i) Abstract

Due to widespread antibacterial resistance, the urgency to find novel methods of treating
multidrug resistant bacteria is greater than ever before. Investigation into novel binding sites
on pre-validated drug targets offers one possible new approach to successfully targeting

resistant bacteria.

Herein, the exploration of two potential alternative binding sites (the NBTI binding site and
the ATPase binding site) is discussed. Recent publications have highlighted possible toxicity
issues of inhibitors of both sites, and addressing these problems forms the basis for the

reported studies.

Novel bacterial type Il topoisomerase inhibitors (NBTIs) of DNA gyrase subunit A, although
well studied within the literature, are commonly found to be potent inhibitors of the human
Ether-a-go-go-Related Gene (hERG) channel within the heart. Finding novel methods of
alleviating this liability would prompt further investigation and allow the potential use of
NBTIs within a clinical setting. An innovative tactic to prevent cardiotoxicity could be through
using a soft drug approach. Reported herein are the discoveries of several chemical series
with the potential to be optimised into antibacterial soft drugs. One such series has been
successfully developed using computational and synthetic studies, prompting the synthesis
and characterisation of (S)-REDX10371, an NBTI-type soft drug compound with the
antibacterial  potency, toxicity and stability = profile required to allow

in vivo PK properties to be assessed.

Inhibitors of DNA gyrase subunit B have also been well investigated. One series of inhibitors
has been found to be particularly potent against Mycobacterium tuberculosis, but was
observed to be cytotoxic to a hepG2 cell line. Due to the promising nature of the scaffold,
further investigation was warranted. Studies surrounding the optimisation of the drug-like
properties of a series of GyrB inhibitors were initiated, affording compounds with increased
antibacterial activity against both gram-positive and gram-negative pathogens. These studies

are presented herein through the enclosure of a short peer-reviewed publication.

Page | i



ii) Declaration of authenticity

This thesis is the result of the author’s original research. It has been composed by the author
and has not been previously submitted for examination which has led to the award of a

degree.

The copyright of this thesis belongs to the author under the terms of the United Kingdom
Copyright Acts as qualified by University of Strathclyde Regulation 3.50. Due
acknowledgement must always be made of the use of any material contained in, or derived

from, this thesis.

Signed: Date:

Page | ii



iii) Acknowledgments

| would like to sincerely thank both Professor William Kerr and Dr David Lindsay. | am
most grateful for the opportunity to work with you both and appreciate the expert

guidance you have provided.

Additionally, | would like to thank Mr Rolf Walker for his mentorship throughout the first
year of my studies. | appreciate the time spent guiding me and reviewing reports,
and for that, | am extremely grateful. It's easy to overlook your meticulous diligence until |
note being made aware of an unreported proton signal for compound 96 on page 124 of an
early draft of my thesis. Similarly, Dr lan Cooper has provided expertise by being a fountain of
knowledge on all things antibacterial, and for that, | can't thank you enough. For both of your
continued support, even following what will hopefully be the most turbulent time in any of
our careers, | am incredibly grateful. Also, thank you to Dr Thomas Pesnot and
Dr Inder Bhamra for helping me guide the project, especially during the more unstable

periods of my studies.

| gratefully acknowledge the support | have received from my colleagues in the lab, but in
particular, Mr Paul Schofield and Dr Gary Noonan. The skilful guidance, expertise,
reassurance and sweets | have received from you both has been indispensable to me,
and has kept me sane and focussed throughout (most!) of my PhD. To both of

you, and everyone I've worked with in the lab over the years, thank you.

Furthermore, | could not have written this thesis without results. The support from my
colleagues in biology and DMPK has been overwhelming. In particular, Amy Cooke and
Rebecca Taylor - thank you. Similarly, thank you to Mr John Maclean and Mr Andy Smith for

their help and teaching in computational chemistry, Linux and all things geeky.

Robyn - for standing by me, having faith in me, listening to daily rants, putting up with the
daily despair of the past couple of years, filling me with chocolate on the darkest days, and
celebrating the lofty heights of finally obtaining relevant results - | cannot thank you enough.

In many ways, we both wrote this.

Finally, and perhaps the biggest of all, a thank you to my mother, father, sister, friends and
family. Understanding the crests and troughs of PhD life was always going to be an ambitious
endeavour. Although it may seem abstract, your continuous support and belief in me has
been overwhelming. In many ways, putting up with me has been more difficult than the
entire process, and even throughout the worst moments of the project, your confidence in

my success has been unwavering. Thank you.

Page | iii



iv)

[a]
[M+H]+
°C

K8

pL

uM

pm
pmol

A

A. baumannii
Ac
ADHD
ADME
AIDS
Ala
AM1
aq

Ar

Arg
Asn
Asp
atm
ATP
ATPase
AUC
Boc

bp

Bu

CCso
CDsOD
CDCl3
CF
clogD7.4
CLSI
cm
COPD
DCM
DFT
DIPEA
DMF

Abbreviations

specific rotation

positive mass ion

degrees Celsius

microgram(s)

microlitre(s)

micromolar

micrometre(s)

micromole(s)

Angstrom(s)

Acinetobacter baumannii

acetyl

attention-deficit-hyperactivity disorder
absorption, distribution, metabolism and excretion
acquired immunodeficiency syndrome

alanine

Austin Model 1

aqueous

aryl

arginine

asparagine

aspartic acid

atmosphere

adenosine triphosphate

an enzyme that hydrolyses adenosine triphosphate
area under the curve of drug concentration vs. time graph
tert-butoxycarbonyl

boiling point

butyl

concentration of drug required for 50% reduction in cell viability
deuterated methanol

deuterated chloroform

cystic fibrosis

calculated logD at pH 7.4

Clinical and Laboratory Standards Institute
centimetre(s)

chronic obstructive pulmonary disease
dichloromethane

density functional theory
N,N-di-iso-propylethylamine

dimethylformamide

Page | iv



DMPK
DMSO
DMSO-de
DNA

E. cloacae
E. coli

E. faecalis
EDG
EDTA

ee
EPSRC
eq

Et

EWG
FDA

FQ

FTIR

g

Glu

GSK
GyrA
GyrB

h

H. influenzae
HEK
hepG2
hERG

His

HIV
HMBC
HPLC
HRMS
Hsp90
Hz

ICso

lle

IPA

K. pnuemoniae

Drug metabolism and pharmacokinetics
dimethylsulfoxide

deuterated dimethyl sulfoxide
deoxyribonucleic acid

Enterobacter cloacae

Escherichia coli

Enterococcus faecalis

electron donating group
ethylenediaminetetraacetic acid
enantiomeric excess

Engineering and Physical Sciences Research Council
equivalent(s)

ethyl

electron withdrawing group

Food and Drug Administration
fluoroquinolone

Fourier transformed infra-red

gram(s)

glutamic acid

GlaxoSmithKline

DNA gyrase subunit A

DNA gyrase subunit B

hour(s)

Haemophilus influenza

human embryonic kidney cells

human liver cancer cell line

human Ether-a-go-go-Related Gene
histidine

human immunodeficiency virus
heteronuclear multiple quantum coherence
high-performance liquid chromatography
high-resolution mass spectrometry
heat shock protein 90

hertz

concentration of drug required for 50% inhibition
isoleucine

iso-propyl alcohol

infra-red

intratracheal

intravenous

Kelvin

Klebsiella pneumoniae

Page | v



LC
LCMS
logD7.4
Ltd

M

M. smegmatis
M. tuberculosis
M.pt
m/z
MD
MDR-TB
Me
Met
mg
MHz
MIC
MICqgo
min

mL
mm
mM
mmol
MRSA
MS
MW
NADPH
NBTI
ng

nM

nm
NMR
NMSF
NOE
NPT

ns

P. aeruginosa
ParC
ParE
PBS
PDB
Phe

PK

liquid chromatography

liguid chromatography-mass spectrometry
distribution coefficient at pH 7.4

limited

mole(s) per litre

Mycobacterium smegmatis
Mycobacterium tuberculosis

melting point

mass/charge

molecular dynamics

multidrug-resistant tuberculosis

methyl

methionine

milligram(s)

megahertz

minimum inhibitory concentration
minimum concentration required to inhibit 90% of the isolates
minute(s)

millilitre(s)

millimetre(s)

millimolar

millimole(s)

methicillin-resistant Staphylococcus aureus
mass spectrometry

microwave

nicotinamide adenine dinucleotide phosphate
novel bacterial type Il topoisomerase inhibitor
nanogram(s)

nanomolar

nanometre(s)

nuclear magnetic resonance

National Mass Spectrometry Facility
nuclear Overhauser effect
constant-temperature, constant-pressure
nanosecond(s)

