 0.41 041 0.34
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The initial focus of the studyvas to determine whether replacing the methyl amide
with a methyl ester would hawedetrimental effect on potencps such,compound
5.1.6wastargeted as a direct comparatoibtd.1and was readilgynthesised in one
step using aSuzukiMiyaura crosscoupling betweenthe commercially available

coupling partners.1.4and5.1.5(Schemed7).

Ox-CMe  Pd(0Ac),, Cs,CO; Oy-OMe

@ cataCXium A
BFsK THF:H,0 (2:1), O O
Br F 100 °C, 6 h F

5.1.4 5.1.5 5.1.6 67%

Scheme871 Suzuki coupling of 5.1.4 and 5.1.5

Similarly, compound 5.1.8 was targeted andsynthesisedvia a straighforward

benzylationof thecommercially availabl@henol5.1.7(Scheme38).

O O

)J\O BnBr, K2003

M
©\ DMF, 100 °C, 16 h ©\
OH 0" >Ph

5.1.7 5.1.8 13%

Scheme881 Benzylation of 5.1.7
The methyl ester analogue of dihydrobenzofubah.2 posed a more significant
synthetic challeng and therefore a retrosynthetic analysis was applied to this
particular templat¢Scheme9) in order to identify a suitable forward synthesis
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O
OH MeO OH

o 1oL
Q O

5.1.10 5.1.11
Rearrangement

MeO; ;O

51.13 5.1.12

SchemeB9 - Retrosynthetic analysis 05.1.9

Utilising previous experience within the groti,it was envisaged that the core
could be synthesised using a ring closure onto an aldehyde with a subsequent
hydrogenation togeneratethe desired dihydrobenzofurénl.Q Aldehyde 5.1.10

could be produced from the oxidation of alkéng.11 This alkene could ultimately
originate fromphenol5.1.13by alkylation andClaisen rearrangement methodology.

In a forwardsense, his methodology has been previously utilised in the synthesis of
5.1.2(Schemed0).

138



Nicholas Measom Property of GSK Copyingnot permitted Confidential

0 OH i) Ph/\/\C| 5.1.15 (0] OH &
i) A
- A OA®
Br Br
5.1.14
5.1.16
i) NH,Me
i) OSO4, Na|04
MeHN 0] O
i) p-TSOH o OH =
e) - i) Pd/C, Hy MeHN O O
Ph Br
5.1.2 5.1.17

Scheme90 - Synthesis of 5.1.2°

Consequently,ite synthesis 05.1.9began withalkylation using cinnamyl chloride,
producing5.118 in good yield. Subsequent Claisen rearrangement produced the
desired terminal olefirb.1.16 in 64% yield (Scheme91). The bromine moiety,
although not desired within the final estel.9 was ircorporatedas it couldenable
functionalisationand develop steiure activity relationships around the template
(5.1.64) discussedater.
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O OH O O |

K,CO4, KI, 5.1.15
MeO 223 MeO

(CH3),CO, 56 °C, 16 h

Br Br
5.1.14 5.1.18 67%

w0
N
/

200 °C, 20 h

\J

O OH ¢

T T

Br
5.1.16 64%

Scheme91i Synthesis of intermediate 5.18

The next step was to convert the alkene into an aldelnrydereparation for
subsequentyclisation to the benzofura@onditions previously applied to related
analoguesnvolved the use of the highly toxic osmium tetroxide as a catatyst t
generate the didf* This diol muld then beoxidatively cleavedin situwith sodium
periodateto generate the @sired aldehydeNot only was the sodium periodate
required to achieve oxidative cleavage, an excess was used to affect reoxidation of

the catalytic osmium.

However, die to the highly toxic nature of the osmium tetroxide alternative
conditions weresought Initially, ozonolysis was considered for the direct cleavage
of the alkene to the aldehydénfortunately, botrattempts proved unsuccessful with
only starting material recovere8¢heme92).