Pseudomonas aeruginosa

topoisomerase IV subunit C
topoisomerase |V subunit E

phosphate buffered saline

Protein Data Bank

phenylalanine

pharmacokinetic

Page | vi



PON1
PPB
ppm
Pro

ps

QNP
rpm
RNA
RT

Rt

S. aureus
S. pneumoniae
SAR
SCX
Ser
SFC
saQb
ti2

TB

THF
TLC

tol
topo
TPSA
Tris HCI
Tyr
wt%
XDR-TB

paraoxonase-1

plasma protein binding

parts per million

proline

picosecond(s)

quadruple nucleus probe
revolution(s) per minute
ribonucleic acid

room temperature

retention time

Staphylococcus aureus
Streptococcus pneumoniae
structure-activity relationship
strong cation exchange sorbent
serine

supercritical fluid chromatography
single quadrupole detector
half-life

tuberculosis

tetrahydrofuran

thin layer chromatography

tolyl

topoisomerase

topological polar surface area
tris(hydroxymethyl)aminomethane hydrochloride
tyrosine

percent by weight

extensively drug-resistant tuberculosis

Page | vii



1.4
1.5

1.6

2.1

2.2
2.3

2.4

2.5

2.6
2.7
2.8

1.3.1
1.3.2
1.3.3

1.51

2.3.1
2.3.2
2.3.3
2.3.4

241
242

251
2.5.2

Contents

ADSTTACE c.ctrevreeeeese sttt sssees bbb s s R e R R R i
Declaration of aUthentiCity ... ————_——— ii
ACKNOWIEAGMENLS ....ooveereeeeereerseeseesesssessssssssssssees s s ssssssssssssssssess s sssasssesssssens iii
WX 0] 02 =374 = U (o) PP iv
CONEENLS oo s viii
INtroduction.... s —————————— 1

The POSt-aNtiDIOtIC AZE ...vvereereerreeeeesseer e sees s ss s sees 1
ESKAPE PAtROZEINS ..ouceuieeeeeetseereeeesseeteetse s ssssssssss s ssss s ssssssssesssssssssasssanes 1
Difficulties in antibacterial reSearch ... 3
General COMPIEXIIES .. s 3
Differences in cellular STIUCLUTE ...t sssssseesss s 3
Antibacterial FeSISTANICE ..ot eane s 5
DINA et ees et ss s s s eSS RS R RS 6
B I0) 0101 E03 0 T=) o T PPN 8
Topoisomerase as @ Arug tarZet ... erernmeeeesseesserensesesssesssees e ssesssessssessesssssssessses 10
Alternative biNdiNg SIS ... sees s sssesssesssssssees 12
Inhibitors of GYrA/ParC.......smsssssssss 15

The NBTI DINdIiNgG SILE.....rieeeereeereceeeeeesseesseesseesssessseessessseessesssesssssssessssssssesssesssessssssssssssessees 15
Toxicity issues in NBTI reSearch. ... eeeeeneeeneesessseesseesseesseessesseesseessssssessses 16
Strategies for minimising hERG inhibition ... 17
L0 10D (010 )4 U0y L /00D 17
Manipulation Of POIATILY ... ssseesseesseens 17
Manipulation Of DaSICILY ... sssessseesseeens 19
A SUCCESSTUL NBTI7 .ottt sssss s ss s sasesanes 20
Y0 L6 VBT e (=T = o PP 21
SOt AIUG SUCCESSES .corermremremeereersrerserssees s seesse e sssess s sesssess s ssssss s sssess s sssssssssssseeas 21
TerfENAdINE ...t 23
Infections suitable for an inhaled therapy ... 25
Currently utilised inhaled antibiotiCs ... seeseesseesseeens 25
Summary of bacterial strains suited for an inhaled antibiotiC.......c.cuerriennenien. 27
8 0T 0o R T IR ) g < PP 27
ODJECTIVES weereererneesseesseeesseessessseesseessesssesssess s s s s s s s s bbb s s 30
ReSUlts and diSCUSSION .. ssssssssssssssssssssssssssssas 31

Page | viii



2.8.1
2.8.2
2.8.3
2.9
29.1
2.9.2
2.9.3
294
2.10
2.10.1
2.10.2
2.10.3
2.10.4
2.10.5
2.10.6
211
2.11.1
2.11.2
2.11.3
2.11.4
212
2121
2.12.2
2.12.3
2.12.4
2.12.5
2.12.6
2.12.7
2.13
2.14

31
3.2
3.3
3.3.1

Target cOMPOUNA SELECLION ....couceueeeieeereerreesee s ssssnaas 31

Computational assessment of target compound in DNA gyrase ........ceneeen. 38
Computational assessment of target compound in paraoxonase .........c.ceeeen. 39
N2 018 0 LT Coll 01 Do 42
Retrosynthetic analysis of target compound (23)....cconeneneenmeesneeneeenseesseesseesseeens 42
Preparation of aldehyde (26) ... sssssssssssssns 43
Preparation of target cOmMpPOoUNd (23] .coeeneeeeenmeenmesseesssessesssssssssssessssessssssssssssssseesns 46
Preparation of analogues of REDX08220 (23)..oermeerreeeneernsersesssesssessssesseesseesseeens 47
Desirable properties of successful lead antibacterial soft drug........cccoeeeereeeeenn. 50
Antibacterial ProPEIties ... 50
ADME PIOPEItIES vuiiresrirsessssssesssssesssssss s ssssss st ssssssssssssssssssssssssssssasssanes 51
Physiochemical ProPerties. ... sees s sssssssssessesns 51
10D« 103 L TP 51
Summary of desirable properties of lead antibacterial soft drug.......ccccesueueenn. 52
DiScuSSION Of ChOSEN ASSAYS ...curreieereerreeeneeseise et sssesssessssssss s s s sssssssssssssens 52
Antibacterial and ADME reSUlLS.......oenereeeseec s sessssssessessesens 54
Key for relevant biological and physiochemical results ........ccconeonenmeenneenseeseenn. 54
Antibacterial results: soft drug probe molecules..........cnencnsennienneeneeneeennees 55
Physiochemical and toxicity results: soft drug probe molecules........ccccceruuunncen. 56
ADME results: soft drug probe molecules........oenenneenencnesseeseeesseeees 57
Discussion of antibacterial and ADME 1eSuUlts .......cooenenmeenneenneesneeesseesseesseeseeens 58
Antibacterial properties of REDX08220 (23] ..ccuuuriemerreeenmeenmeesreesseesseesssessesssessssssnees 58
Analysis of antibacterial trends for REDX08220 analogues........cocoueeneereeenneennees 59
Analysis of toxicity trends for REDX08220 analogues ......c..cuneeneenmeeneeerecereeennees 63
Analysis of stability trends for REDX08220 analogues..........coueneenmeeneesrecereeennees 64
Initial human plasma and human S9 lung stability assays .......c.ccuereneereenneneens 65
Optimised human plasma and human S9 lung stability assays ... 67
BUffer StADIlity @SSAYS ..ceeereeneesseesseesseessesss st s sssesssesssssssss s sssesssss s sssessssssns 68
Identification of metabolites of REDX08220 (23) ..cvvurueereeereerrmeemeesseesseeeseeesessseeseeens 70
N 0000010 E= PP 72
Optimisation of antibacterial soft drug series .........c.cocoveverenenens 76

PTrOPOSEA WOTK ..ottt sess s sesss et s et s s s 76
REVISEA ODJECHIVES...cuueuriereueeeeseenetse ettt s bbb s 80
ReSUILS aNd AiSCUSSION ..uceureeeerieneeeesseeecsseeseesseisesseesse e sess s bbb ssssss s 81
Alternative southern groups for REDX08220 (23) ...oorereerrerreesreeneessereesseesessessesnens 81



3.4

3.5
3.6

3.7

3.8

341
3.4.2
3.4.3
3.4.4
3.4.5
3.4.6
3.4.7
3.4.8
3.4.9
3.4.10
3.4.11
3.4.12

3.6.1
3.6.2
3.6.3
3.6.4
3.6.5
3.6.6
3.6.7
3.6.8
3.6.9
3.6.10
3.6.11

3.7.1
3.7.2
3.7.3
3.7.4

3.8.1
3.8.2
3.8.3

SYNTNELIC TOULE .ttt s 86

Synthesis of phenyl_REDX08220 (59)....cccumnmmnisssssssssssssssssssssssssns 86
Synthesis of regioisomer analogues to REDX10141 (59)..ccccuenmeenmeenmeesseesseeens 88
Synthesis of northern group analogues of REDX10141 (59)....ccconeneenmeerseeereeens 89
Synthesis of suspected hydrolysed metabolites (77 and 78) .....ccouerrerveereernesniens 91
Synthesis of 7-substituted analogues of REDX10141 (59) .cccoveerreenmernmeemeesseeeseeens 92
Synthesis of hydrolysed metabolite of REDX10248 (84) .....cconuermermmerernsesssessessenns 94
Synthesis of 6-membered analogues of REDX10141 (59) ..cccounmenmernmeenmeesseesseenns 94
Synthesis of hydrolysed metabolite of REDX10386 (91) ....coournmermmrmmererneesrsesnessenns 95
Synthesis of 3-methyl analogues of REDX10141 (59) ..cccouenmernmeemeesnmernmeenmeeseeseeens 96
Separation of 3-methyl substituted enantiomers.....——— 98
Synthesis of hydrolysed metabolites of REDX10371 (106) ..ccoconeenmeenmeemeerreeereeens 99
Synthesis of 3,3-dimethyl analogues of REDX10141 (59) .ccouoreenmeenmeemeemseceneeenne 100
Summary of desirable properties for a lead antibacterial soft drug................. 101
Antibacterial and ADME results......ss 103
Key for relevant biological and physiochemical results ..........ccoueneenneenecenecnnn. 103
Antibacterial results: benzyl soft drug analogues ........oeneneeenneenneeneceseeesneens 104
Physiochemical/ADME results: benzyl soft drug analogues..........ccccoveeneeeneeenn. 105
Antibacterial results: alternative northern group analogues.......ccoccoeeneeenerneee. 106
Physiochemical/ADME results: alternative northern group analogues.......... 107
Antibacterial results: 7-substituted/6-membered analogues........cccoenueenerneee. 108
Physiochemical/ADME results: 7-substituted/6-membered analogues........ 109
Antibacterial results: methyl/dimethyl lactone analogues........cccooeeonenenennnee. 110
Physiochemical/ADME results: methyl/dimethyl lactone analogues.............. 111
Antibacterial results: REDX10371/REDX10725 enantiomers.......oeeeneens 112
Physiochemical /ADME results: REDX10371/REDX10725 enantiomers...... 113
Discussion of antibacterial and ADME reSults ... 114
6-substituted phenyl 1actone SEries ... 114
7-substituted phenyl 1actone SEries ... eseseesseeseeans 121
6-membered phenyl 1actone SETIes ... 125
3-methyl and 3,3-dimethyl phenyl lactone Series’.......enenreneenseeneeseeseenn. 133
In vivo pharmacokinetics study of (S)-REDX10371 (108) .cccoeereneemeenmereenserreenes 148
Intravenous dosing of (§)-REDX10371 (108) ..covnrerneemernmeserneesseessessesseseesseeseenns 148
Intratracheal dosing of (S)-REDX10371 (108) ..cccuurerneererrmemseeneeereesesserseseesseeseenns 151
Summary of in vivo pharmacoKinetics StUAY ........couoreeneereenmeureeneesseensesseessesseessesseenns 154



3.9
3.10

3.11

3.12

4.1

4.2

4.3

4.4
4.5
4.6
4.7
4.8
4.9
4.10

5.1
5.2
5.3

3.10.1
3.10.2

3.11.1
3.11.2
3.11.3

4.1.1

4.2.1

4.3.1
4.3.2
4.3.3
4.3.4
4.3.5
4.3.6
4.3.7

00 103 L83 0 o K- 155

FULUTE WOTK oottt sssss s sss s sssss s sssess st sssssssssssesssssans 158
Future synthetic ChemMiStIY ... sssens 158
FUtUre ADME SEUAIES ...uvrvureeeeeeerersseessecssesssessesssessssssssesssssssesssssssssssssssesssssssssssssssssssessans 162
15514012 004 1<) 01 | 5P 164
GENETAl TEMATKS w.coveereeereiseetetse st tss s sees bbb es s 164
PIOCEAUTES ...ceueereeeceere ettt s ss bbb e b 166
Additional methods and ProtocCols...... e ————— 221
REFEIEIICES ..ouevuereeeeeeeeeessess sttt s bbb bbb 224
Inhibitors of GyrB/ParkE.........sssssssssssssssn 229

Revisiting alternative binding sites 0f DNA gyTrase.....oeneenseenseesseesseesns 229
The ATPase bINAING SItE ....ccvereererreerereersereee s sssessss s ssesssssssssesans 230
INtroduction to tUDEICULOSIS ... ss s sesss s 231
Current anti-tuberculosis therapy ... sesssessseseeans 231
00 T3 01 1 10) o (=TT 232
Naturally occurring inhibitors ... 232
The Vertex Pharmaceuticals SEries......eneneneenseseesesseessesssessesssessessseeseenns 235
The EVOteC LEA. SEIIES...iiereereereereereesseseesseiees st sessesss s sssssssasesssssssssssans 237
ThE PLIZET SETIES ettt sssss s sess s s s s sssass bbb saens 237
The AStraZeNECa SEIIES ...ccriereereererreesrerseesse e sees s s ss s es s snsss s sasans 239
The Trius TherapeutiCs SETIES ... ————————_—— 241
Case hiStOTIes - SUMIMATY .....ccreeueeeereesseeseesseeeessessesssssesssessesssessssssssessssssssasessssssssseans 245
PrOPOSEA WOTK ..ottt es et ss e ss s s 246
ODJECLIVES weuveeeeneeeeeeeeeessesseesseesese e s s es b s bbb 250
Introduction to PUDLICATION ...ttt 251
McGarry et al., Bioorg. Med. Chem. Lett. 2018, 2998-3003.......ccocovereerrerreerrerreenne 252
000 0ol 133 () o - H0 SOOI 258
FULUIE WOTK ottt s e sss s ss s s 259
REFEIEIICES ....cuueeeeeeeetreeese et b bbb b bbb s e s b 262
APPENAICES ... —————— 264

Summary of synthesised compounds from Chapter 2.......ccornreneenreeneesseereenn. 264
Summary of synthesised compounds from Chapter 3.......ccoomnreneenrerneenneereenn. 265
Summary of synthesised compounds from Chapter 4.........ccoccovenreneenrerneesseereenn. 268

Page | xi



Chapter 1:
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1 Introduction

1.1 The post-antibiotic age

The serendipitous discovery of penicillin 1 (Figure 1) in 1929 by Alexander Fleming marked
a new age of medicine.! The human race was now able to treat certain gram-positive
infections, allowing effective care for ailments which, previously, would have resulted in a
significantly decreased life expectancy. This discovery paved the way for the golden age of
antibacterial research, with most of these new pharmaceutical agents being derived from
natural products. From a plethora of original discoveries came a new challenge; reducing
the side effects and unwanted high doses associated with many naturally occurring
antibiotics.? Medicinal chemists worldwide strove to adapt natural products in order to
modify their biological properties, with great success. The development of semi-synthetic
B-lactam ampicillin 2 (Figure 1) in 19613 signalled the ability to treat several gram-negative
infections, resulting in common life-threatening infections being manageable for the first

time in the history of the human race.

HHH NH;

F < Oryx

S L oO N~
ho' ° HO/'QO
1 2

General structure of a penicillin 1 and ampicillin 2.
Figure 1

As a result of these advances in antibiotics, routine surgery, chemotherapy, HIV patient
care, organ transplants and premature infant care were all now possible without the high
risk associated with deadly infections.®* However, due to the rise of resistant bacteria, and
low growth within the pharmaceutical sector for novel antibiotics, this era is coming to a
rapid end. We are swiftly entering a dangerous post-antibiotic age, where deadly resistant
infections could result in reduced life expectancy for the entire world population,

regardless of wealth, gender and race.?

1.2 ESKAPE pathogens

Of particular danger are the so-called "ESKAPE" pathogens (Enterococcus faecalis,

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
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aeruginosa, and Enterobacter species).> A recent survey recorded that 7.5% of
P. aeruginosa and 14.1% of A. baumannii pathogens in China were pandrug-resistant,

meaning no clinically-used antibiotics were able to treat these infections.®

Enterococcus faecalis is a gram-positive bacterium that can cause serious urinary tract
infections capable of developing into infections of the kidney. Staphylococcus aureus, a
gram-positive pathogen, is perhaps one of the most notorious bacteria due to the publicity
surrounding the "superbug" MRSA (methicillin-resistant S. aureus). Common symptoms of
S. aureus infections include respiratory disease, skin infections, bloodstream infections and
pneumonia. Currently, the mortality rate for S. aureus infections is higher than that for
AIDS, tuberculosis and viral hepatitis combined, and this number will only increase with the
emergence of more resistant strains.” Untreated Klebsiella pneumoniae (gram-negative)
infections can result in bacterial pneumonia, which has a high mortality rate of up to 50%.
Infection from the gram-negative bacterium Acinetobacter baumannii is commonly found
within hospital settings, and can result in respiratory irritation, skin abnormalities,
bacteraemia (bacteria in the blood) and urinary tract infections. Pseudomonas aeruginosa
(gram-negative) infections are common in the intensive care setting due to the high-risk
patients associated with this environment. Furthermore, chronic pulmonary infections from
P. aeruginosa are frequently found in cystic fibrosis (CF) patients, with more than half of
sufferers being infected with this bacterium.? ° Finally, infections caused by Enterobacter, a
gram-negative bacterium, commonly result in symptoms such as cough, purulent sputum
(sputum containing pus and dead cells) and tachycardia. Due to the vast range of infections
and symptoms caused by these bacteria, sepsis (blood poisoning) is common, resulting in a
variable, though consistently high, mortality rate for the majority of victims. The effects of

infections caused by the ESKAPE pathogens are summarised in Table 1.