0O OH ¢Z o oHn #°
MeO O O O3, PhsP or Et3N‘ MeO O O
EtOAc
Br Br
5.1.16 5.1.19

Schemed27i Ozonolysis of 5.1.16
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An alternative gold catalysed cleavagéhich has been reported by SHial, was
also investigated3cheme93).2*> However, after 16 h only starting material and the

ligand were observed in the LCM&ofile.

O OH & o oH ° N
AuCl, t-BuOOH, 5.1.20 _
H,0, 90 °C, 16 h _N
Br Br
5.1.16 5.1.19 5.1.20

Scheme93i Gold catalysed oxidation of 5.1.6

Anothergroup 8 metalruthenium was considered as an alternative for osmium. This
had previously been reported by Niggemanal. for the dihydroxylation of lkenes

with the addition of sulfric acid to prevent diol cleavage to the aldeh§d&ince
cleavage to the aldehyde was desirable in our, daseas anticipatedthat these
conditions could be adaptedith the removal of the acid and addition of excess
sodium periodateo facilitate direct produmon of the aldehyde one pot

O OH & O OH O
MeO RUC|3, NaIO4 N MeO O O
EtOAc/MeCN/H,0O
(3.3:3.3:1)
Br rt, 4 h Br
5.1.16 5.1.21 9%

Scheme94i Ruthenium catalysed generation of undesired 5.21

The LCMS profileof the reaction mixturafter 4 hindicatedthe presencef product

as well as the bproduct5.121. However, only5.121 could beisolated in low yield
upon workup and purification(Scheme94). Extending the reactia time and
carrying out the proceduren a slightly larger scalé800 mg) resulted in reduced
amount of desiredproduct observedAs a result the literature conditions using the
addition of 20 md¥ suliuric acid with excess sodium periodate wezramined.
However,only the undesired ketone121 was isolated in a similarly poor yield
(8%). It was proposedthat theproductionof the undesired ketone could be due to
migration of the terminal olefin into conjugation with the aromatic ribgsthe
strong acid. Subsequent dfofrmation ancxidativecleavage wouldhenlead to the

observed by-product 5.121. Additionally, the reaction profiles of both these
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experiments displayed peaks of higher polaciynparedo the desired and isolated
products. Although these were not isolatedch compoundsould have potentially

been generated by further oxidation of the substrate.

A further alternativeexaminedwas AD-mix, which is a commercially available
blend of reagents that acts as an asymmetatalyst for a range of oxidative
processe&>* AD-mix alsooffersa safer alternative tasmium tetroxide. Firstly, AD
mix b was stirred witlb.1.16 for 16 h however conversion wasbserved to bslow.
Addition of sodium periodate at this point did rmg@nerate angesired aldehydas
determined by LCMS analysis of the reaction mixtdiee reaction was repeated in
order to isolate theuspected diol product from the initial ADix addition however

acid5.122 wasin fact recoveredSchemed5).

O OH *& O OH #
MeO O O AD-mix _ HO
H,0, t-BuOH,
80°C,32h
Br Br
5.1.16 5.1.22 26%

Scheme9517 Isolation of by-product 5.1.22 from attempted AD-mix oxidation

The unsuccessfattempts to replacesmium tetroxidéed to the decision to return to

the known osmium conditions to facilitate rapid access to the desired aldehyde.
Treatment of5.1.16 with catalytic osmium tetroxide in the presence of sodium
periodate generate®.1.19, which could be isolated in 29% vyieldrhis was
accompanied by 10% of the undesired ketbrie2l, which has been observed in

previous reactionsScheme96).

0O OH #& o on ° o OH O
AR e s A SLASAS
(CH3),CO/H,0
L (1:1),1t, 6 h ! L
5.1.16 5.1.19 29% 5.1.21 10%

Scheme96i Successful osmium catalysed oxidation of 5.5610 aldehyde 5.1.9 and ketone 5.1.2
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With a sufficient quantityof materialin hand,aldehyde5.1.19 was heated in the
presence op-toluenesulfonic acidb facilitate cyclisation to the benzofur&ml.23 in
good yield(Scheme97).23!

o oH ¢° o 4
p-TsOH MeO \
RAOAS SAv
PhMe, 4 h, 110 °C
Br Br
5.1.19 5.1.23 73%

Schemed7i Cyclisation to benzofuran 5.1.3

Subsequent hydrogenation tgenerate the desired dihydrobenzofuranproved
challenging. Initial conditions, using palladium on carbon in ethyl acejateerated
a mixture of starting materialdebrominatedby-product and desired product

however only5.124 was isolatedrom the reaction mixtur€Scheme98).