Bacterium Gram-positive or negative? | Results of bacterial infection
. . Urinary tract/kidne
Enterococcus faecalis Gram-positive . Y ) / y
infections

Respiratory disease,
pneumonia, septicaemia
Klebsiella pneumoniae Gram-negative Bacterial pneumonia
Fever, skin irritation,

Staphylococcus aureus Gram-positive

Acinetobacter baumannii Gram-negative ) o
respiratory complications
Pseudomonas aeruginosa Gram-negative Lung infections
Enterobacter Gram-negative Fever, tachycardia, cough

Summary of ESKAPE pathogens.
Table 1
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1.3 Difficulties in antibacterial research

1.3.1 General complexities

Unfortunately, from a medicinal chemistry perspective, the area of antibacterial research is
exceedingly complex. Very few other areas of medicine are presented with the challenge of
having to affect live, multispecies targets, with varying active sites, cell permeabilities,
efflux potentials and resistance determinations, while requiring the exceptionally low
toxicities necessary for the high dosing strategies usually required to deliver efficacious
blood concentrations.* As a direct result of these difficulties, a plethora of pharmaceutical
companies have retreated from this area of research. Furthermore, the financial reward
associated with obtaining a successful antibacterial therapy is low, due to the short course
of treatment and the automatic recognition of any novel therapy as “last-line”, preventing
the drug from being used routinely in the clinic. Additionally, antibacterial drugs have a
reduced lifetime compared to other pharmaceuticals due to antibacterial resistance, which

will be discussed further below (Section 1.3.3).

Most effective antibacterial therapies rely on the drug’s ability to cross the cellular
membrane in order to bind to the biological target. This, in itself, is no easy feat. The
cellular structures of gram-negative bacteria, gram-positive bacteria and mycobacteria
differ greatly (Figure 2), presenting additional challenges in devising antibacterials that can

target all pathogens - a so-called "magic bullet".
1.3.2 Differences in cellular structure

Gram-negative bacteria have a complex cellular structure (Figure 2a). Generally, the
structure can be simplified into a thin layer of peptidoglycan (consisting of sugars and
amino acids) sandwiched between two lipopolysaccharide-based membranes, termed the
inner and the outer membranes. Due to the complexity of the gram-negative structure, a
precarious balance of lipophilicity (in order to cross the inner and outer membranes) and
polarity (in order to cross the peptidoglycan layer) is essential to ensuring permeability into
the bacterial cell, thus increasing the challenge associated with antibacterial drug design.
Porins are proteins that are present in the outer membrane of gram-negative bacteria that
can form small channels across the cell membrane, through which a variety of molecules
can pass.® Gram-negative bacteria have adapted these channels to allow the uptake of

essential key nutrients; however, they can also allow the passage of a drug into the cell.
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Gram-positive bacteria are slightly less complex targets from a medicinal chemistry
perspective, as these pathogens are devoid of a lipophilic outer membrane (Figure 2b).
Instead, a thick layer of peptidoglycan encases the lipophilic cell membrane. With one less
hurdle to cross, gram-positive bacteria are, generally, more susceptible to a variety of

antibiotics than their gram-negative counterparts.

Mycobacteria are structurally very different from both gram-positive and gram-negative
bacteria (Figure 2c). As these pathogens have only a thin layer of peptidoglycan, the main
difficulty in obtaining cell penetration is due to the thick layer of mycolic acid. Mycolic acid
is a long-chain fatty acid, providing the mycobacterium with a waxy outer layer. This vast
difference in cellular structure often results in antibacterial compounds that have been
optimised for gram-positive and gram-negative bacteria having minimal activity against
common mycobacteria, such as Mycobacterium tuberculosis (M. tuberculosis), the

pathogen responsible for tuberculosis infections.
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Figure 2
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1.3.3 Antibacterial resistance

Research into antibacterial drugs would be more successful if the issues outlined above
were the only hurdles to be overcome. Sadly, however, this is not the case. Bacteria have
many possible methods of evading drug treatment, some of which are outlined below
(Figure 3).

a Impermeable barrier b Efflux pumps

r
Quter membrane

Peptidoglycan

Inner membrane

OS ribosome my

DNA gyrase

RNA polymerase

d Drug inactivation

E'/Ac

Common methods of antibacterial resistance; a) impermeable barrier, b) efflux pumps,

c) resistance mutations and d) drug inactivation. Used with permission from Allen et al.*3
Figure 3

Although the impermeable barrier has been previously discussed (Section 1.3.2), the
bacteria in question may be able to further decrease susceptibility to a drug by removing or
modifying porins, preventing drug entry to the cell (Figure 3a).!? An extremely common
method of resistance is removal of the drug from the cell through the use of efflux pumps
(Figure 3b). These are naturally evolved proteins that are capable of efficiently removing
toxic compounds from within the cell. Generally, lipophilic compounds are more likely to be
effluxed from inside the cell. However, up-regulation of efflux pumps can result in broad
substrate specificity and efflux is therefore a key driver of antibacterial resistance.? Specific

mutation to the antibacterial target is another common cause for bacterial resistance to
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antibiotics (Figure 3c). In this mechanism, a direct mutation of a key residue on the target
protein may prevent efficient drug binding, eliminating potency against the target. This
could be a mutation within the binding site of the protein, or, alternatively, on a distinct
area of the protein that infers a structural change, preventing the compound from binding.
Either method has a similar outcome: reduction of potency. Examples include direct
mutations to DNA gyrase (Figure 3c, green), resulting in fluoroquinolone resistance, and
mutations to RNA polymerase subunit B (Figure 3c, orange) or the 30S ribosomal subunit
protein S12 (Figure 3c, yellow), which causes resistance to rifampicin and streptomycin A,
respectively. A final method of antibacterial resistance is through secretion of drug
inactivating enzymes (Figure 3d). A common example of this is the deactivation of
B-lactams through the bacterial generation of B-lactamases. These enzymes are able to
deactivate the drug through hydrolysis and opening of the lactam ring, neutralising its

antibacterial properties.

Although the ability of bacteria to evade drug treatment is constantly growing, there has
been historical success in treating bacterial infections. Furthermore, continued research
into relevant biological pathways has resulted in increased opportunity for pharmaceutical
intervention. For example, understanding of the underlying biological features of DNA and
its manipulation has resulted in successful methods of selectively intervening in bacterial

DNA processes, causing selective bacterial cell death.

1.4 DNA

The structure of DNA was established over fifty years ago. The double helical structure was
famously hypothesised by Watson and Crick in 1953,'* as a response to several alternative
postulated structures.’® The accepted proposal consisted of two phosphate sugar chains
spiralled around a central axis, with base pairs forming hydrogen bonds between the helical

strands (Figure 4).1

Hypothesised structure of DNA by Watson et al. Used with permission from Watson et al.'4

Figure 4
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This assembly was confirmed by X-ray crystallography in 1973, confirming the predictions
made by Watson and Crick.'®* Many areas of research have since evolved from the
elucidation of DNA’s structure, including study into the cellular methods of DNA
manipulation by proteins. DNA undergoes three main processes: replication, transcription
and translation. Replication allows a DNA strand to be read and copied, forming two
identical strands of DNA. Transcription allows messenger RNA, a copy of the primary DNA
strand, to be made, following Watson-Crick base pairing rules. Proteins can then be made
from translation of messenger RNA, allowing the encoding of an amino acid sequence. By
understanding the role of DNA and the machinery available to manipulate it, drugs can be
designed to intervene in those DNA processes. This hypothesis has paved the way for a
variety of antibacterial drugs over the years, both naturally-occurring and fully synthetic.
However, regardless of the progress of human-kind in devising effective antibacterial
therapies, concerns surrounding bacterial resistance have been raised for almost as long, as
confirmed by the reports of antibacterial resistance just one year after the introduction of

the first antibacterial quinolone, nalidixic acid (Figure 5).
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Timeline of DNA research and antibacterial discovery.!# 16 17.18,19,20
Figure 5
The absolute control of DNA structure and topology is essential for cellular life, and
therefore both bacterial and human health relies on this fundamental principle. Simple DNA
processes, such as transcription, translation and replication, rely on breaking of the DNA
duplex in order to access the nucleotide sequence, resulting in alteration of the coiling of
the DNA duplex.?? An entangled chromosome can result in potentially cytotoxic or

mutagenic material being released, therefore mechanisms for control and repair of DNA
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topology are essential.?? The structure of DNA itself can also pose a challenge, as it must be
enzymatically manipulated to fit within the confines of the cell. These topological issues
must all be overcome in order to maintain cell health. At the cellular level, DNA topology

manipulation is achieved through the use of DNA topoisomerases.?

1.5 Topoisomerases

9 and it has since been

The first DNA topoisomerase was reported in 1978 by Wang,?
established that they are a family of enzymes present within all domains of life, having the
unique ability to break, reorganise and religate DNA strands.?? Broadly, topoisomerases can
be subdivided into two families; type | and type Il. Type | topoisomerases are responsible
for introducing single strand fissions into a DNA sequence, whereas type |l topoisomerases
utilise the breaking of both DNA strands simultaneously in order to initiate their effect.

Furthermore, each topoisomerase family is further split into subfamilies (A, B or C)

depending on their mode of action, amino acid sequence, or global structure (Table 2).

Type | Mode of action Substrate Location
1A Strand passage Negative supercoiling All domains of life
. . . . Mainly eukaryotes, some
1B Rotation Positive/negative supercoiling found in viruses/bacteria
IC Rotation Positive/negative supercoiling Methanopyrus
Positive/negative supercoiling,
A Strand passage intertwined chromosomes, All domains of life

DNA catenanes
Positive/negative supercoiling,
intertwined chromosomes

1B Strand passage Bacteria, archaea and plants

Topoisomerase families and functions.?
Table 2
Generally, many topoisomerases perform similar functions; the relaxing of positively and/or
negatively supercoiled DNA, and, in the case of type Il topoisomerases, the untangling of
knotted DNA and the unlinking of DNA catenanes.?? Bacterial DNA exists as circular, double
helical loops and during DNA replication, over-winding occurs in front of the replication
fork, causing tension that must be resolved (Figure 6). Topoisomerases are able to relieve

the over/under-winding, allowing DNA replication to continue.
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Negative supercoils

Topa I, 1opo I, 1opa IV,
topo V, topo VL, gyrase

RNA polymerase

Topo (A, ropa 18, topa |l
topa V. topa V), (tope IV)

Pasitive supercoils

Positive and negative supercoiling, which are resolved by topoisomerases. Used with

permission from Vos et al.?

Figure 6

Topoisomerases exert their effect through one of two mechanisms; strand passage or

strand rotation (Figure 7). In the strand passage model (e.g. topo IA), one DNA strand is cut,

followed by passage of the intact strand through the break. Religation of the DNA then

occurs, resulting in the topologically altered duplex of DNA. Topo IA is able to use this

mechanism to relax negatively supercoiled (i.e. under-wound) DNA, increasing the coil’s

stability by introducing additional turns in the helix. The strand passage method is also used

by type Il topoisomerases (e.g. topo IIA and IIB) to cause breaks in both strands of the

duplex, followed by passage of another, intact, duplex through the break. This process

allows complex intertwined chromosomes to be separated, and, similarly, allows DNA to be

knotted in order to be compacted to fit within the confines of the cell wall.

Type IA (strand passage)

V)
., Scatfolding Lle;’\'a\:‘e}(_-( Scaflolding

Type IB (strand rotation)

Cleavage

domain

Cleavage
‘ domain

-domai:\

Schematic of strand passage and strand rotation mechanisms of DNA manipulation. Used

with permission from Vos et al. 2
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The rotation method of manipulating DNA topology (e.g. topo IB) begins with the scission of
a single DNA strand. The broken DNA strand can then rotate, with respect to the other
strand, before being fused to reform the completed DNA duplex, with a resolved
topological structure. Friction between the DNA strands controls the rotation and aids the

alignment of base pairs in order for religation to occur.?

Type |l topoisomerases are critical for maintaining the integrity of a DNA duplex, and
therefore these enzymes’ ability to manipulate DNA efficiently has a profound effect on the
health of the host organism. DNA gyrase and topoisomerase IV are two examples of
bacterial type IIA topoisomerases that are present in most bacterial strains. DNA gyrase and
topoisomerase IV are highly homologous enzymes which consist of a tetramer (A.B,)
structure, formed by two pairs of identical subunits. For DNA gyrase, these are named GyrA
and GyrB, whereas for topoisomerase |V, they are designated ParC and ParE. Without these
enzymes, bacteria are not able to appropriately manipulate the topology of their DNA,
resulting in eventual cellular death. Some strains, such as M. tuberculosis, only have one
type A topoisomerase: DNA gyrase. It has been hypothesised that topoisomerase IV
evolved from DNA gyrase, resulting in two, almost homologous, type IIA topoisomerases.
However, this evolutionary process did not occur in M. tuberculosis, leaving only one type
IIA topoisomerase enzyme, DNA gyrase.?* Regardless of the number of topoisomerases
available to the bacterial strain, interfering with the ability to manipulate DNA has proved a

successful mode of action for many clinically-used drugs.
1.5.1 Topoisomerase as a drug target

DNA gyrase and topoisomerase IV have been shown to be excellent antibacterial drug
targets. A key reason for this is that both bacterial and mammalian cells have no alternative
method of DNA topology manipulation.?? Inhibition of DNA gyrase and topoisomerase IV
therefore results in the bacteria being unable to maintain cellular health, resulting in
eventual bacterial death. Furthermore, DNA gyrase and topoisomerase IV are highly
homologous enzymes, meaning a dual targeting approach can be taken to designing

antibacterial inhibitors.?

For a classical inhibitor, with a single binding site on a single enzyme, antibiotic resistance
can become prevalent at an alarming rate. With bacterial replication rates for S. aureus of
approximately one division every 30 min, the number of bacterial cells can exceed one

million after just 10 h.%® Due to a large turnover of bacterial iterations, the consequently
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high probability of a mutation within the genetic sequence, resulting in a mutation in the
active site of the enzyme, can result in rapid antibiotic resistance. Once a single bacterium
has become resistant to the inhibitor, it is able to pass the genetic information to a
different species of bacteria through horizontal gene transfer.?” This is a process by which
bacteria can transmit genetic material to other bacteria, allowing the passage of genetic
resistance mechanisms to other bacteria.?’ Similarly, bacteria susceptible to antibiotic
treatment are removed from the bacterial pool, enriching the amount of resistant bacteria
in a Darwinian fashion. A novel approach to reducing the likelihood of resistance is to adopt
a dual targeting strategy. For this method of drug targeting, two very similar binding sites
on two highly homologous enzymes, such as DNA gyrase and topoisomerase |V, are
targeted. By targeting both enzymes, the probability of mutations occurring in the active
sites of both enzymes during a single replication cycle of the bacterium is extremely low,
resulting in very low antibacterial resistance to a dual inhibitor.? A dual targeting approach
is commonly used to ensure a low frequency of resistance when targeting gram-positive
and gram-negative pathogens. However, the limitations of this method should be
acknowledged when targeting mycobacteria such as M. tuberculosis. As M. tuberculosis
contains only a single type IlA topoisomerase, DNA gyrase, a dual targeting strategy cannot
be employed, and indeed, targeting a single enzyme may lead to faster accumulation of
resistance. Existing reports in the literature confirm this, with frequency of resistance data
for ciprofloxacin, a dual inhibitor, against M. tuberculosis in the range of 1 resistant colony
in 10° to 108 colonies.? This is more frequent than observed for E. coli (1 in 10° to 10%9),
implying the inability to dual target M. tuberculosis may pose an issue.®* Although
resistance may be acquired more quickly, this is an issue of lesser importance, due to the
urgent need for an effective treatment for M. tuberculosis infections, as outlined by the

World Health Organisation (WHOQ).3!

A final reason to target topoisomerases is related to the success of fluoroquinolones in
treating bacterial infections. Fluoroquinolones bind to well validated binding sites on DNA
gyrase and topoisomerase 1V, and exert the desired phenotypical response of bacterial cell
death. This compound class has been well studied in the literature and has had success in
the clinic. As the topoisomerase I|IA target has previously been validated, alternative
inhibitors that bind to different binding sites on DNA gyrase and topoisomerase IV could be

effective antibacterial treatments, in light of increasing fluoroquinolone resistance.
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1.6 Alternative binding sites

Due to increasing pressure from antibacterial resistance to fluoroquinolones, avoiding the
well-established fluoroquinolone (FQ) binding site in topoisomerase |IA enzymes is
becoming increasingly vital. Single residue mutations in the FQ active site have been shown
to greatly affect the potency, and therefore utility, of an entire class of therapeutics,
highlighting the need for inhibitors which bind to a novel site in the target enzyme.*?
Fortunately, alternatives to the FQ site, binding to which have been shown to exhibit the
same phenotypical response, have been disclosed extensively in the literature.®
In particular, two major binding sites have been thoroughly investigated as alternatives to
the FQ site; the novel bacterial type Il topoisomerase inhibitor (NBTI) binding site on

GyrA/ParC and the adenosine triphosphate (ATP) site on GyrB/ParE (Figure 8).

-

Adenosine

triphosphate Subunit B
(ATP) binding site

Subunit A

Fluoroqumolone (FQ) Novel bacterial (type II)

binding site topoisomerase (NBTI)

binding site

Diagram of DNA gyrase (PDB: 3FOE3* and 4K40%), visualised using Pymol (v1.1leval).
GyrA (green), GyrB (red) and DNA (orange), with the relative positions of the active sites
highlighted.

Figure 8
The NBTI binding site (Section 2.1) is located on the GyrA/ParC subunits of DNA

gyrase/topoisomerase IV. Binding to this site has been shown to result in bacterial cell
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death, albeit through a modified mechanism of action to fluoroquinolones.3® NBTI inhibitors
allow bridging between DNA and the topoisomerase enzyme, preventing the final release of
the topologically altered DNA from the enzymatic cycle.?® Without the release of the DNA

from the enzyme, the enzyme is effectively poisoned, and bacterial cell death occurs.

Although much research has been performed on the NBTI series throughout recent years
(Section 2.1), potent cardiotoxicity has resulted in minimal clinical success (Section 2.2).
Consequently, a novel approach to alleviating series-wide cardiotoxicity was in high
demand, and drove the development of soft drug inhibitors of the NBTI binding site
(Section 2.6). A soft drug approach to NBTI research should result in minimal systemic
exposure to the parent compound, reducing the cardiotoxicity risk associated with the
chemical series. For this approach to be successful, a balanced strategy of optimising the
antibacterial activity, cardiotoxicity, stability and physiochemical properties of the series,

would be required (Section 2.10).