MeO_ O MeO_ O
0 Pd/C, H, 0
Y Y
Br EtOAc, 8 d, rt
5.1.23 5.1.24 17%

Scheme981 Debromination of 5.1.23

In order to force the reaction to completidhe same conditions were utilised in
COware apparat@® with the pressure of hydrogen increased to approximately 4
atmosphers. After 5 days under these conditions only starting material and
debrominated compourtl124 wereobserved. The crude material was then further
hydrogenated using newbatch of catalyst under one atmosphere of hydrogen for 7
days. This converted90%starting material into eitheés.124 or the desired product
5.19. The reaction mixture was then transferred to the COware apparatus to increase
the pressure of hydrogen with this more effective batch of catalyst. After a further 3
days under these conditis ~20% desired producb.19 and 60% undesired by
product5.1.%5 was observed by LCMS and both were isolated in poor yidtidme

99).
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MeO_ _O MeO___O MeO._ O

OH
° Pd/C, H, (1-4 atm) ©
Y/ -
Br

EtOAc, 15d, rt

5.1.23 5.1.25 33% 5.1.9 10%

Scheme997 Hydrogenation of 5.1.3

Previous work withinour laboratories identified a more activated palladiom
carbon (type 424) as the optimum catalyst on a closely related -3
phenylbenzofuraf® Benzofuran5.123 was insoluble in the preferred solvent
ethanol,thereforethe new catalyst was utilised with ethyl acetate @sest and
clean conversion to the debrominated produas achievedfter 24 h.Exchanging
solvent to ethanol at this stagéed to the full hydrogenation to the desired
dihydrobenzofura®.19 in good yield Schemel00).

M

eO__O
O 3 Pd/C (Type 424), H, (1 atm) O 9
Br

EtOAc 1 d, then EtOH 16 h, rt

O O

5.1.23 5.1.9 53%

MeO___O

Schemel00i Hydrogenation of 5.1.3 using alternative catalyst
Although not necessarily in optimal yield, the threghgkester analogues of initial
hits 5.1.1 5.1.2and5.1.3had beerprepared Initially, this was all that was required
to ascertain if the methyl ester moiety was indeed a viable replacdaretite
methyl amideand would maintain potency. All three mglttester analogues were
tested inBrd4 BD1 and BD2 biochemical assays ammnpared to thparentmethyl
amide (data in bracket$able33).
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Table 3317 Comparison of bioisosteric methyl ester derivatives to their parent amides

Compound 5.1.6(5.1.9) 5.1.8(5.1.3 5.19(5.1.2
0]
O~ __OM
€ )J\O O

MeO
Structure O O ©\ O O
F 0" > Ph

plCs, BD1 <4.3(5.1) <4.3 (4.4) <4.3,4.3 (4.4)
pl Cso BD2 4.6 (5.4) <4.3 (4.5) 6.0(5.7)

It was expected that some potency would be ilgxin switchingfrom a methyl
amide to a methyl estewhich isindeed the castor compounds.1.6 and5.1.8
Since compound.1.3 only exhibited low potency aBrd4 BD1 and BD2, it was
perhapsunsurprising thatompound5.1.8lost all potency and droppduklow the
lower limit of the assay(plCsp <4.3); consequentlthis scaffoldwasnot progressed
further. Disappointingly, compoung.1.6lost almost10-fold of potencyin switching
from amide to ester. The potency at BD1 dqregpbelow the limit of the assay
however5.1.6retains some potency at BD2 giving confidence that optimisation of
this small fragment could provide a suitably potent I@ddasingly, ompounds5.19
retaned potency at both BD1 and BD2, providinge thirst indication thatthe
hypothesisof replaéng a methyl amide with a methyl estaight be viablewithin
this template Based on this positive resulgttention was focussed on this