A second potential binding site (Section 4.1) has been reported by Lewis et al., suggesting
that inhibition of the ATP site on the GyrB/ParE subunit of topoisomerase Il enzymes
resulted in the inability of the enzyme to process the hydrolysis of ATP.3” As ATP is used as
the primary source of energy for the topoisomerase function, deprivation of this energy
source induces enzymatic failure, ultimately resulting in bacterial apoptosis. As a result,
inhibitors of the ATPase site on DNA gyrase/topoisomerase IV were established as viable

drug targets.®

Throughout the research programme, cytotoxicity was highlighted as a potential liability of
a series of GyrB/ParE inhibitors (Section 4.4). As a result, further investigation into the
relationship between the structure and the cytotoxicity of the series was pursued. Due to
the impact of the research within the field, the findings have been published in a peer-

reviewed paper, and will be included herein (Section 4.7).
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2 Inhibitors of GyrA/ParC

2.1 The NBTI binding site

An alternative to the fluoroquinolone binding site is the NBTI binding site. Although
comparatively recent, research into this binding site has attracted considerable interest
from the research community for almost 20 years,* due to the pressing demand for
alternative bacterial topoisomerase inhibitors. As a result of studies reported by
GlaxoSmithKline (GSK),%® an X-ray crystal structure illustrating the key binding regions

observed for a typical NBTI scaffold was disclosed (Figure 9).

MeO CN

X-ray crystal structure (PDB: 2XCS) visualised using Maestro (v10.6) of

GlaxoSmithKline NBTI 3 crystallised with S. aureus gyrase A active site.3®
Figure 9

Two main areas of binding were observed for the GlaxoSmithKline NBTI 3 (Figure 9). Firstly,
the southern bicyclic ring system accommodated a lipophilic pocket formed by Met1121
and other hydrophobic residues in the active site of the enzyme. A key binding interaction
was observed in the form of a hydrogen bond between the aminopiperidine and Asp1083.
Due to the symmetrical nature of the binding site, the mirror image of the above scenario
was also possible, with binding to Asp1083 on the opposite face of the molecule. A second
interaction (either direct or water-mediated) was hypothesised to occur between the
pyridine nitrogen and Asp1083, strengthening binding with the active site. In addition to

these interactions, the quinoline ring system was intercalated between the strands of DNA.
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Due to the non-specific binding nature of the intercalation interaction, considerable effort
has been directed towards optimising the physiochemical properties of the series through
manipulation of the quinoline structure. The linear nature of the NBTI scaffold allowed the
northern portion of the molecule to intercalate between the DNA base pairs, while the
southern tail interacted with residues in the lipophilic pocket of the enzyme. By bridging
between the DNA and the enzyme, the final release of the topologically altered DNA from
the enzymatic cycle was prevented.*® Without the release of the DNA from the enzyme, the

enzyme was effectively poisoned, and bacterial cell death occurred.
2.2 Toxicity issues in NBTI research

Although the area of NBTI research is still developing, with recent publications suggesting a
continued high interest in the field, the issue of cardiotoxicity can be observed throughout

the literature in this area (Figure 10).4%-43
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Withdrawn from Phase | due hERG ICso = 2 UM hERG ICso = 47.6 UM™
to hERG liability*

Published NBTIs containing hERG liabilities.
Figure 10

Many pharmaceutical companies have published data on their NBTI series, highlighting a
high level of bioisosterism within NBTI research, and many northern, southern and linker
groups are well tolerated (Figure 10).3* However, the success of the NBTI class of

therapeutics has thus far been severely limited due to recurring issues of toxicity,
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particularly through the inhibition of the human Ether-a-go-go-Related Gene (hERG)
channel within the heart. The hERG channel is a potassium ion (K*) channel that is involved
in the repolarisation phase of the standard cardiac action potential. Inhibition of the hERG
ion channel has been linked with prolongation of the QT phase on an electrocardiogram,
which can result in episodes of torsades de pointes, an irregular heartbeat that can lead to
arrhythmias, fainting, and in severe cases, ventricular fibrillation and sudden cardiac
death.*® Attempts to lower cardiotoxicity using the methods outlined below have yielded a

plethora of NBTI compounds, however, most suffer still from hERG liabilities.
2.3 Strategies for minimising hERG inhibition

2.3.1 Cardiotoxicity

During the early stages of the drug discovery process, assessing a compound’s toxicity
becomes of utmost importance. Highly cytotoxic (e.g. against the hepG2 cell line) or
cardiotoxic (e.g. hERG inhibiting) scaffolds can be difficult to optimise while maintaining
high potencies. The complexities and relevance of this type of optimisation within the

pharmaceutical industry can be seen extensively in the literature %4748

2.3.2 Manipulation of polarity

Although the hERG channel is known to possess a promiscuous binding site, with many
potent, structurally varied inhibitors, several well-studied strategies have been adopted to
disfavour binding to this target.*® Increasing the polarity of the molecule (i.e. lowering of
logD7.4 and increasing topological polar surface area (TPSA)) are common methods used to
prevent hERG inhibition due to the hERG channel’s affinity for lipophilic, rod-like molecules.
Increasing the hydrophilicity of the compound can discourage strong binding interactions
with the hERG channel (Figure 11). However, when adopting this strategy in antibacterial
research, an appreciation of how minor changes in logD;.4 may affect potency is vital. Each
bacterium is permeable to a narrow window of compounds that are of acceptable polarity

to diffuse across the cell membrane.*

Making minor alterations in logD-4, although
improving hERG inhibition, can have a negative effect on a compound’s ability to permeate
the bacteria, possibly to the detriment of antibacterial activity. Thus, although manipulating
logD;.4 has been a successful strategy in preventing hERG inhibition in other therapeutic
areas,® this approach can be problematic in antibacterial research. Indeed, the literature in

this area documents numerous failed attempts to optimise antibacterial activity and hERG

inhibition simultaneously.*®*3 Recent efforts in NBTI research have sought to lower logD,
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mainly through increasing the hydrophilicity of the northern head group, in order to reduce
affinity for the hERG channel while maintaining the key binding interactions required for

antibacterial activity.*
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A graph depicting the trend between calculated logP (clogP), TPSA and hERG channel
affinity (coloured green for low inhibition to red for higher inhibition) for published NBTI
compounds. In general, a decrease in clogP and an increase in TPSA resulted in lower

inhibition of the hERG channel.

Figure 11

Statistical analysis of published NBTI-type compounds allowed a trend to be observed
between the clogP, TPSA and hERG channel inhibition. In general, compounds with higher
TPSA (> 90) and lower clogP (< 1.5) had lower hERG affinity than those compounds with
higher clogP (> 2) and lower TPSA (< 90), highlighting the important relationship between
polarity and hERG inhibition (Figure 11).

A similar method to disfavour binding to the hERG channel is through the introduction of
zwitterions. This has a similar effect to lowering the logD;.4 of the compound, and as a
result, zwitterionic compounds tend not to bind as strongly to the hERG channel. Although
this is a common strategy, introduction of a zwitterion can have the same unfortunate

effect as lowering logD;4, reducing permeability and lowering bacterial exposure to the

Page | 18



drug. A carefully considered charge-distribution approach must therefore be used to ensure

diffusion into the cell is successful.
2.3.3 Manipulation of basicity

Although harder to predict, making minor changes to the pK, of amines in the molecule can

have remarkable effects on hERG inhibition, as observed by Zhang et. al.!

pK, =9.41 pKa=7.45
hERG activity = 0.025 uM hERG activity = 0.85 uM

Optimisation of hERG inhibition by manipulation of pKa..

Figure 12

Altering the pK, of the tertiary amine in lead compound 7 (Figure 12) was hypothesised to
disrupt the m-cation interactions between the charged amine in the target molecule with
aromatic regions of the hERG channel.”® Reducing the pKa of the amine from 9.41 to 7.45

resulted in an approximate 5-fold reduction in hERG activity from 0.025 uM to 0.85 pM.

Nearby substitution with electron-withdrawing groups may reduce the proportion of
cationic amine at physiological pH, preventing m-cation interactions with the hERG channel.
Similarly, removing the amine, or shielding through introduction of a hydroxy- or alkoxy-
substituent nearby to the amine, may also disrupt the m-cation interactions and reduce
hERG inhibition. Utilising this method of reducing hERG inhibition could prove useful in
NBTI research. However, as the amines in the NBTI structure provide key binding
interactions with the active site (Section 2.1), modifying these positions often results in

significant loss of activity.
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2.3.4 A successful NBTI?

Although several NBTIs have entered clinical trials, only one has progressed as far as
Phase Il. After extensive research and fine tuning of physiochemical properties, researchers

at GlaxoSmithKline developed an NBTI featuring a tricyclic northern group 9 (Figure 13).>2
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S. aureus MICq = 0.5 pg/mL>3
hERG ICso = 1400 uM*
Phase Il GSK compound (GSK2140944 9).

Figure 13

GSK2140944 9, also known as gepotidacin, was found to display broad-spectrum activity
against a variety of gram-positive and gram-negative pathogens, including high potencies
for S. aureus and MRSA pathogens, while maintaining a low hERG ICso of 1400 uM. The
combination of high potency and low cardiotoxicity has provided a large enough safety

window to progress the compound into clinical trials, which are currently ongoing.3*

From the extensive research in the area, and due to the unpredictable nature of hERG
inhibition, particularly with respect to antibacterial drug design, alternative methods of
circumventing cardiotoxicity risks are in high demand. An unfortunate result of the amine-
rich, linear nature of NBTI structures, is their affinity for the hERG channel through
hypothesised m-cation interactions. As the amines in the NBTI structure are integral to
binding (Section 2.1), altering these positions in the molecule may eliminate antibacterial
activity. However, a novel and innovative method that could deliver a successful,

non-cardiotoxic NBTI therapy is through using a soft drug approach.
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2.4 Soft drug design
A soft drug has been defined by Bodor and Buchwald as the following:>*

“[Soft drugs] are isosteric-isoelectronic analogues of a lead compound, and they are

deactivated in a predictable and controllable way after achieving their therapeutic role.”

Simplistically, soft drugs can be thought of as the opposite of prodrugs. The drug should be
applied directly to the site of action, where it can have the desired effect immediately.
However, it differs from a normal therapy in a critical way. Whereas a regular drug would
pass into the blood and result in systemic exposure, an ideal soft drug is destroyed
immediately in the blood to give an inactive compound. This has considerable
consequences in minimising side effects caused by systemic exposure, and instead only the
inactive compound is circulated in the blood. In relation to hERG inhibition for an NBTI-type
compound, even though a potential soft drug may be hERG active, it would undergo
controlled degradation to result in a hERG inactive compound reaching the heart, lowering
the risk associated with cardiotoxicity. Although the use of a soft drug approach to
minimising systemic side effects has been published,* using this approach to derisk a series

with potent hERG channel inhibition has yet to be reported within the literature.
241 Soft drug successes

Utilising a soft drug approach to drug design can minimise the systemic exposure of a
compound to the patient by using well-defined deactivation mechanisms to render the
substance inactive and non-toxic. Proof of concept in this area has been achieved in the
clinic through the success of loteprednol etabonate 10 (Figure 14) which uses esterases to
initiate hydrolysis, forming the inactive metabolite 11 (Figure 14) from the active parent

soft drug.>®

Metabolic hydrolysis of loteprednol etabonate 10 to inactive metabolite 11.

Figure 14
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Loteprednol etabonate 10 was shown to be a potent topical corticosteroid used to reduce
inflammation and allergic responses of the eyes, while not affecting intraocular pressure
through minimising systemic exposure. The success of loteprednol etabonate in the clinic

provided proof that soft drugs can be viable therapies.

The potential use of soft drugs has since been reinforced. Based on the success of the soft
drug concept with loteprednol etabonate 10, a serendipitously discovered soft drug could
potentially make it to the clinic, without full knowledge of its metabolic pathways.*®
For example, methylphenidate 12 (Figure 15), a psychostimulant commonly used for the
treatment of attention-deficit-hyperactivity disorder (ADHD), can be considered a soft drug,

even though it was never designed as such.*®

0 o H Metabolism HO 0

12 13
Metabolic hydrolysis of methylphenidate 12 to inactive metabolite 13.
Figure 15

The methyl ester in methylphenidate was rapidly hydrolysed to its inactive metabolite,
ritalinic acid 13 (Figure 15). The rapid metabolism of methylphenidate resulted in a larger
therapeutic window, allowing safer use for paediatric patients. However, this also resulted
in the unfortunate drawback of the requirement for regular administration to maintain a

therapeutic dose.

Many successful soft drugs have utilised the ester-hydrolysing capabilities of esterases.
These enzymes are found in most bodily tissues, usually resulting in the rapid metabolism
of the compound, as observed for methylphenidate.>” An issue arising from the use of
esterases is that, due to the variable concentrations of these enzymes within the body, the
rate of metabolism can be inconsistent within the human population.>® However,
theoretically, any enzyme capable of hydrolysing a metabolically liable compound can be
exploited. This conclusion helped lead researchers at GlaxoSmithKline to discover a

metabolic liability within their corticosteroid series (Figure 16).>°
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Potential “soft” corticosteroid 14 and hydrolysed metabolite 15.
Figure 16

It was established that corticosteroid 14 (Figure 16) was stable within S9 lung fraction
(t12 > 480 min), suggesting its suitability as an inhaled asthma treatment. However, it was
observed that the compound was hydrolytically metabolised within human plasma to
metabolite 15 (ti2 < 1 min). Upon further investigation, it was concluded that the enzyme
paraoxonase was responsible for the selective metabolism, serendipitously resulting in a
potential soft drug therapy. Paraoxonase is an esterase found in high concentrations in the
blood plasma, however, its concentration in the lungs is relatively low.>” The possibility for
soft drug use was reinforced by the receptor affinities of both compounds. The parent
compound 14 was measured to have an ICso of 6.6 nM, whereas the hydrolysed compound
15 (Figure 16) had a much higher ICso of 827 nM, suggesting the act of hydrolysing the
y-lactone resulted in deactivation of the substrate, and that this process could thus prevent

systemic exposure to the parent compound.>®
2.4.2 Terfenadine

As illustrated by the previous examples, the viability of the soft drug therapy strategy is
well-established. However, to date, a selectively metabolised antibacterial agent has not
been disclosed in the literature. Fortunately, attempts to repurpose the antihistamine
terfenadine 16 (Figure 17) for antibacterial use has yielded an interesting and highly

relevant crossover with the current research programme.

Terfenadine 16 was initially marketed as an antihistamine, however, it also had modest
antibacterial properties against small-colony forms of S. aureus (MIC = 16 pg/mL).%°
Twelve years after coming to market in 1985, the FDA chose to withdraw the drug due to

evidence of ventricular arrhythmias associated with inhibition of the hERG K* channel.!
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Metabolic oxidation of terfenadine 16 to fexofenadine 17.
Figure 17

Fexofenadine 17 (Figure 17), the active metabolite of terfenadine 16 was marketed as
Allegra, which still retained the required antihistamine properties of terfenadine, but did
not inhibit the hERG channel. Recently, due to increasing antibiotic resistance to
fluoroquinolones, the repurposing of terfenadine 16 as an antibiotic has been
investigated.®® From the structure of terfenadine, it was hypothesised that the molecule
would occupy the NBTI binding site of DNA gyrase in order to cause the observed
antibacterial activity against S. aureus. However, metabolic oxidation of terfenadine 16,
yielding fexofenadine 17, was found to eliminate the antibacterial properties of the
molecule (MIC = 16 pg/mL to > 256 pg/mL). Furthermore, metabolism was determined to
occur on the southern tert-butyl group, which was hypothesised to bind to the lipophilic
pocket of the NBTI binding site. This was proposed to result in a polar carboxylic acid
moiety being directed into this region instead, causing repulsion with the lipophilic pocket
and eliminating antibacterial activity. Although fexofenadine 17 had no antibacterial
properties, it also had no affinity for the hERG ion channel. This was assumed to be due to
the decrease in logD;4 and increase in TPSA, and introduction of a zwitterion that was
expected to occur upon oxidation of the tert-butyl group, in accordance with the commonly

used strategies of lowering hERG inhibition (Section 2.3).
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2.5 Infections suitable for an inhaled therapy

Building upon the work reported by GlaxoSmithKline for their corticosteroid series, it was
proposed that an inhaled antibacterial soft drug could be developed, potentially yielding a

potent antibacterial compound which showed minimal systemic exposure.

A variety of bacterial strains could be targeted with an inhaled therapy. For example, the
gram-positive pathogen S. pneumoniae can be particularly prevalent within the lungs,
especially in patients suffering from chronic obstructive pulmonary disease (COPD) and
asthma exacerbations.®? S. pneumoniae is also considered the pathogen responsible for the
majority of bacterial pneumonia cases within the USA, with over 500,000 cases recorded
each year, and is also a frequent cause of infections in post lung-transplant patients.5 64
However, S. aureus (gram-positive) is also a common cause of infection in this patient set,
and is a leading cause of bacterial pneumonia, particularly in mechanically ventilated
patients.5® % Furthermore, the majority of colonies that have been isolated from post lung-
transplant patients are resistant to treatment from methicillin (MRSA). This is of particular
interest as the current research programme could yield compounds equally as potent
against both S. aureus and MRSA, by exploiting a completely distinct binding site, different
from the currently used fluoroquinolone binding site on DNA gyrase subunit A. A final
important pathogen is H. influenzae, a gram-negative bacteria associated with lower
respiratory tract infections, COPD and asthma exacerbations.®? Although patients suffering
from pneumonia could benefit greatly from an inhaled antibacterial therapy, chronic
infections from the gram-negative pathogen P. aeruginosa in cystic fibrosis patients was
considered a second, highly lucrative, patient population to target. It has been reported
that almost 55% of cystic fibrosis patients are infected with P. aeruginosa, a subset that
increases to 80% of patients by the age of 18 years.®> Without treatment, P. aeruginosa
infections cannot be cleared by the body's natural defence mechanisms and most patients
die at a young age due to pulmonary complications. However, with suitable treatment

regimens, the average life expectancy has been raised to over 50 years in some cases.®®
251 Currently utilised inhaled antibiotics