dihydrobenzofuratemplate and further optimisation ®fl.6and5.1.8washalted

With confirmation ofthe potency of compourtel19, a variety ofotherester groups
were targeted includingethyl 5.1.%, isopropyl 5.1.%, cyclobutyl 5.1.28,
methylcyclopropyl 5.1.29, hexafluoroisopropyl5.130, and trifluoroethyl 5.1.3L
(Figure 67). This was of interest to investigate the steric and electronic impact of
small ester functionalitpn both potency and metabolic stabililywas hypothesised
that the rate ofmetabolism could be controlldg) the type of ester utilised, however
there was a requirement that these be kept small to more closely theracety

lysine of the endogenous substrate
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0 0 R = Me 5.1.9, Et 5.1.26, i-Pr 5.1.27, EF 5.1.28,
FaC
VLM 5120 Y 5430, 5.1.31

CFs CF3
Figure 671 Alternative ester groups to be examined

Examination of data generatedlsewhere in our laboratoriemn more elaborated
dihydrobenzofuran molecules identified compotnd. 2?3 as an equipoter{pICso

= 5.8)exemplarof 5.1.2 (Figure68). It was anticipated that the incorporation of the
hydroxymethyl could remove the issues associated with the oxidation and subsequent
cyclisation involved in the synthesis of the dihydmubafuran’5.1.9 by utilising
epoxidation methodologypreviously used in our laboratori&8,on intermediate
5.1.16. Additionally, this hydroxymethyl unit could enhance the physicochemical
properties of the compound, with an approximatehfdd reduction inlipophilicity

noted between the amide counterpéris® and5.1.2(ChromLogD 4 3.42vs.4.88,

respectively)

MeHN_ _O MeO__O

o OH O  OH
—

5.1.32 5.1.33

W

Figure 68 - Modified template

The subsequent investigatiémcused orthe synthesis of the methyl ester analogue
of 5.1.2 to determine if the potency could be retainedha5.1.3 template.The

first attempt, using anethod previously established by another member of our
laboratories® produced two undesired tproducts5.134 and5.135 in low yield
(Schemel0l).

146



Nicholas Measom Property of GSK Copyingnot permitted Confidential

O OH OH
)mCPBA  MeO H
CH2CI2 24 h, rt Q9 |
M
T
DMSO, 16 h, 0 °C - rt o
Ph Br

5.1.16 5.1.34 4% 5.1.35 3%

Schemel01li Epoxidation by-products

From a mechanistic perspective, it can be infetteat epoxide5.1.34 could be
generatedoy epoxidation of a minoby-product5.139, which was an inseparable
impurity generated inthe previous stepOlefin 5.139 itself could have been
generated by gara-Claisen rearrangemenwhich proceeds though a classical
Claisen rearrangement to the already occuméatio-position (Schemel02). A
subsequent Cope rearrangement leadmtermediate5.1.37, which upon loss of
bromine to the solventnder the forcing reaction conditioii200 °C) regenerates

aromaticity ad upon workup the byproduct5.1.39.

phgﬁ\\b-) MeO P9 i OD

o) Ph MeO
OMe ™
Br \Jer Ph—/ Br
5.1.11 5.1.36 5.1.37 &Q
C
l /N\
o
MeO MeO
mCPBA
-
Ph Ph
5.1.34 5.1.39 5.1.38

Schemel02i By-product 5.1.38 formation via para-Claisen rearrangement

Additionally, isolation of byproduct 5.135 (Scheme 101) suggests that the
epoxidationof 5.1.16 was occurringhoweveran elimination ringopening pathway

was competinggainst the desired cyclisati@®chemel03).
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Co OH
o OH . O OH
Meo MeO

OH
5.1.40 5.1.35

Schemel03i Formation of by-product 5.1.3%

In order to avoid the generation of-pyoduct5.1.34, the reaction was repeatesing
starting materiabf a higher degree of puritsubjecting the purified material to the

same epoxidation conditionwoduced the desired compoubd. 41, albeitin low

isolatedyield (Schemel04).

HO
o OH & 1) MCPBA o °

MeO
MeO O O CH2C|2, 16 h, rt _
2) KOH O O

Br DMSO, 16 h, 0 'C - rt
Br

5.1.16 5.1.41 17%

Schemel04i Successful epoxidation of 5.1.16
In all cases, treatment 6116 with metachloroperbenzoic acid(CPBA) led toa
low masshalance whether it be desired productumwantedoy-productsin orderto
account for the mass balance of the reacttbr, experimenwas repeatedvith
comprehensive extraoims of the aqueous layeduring workup. Thisled to the

isolation of acidb.142, however this wastill in low yield (Schemel05).

HO
o OH & 1) mCPBA ?

0
MeO O O CH,Cl, 21h, 1t HO
2) KOH O O

Br DMSO, 24 h, 0 °C - rt
Br

5.1.16 5.1.42 34%
SchemelO5i Acid 5.1.42by-product synthesis
The fact that hydrolysis of the methyl ester was observed during the epoxidation
swggested that replacing this with alternative, more stable estevudd facilitate

more effectivesynthesisof the target dihydrobenzofuran systerilree #ernative
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esters were examinddopropyl, ethyl and benzyivith the bromine omitted due to
commercial availabilityof the requisite starting materialgitial alkylation ofethyl
ester5.143, isopropyl esteb.144, and benzyl estes.145 proceeded in good yield
(Scheme 106). Subsequent Claisen rearrangements produced variable results with
good to excellent yields for the ethyl and isopropyl derivatiydsi6 and 5.147
(Schemel06), however the benzyl estanalogues.151 could not be isolatedue to

poor conversion

O OH
KoCOy, KI, 5.1.15 2 2
RO > RO
(CH3),CO, 56 °C, 16 - 88 h
5.1.43 R = Et 5.1.46 R = Et 70%
51.44R = j-Pr 51.47R=-Pr77%
5.1.45 R = CH,Ph 5.1.48 R = CH,Ph 73%
|
O
180 °C, 16-24 h
\
O OH #&

5.1.49 R = Et 65%
5.1.50 R = j-Pr 90%
5.1.51 R = CH,Ph 0%

Schemel067 Alkylation and Claisen rearrangements using ethyl, ispropyl and benzyl esters 5.1.43, 5.1.44
and 5.1.45

With 5.149 and5.150 in hand, epoxidation and subsequewntlisationto generate
the dihydrobenzofuran comere investigated. In both cases, thactions proceeded
well with 5.152 and 5.1.53 being isolated in good yield as an approximately 1:1
mixture of diastereomer$Schemel07), supporting the hypothesis that modification

of the ester could lead to improved isolation of the requisite dihydrobenzofurans.
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1) mCPBA O 9
=z m
Q  OH CH,Cl,, 24 h, rt RO O
RO >

2) KOH

DMSO, H,0,

0°C-rt,16 h
5.1.49 R = Et 5.1.52 R = Et 68%
5.1.50 R = j-Pr 5.1.53 R = i-Pr 75%

SchemelQ7i Epoxidation of ethyl and isopropyl esters 5.194 and 5.1.50
Following on from this ester hydrolysiof isopropyl ester5.1.33 using lithium
hydroxide produced aci8.154 in reasonableyield and subsequent methyl ester

formation gave the desired compound 33 in adequatsield (Schemel08).

i-Pro 2M LiOH 4M HCI MeO
1 ,4-dioxane, MeOH rt,
60 °C, 16 h

5.1.53 5.1.54 58% 5.1.33 66%
Schemel08i Synthess of desired methyl ester 5.1.33
Generallysuperior yieldsvere obtainedh the synthesis of isopropyl ested 53. As
a resultthis route was repeated provide material fochromatographiseparation
of the diastereomef 155 and5.156 at the final stagéSchemel09).

1) MCPBA 0 HO 0 HO
CH2CI2, 2401t ipo o PO 0
i-PrO
2) KOH on
DMSO, H,0, Ph

0°C-rt,16h
5.1.50 5.1.55 25% 5.1.56 36%

Schemel09i Separation of diastereomers 5.1%5and 5.1.%
On one occasion when this reaction was repedtads noted that some acidl 54

was producedThe isopropyl ester derivativés1 55 and5.156 were still isolated in
reasonable yieldSchemel10) with the acid byproduct5.1.54 recovered from the

agueous layer after rigorous extraction
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O OH &  1)mCPBA 0 HO 0 HO
CH2C|2, 24 h, rt I'_Pro O i—PrO O
i-PrO Ph
DMSO, H,0,

0°C-rt,16 h
5.1.50 5.1.55 24% 5.1.56 28% (17:1)
o HO
HO o
Ph
5.1.54

Schemell0i Separation of diastereomers 5.1%and 5.1.% and crude acid 5.1.8

This crudesampleof 5.154 was reacted furthemsing methanolic HCto give the

methyl ester and thesultingdiastereomeraierethenseparated3chemel11).

o HO AM HC o HO o HO
HO 0 MeOH, 16 h, it 100 0 MeO 0
Ph “Ph Ph
5.1.54 5.1.57 11% (7:1) 5.1.58 11%

Schemellli Conversion of crude acid 5.1.540 methyl esters 5.1.83and 5.1.8

With both the separatedcemicdiastereomerS5.157 and5.158 and the stereomeric
mixture 5.1.33 analoges in land,these were tested for their poterayainstBrd4
BD1 andBD2 (Table34).
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Table 341 Comparison ofesters 5.1.3, 5.1.% and 5.1.% to the methyl amide 5.1.2

pICso Brd4 pICsoBrd4 | ChromLogD- 4
Compound Structure
BD1 BD2
51.38 <4.3 49 4.62
515 <4.3 5.0 n.d.
0
O
5.1.8 MeO <4.3,4.6 4.5 n.d.
Ph
51.2 45 5.8 3.42
O
MeHN O
5.1.2 4.4 57 4.88
Ph
0
MeO O
5.1.9 © 43 6.0 5.96
Ph

n.d. = Not determined

Methyl amide analogu&.132 was known to exhibit similar potency to tparent
5.1.2 (BD2 pIGso = 5.8and 5.7, respectivelyHowever, it was evident that the same
modification was having a detrimental effect on the potency of the methyl ester
analogue. Examination of aX-ray crystal structure of B&IBD1 protein gave no
indication as to theause of this decreask had been @oncern that the lack &t

HBD in the methyl ester isostere may impact the Brd binding affinity. However, the
data generated fd.1.2 indicated hat the HBDwas notessential To gain some
insightas to why the hydroxyethylunit was having a detriemtal effect, molecular
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modellingexperiments, using MOE, were undertaken to compare energy minimised

conformations of the estérl.5/ vs.amide5.1.2.

It was easonedhat the methyl amide analog®el.32 was forming an internal
hydrogen bond with theoxygen of the benzofuran thus holding the carbonyl
functionality in the correct geometry for binding. By comparison, the methyl ester
analogueb.1.57 does not have thislBD. The carbonyl oxygemay therefore point
towards the benzofuran and potentiallyateea through water hydrogen bonding
interaction with the pendant alcohol groupigure 69). This conformational bias
could explain the reduction inofency when compared to the parent methyl amide
5.1.2.

Figure 691 Comparison of potential conformations of5.132 (purple) and 5.157 (green) as modelled using
MOEE software

This result was disappointing since theorporation of the hydroxy methylene
provided the opportunity for an improved compound synthesis and physicochemical
profile, with the methyl alehol unit displaying a }8ld reduction in lipophilicity.
Nonetheless, the main aim of this effort wasexamine a variety of esteendthe
ability to tune metabolic propertieIherefore,attention returned to the previous
templatewhich lacked the methghealcoholmoiety. Accordingly, t was proposed

that the desired estergethyl 5.1.%6, isopropyl 5.1.27, cyclobutyl 5.1.23,
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