Current treatments of chronic P. aeruginosa lung infections in cystic fibrosis patients
include the use of intravenous and oral antibiotics (aminoglycosides and fluoroquinolones),

and, more recently, inhaled antibiotics (tobramycin 18 and colistin 19, Figure 18).2
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Structures of inhaled antibiotics tobramycin 18 and colistin 19.
Figure 18

Nebulised tobramycin 18 was approved in 1998 and has since been accepted as a standard
treatment for pulmonary infections in cystic fibrosis patients.®’ It was determined that
toxicity caused by an inhaled antibiotic was minimised due to reducing systemic exposure
to the drug, and mortality among CF patients has been considerably reduced as a result of

nebulised tobramycin 18 treatment.®®

Although colistin 19 was first released in the 1950s, high toxicity resulted in poor patient
compliance and low marketability, which was only recently modified after re-evaluation of
dosing regimens. Until very recently, colistin 19 was considered one of the only antibiotics
clinically available that had no recorded resistant bacterial strains. However, recent
worldwide colistin resistant bacteria have been observed, causing fear within the scientific
community.®® Due to newly observed colistin resistance and increasing levels of
antibacterial resistance as a whole, there is an urgent requirement for novel antibiotics that

are potent against resistant bacterial strains.
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2.5.2 Summary of bacterial strains suited for an inhaled antibiotic

As a result, an antibacterial with activity against the strains outlined in Table 3 could be of
high commercial interest, and increased the scope of a potential inhaled antibiotic to

several key bacterial strains.

Bacteria Gram-positive/negative Prevalence®®*
. - Pneumonia, COPD, asthma, post lung-
S. pneumoniae Gram-positive
transplant
. Pneumonia (mechanically ventilated),
S. aureus Gram-positive
post lung-transplant
. . Lower respiratory tract infections,
H. influenzae Gram-negative .
f & COPD, asthma exacerbations
AND/OR
P. aeruginosa ‘ Gram-negative | Cystic fibrosis patients

Bacterial strains to be targeted by an inhaled antibacterial soft drug.
Table 3

One potential compound class with potency reported against the above bacterial strains is
the novel bacterial type Il topoisomerase inhibitors (NBTIs). These compounds, although
comparatively modern compared to the commonly utilised fluoroquinolones, have been
subject to a high level of research in recent years, and could yield a successful antibacterial

therapy.
2.6 Proposed work

To date, neither an antibacterial soft drug, nor the utilisation of a soft drug approach to
explicitly minimise the inhibition of the hERG channel, have ever been published within the
literature. However, based on work already published in the area of NBTI research, such an
antibacterial soft drug could hypothetically be designed. Such a compound could be used to
treat bacterial infections topically within the lungs, using an inhaler to direct the compound
to the site of action. In order to make the hypothesised therapy clinically relevant,
S. pneumoniae, S. aureus, H. influenza and P. aeruginosa were considered worthy targets
due to the high prevalence of these infections within the lungs (Section 2.5).6% 63 70
The hypothetical drug molecule should be stable within the lungs, but should undergo
controlled enzymatic degradation to non-toxic metabolites. The extremely subtle nature of
the required instability of the scaffold will be key to its success. If the compound is too
metabolically labile, premature hydrolysis may occur before it reaches its target.

Conversely, if the compound is not prone to rapid metabolism, it may result in systemic
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exposure. Importantly, the metabolising enzyme should not be present in bacteria,
preventing premature degradation. Paraoxonase is one such enzyme that has not been
isolated in bacteria, and should result in selective degradation in the human body.”*
Analysis of the physiochemical properties of published NBTIs was used to provide evidence
for a working hypothesis (Figure 19). A correlation between clogP, topological polar surface
area (TPSA) and S. aureus activity was observed, highlighting a set of properties that may
result in high activity (circled, blue). Overlaying the properties desired for S. aureus activity
with a similar analysis of hERG inhibition provided evidence that the soft drug hypothesis

may be successful.
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Graph depicting the trend between clogP, TPSA and S. aureus activity (coloured according
to legend) for published NBTI compounds. Optimal physiochemical properties are circled
(blue).
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Graph depicting the differing physiochemical properties required for S. aureus activity

(blue) and low hERG inhibition (yellow) (coloured according to legend).
Figure 19

The hypothesised soft drug should have similar physiochemical properties to the
compounds highlighted in the blue area of Figure 19, providing the permeability required
for S. aureus activity. Upon metabolic hydrolysis, a polar moiety will be unmasked.
This should decrease the lipophilicity and increase the TPSA of the compound, ideally
removing both hERG affinity and S. aureus activity simultaneously, by shifting the
physiochemical properties into the area highlighted in yellow in Figure 19. Although useful,
the above data should only be taken as a guide to the ideal physiochemical properties
required for activity. Without synthesising and assessing individual compounds in a series, it
is extremely difficult to determine the ideal logD7.4 and TPSA needed to provide adequate
potency. Instead, the above analysis highlights the possible physiochemical differences
between a parent soft drug compound and its metabolite, reflecting that a lowering of
polarity and an increase in TPSA as a result of metabolism could alleviate undesired hERG

inhibition.
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2.7 Objectives

During the course of the research programme, the following objectives were set in order to

determine if a soft drug approach to antibacterial research could be successful:

1. Review the literature to assess the most promising soft drug probe compounds.
2. Computationally and synthetically assess the selected targets in order to triage
compounds deemed less attractive.
3. Conduct the synthesis of probe compound(s) and the proposed hydrolysed
metabolite(s).
4. Assess synthesised compounds in terms of:
a. The antibacterial potency of the parent compound and its suspected
metabolite.
b. The plasma and lung stability of the parent compound and its suspected
metabolite.
c. The cytotoxicity and cardiotoxicity of the parent compound and its
suspected metabolite.
5. Obtain metabolite identification to conclude if the metabolic hotspot was

successfully being targeted in the degradation mechanism.
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2.8 Results and discussion

2.8.1 Target compound selection

Target compound selection was initiated through assessment of possible sites of
metabolism on the NBTI scaffold, and using published studies to guide potential structural
modifications.>® % 72 Hybridising a standard NBTI scaffold with a metabolically unstable
moiety was expected to provide initial proof of concept for a potential antibacterial soft

drug.

There were several areas of the NBTI scaffold that were considered to yield plausible soft
drug candidates. Broadly, an NBTI structure can be split into three units; the northern ring

system, the linker, and the southern scaffold (Figure 20).

MeO CN

Modular design of NBTI 3, with northern ring system (blue), linker (green) and southern
scaffold (red).

Figure 20
Theoretically, a “metabolic hotspot” could be introduced into any of these three sections,
yielding equally suitable probe compounds to assess the soft drug hypothesis. In order to
prioritise the synthesis of compounds with appropriate positions of the metabolic liability,
the crystal structure of paraoxonase (PDB: 3SRG’®), containing 2-hydroxyquinolone as a

ligand, was examined to determine the steric limitations of the active site (Figure 21).
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X-ray crystal structure (PDB: 3SRG”3), as displayed using Pymol (v1.1eval). Paraoxonase was
observed to have a catalytic site situated at the bottom of a deep trench (top: top-down

view, bottom: side-on view).

Figure 21
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Analysis of the paraoxonase crystal structure provided evidence for a tight channel leading
to the active site. A catalytic Ca?* ion, which has been reported to be integral to the
catalytic activity of the enzyme, resides at the bottom of this trench.”® Furthermore, studies
have shown a possible mechanism by which paraoxonase is able to metabolise

hydrolytically labile substrates.
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Potential mechanism resulting in substrate hydrolysis within the paraoxonase active site.
Figure 22

Coordination to the catalytic Ca?* ion allows the substrate to be positioned correctly within
the active site. Following binding, it has been reported in the literature that His115,
stabilised by nearby His134, is able to direct the nucleophilic attack of a nearby water
molecule to the reactive carbonyl centre. Hydrolysis proceeds, resulting, in the case above,
in ester hydrolysis.”® As a result of the hypothesised mechanism, careful consideration to

the steric bulk surrounding the carbonyl unit of the hydrolytically labile unit must be given.

Hydrolysis of the linker unit was considered to provide the most dramatic structural change
to the soft drug scaffold, and therefore the most likely method to eliminate the
cardiotoxicity of the series. However, after examination of the crystal structure of
paraoxonase, these analogues were deprioritised due to the steric limitations of the active
site, hypothetically preventing the metabolic liability from binding near the catalytic Ca*
ion. Instead, it was hypothesised that positioning of the metabolically labile unit in the NBTI
series would be optimal at the ends of the molecule. Due to the research published
regarding the repurposing of terfenadine and its metabolite fexofenadine for antibacterial
use (Section 2.4.2), it was hypothesised that introducing a metabolically unstable southern
unit could provide the greatest chance of success for delivering initial proof of concept for

an antibacterial soft drug (Figure 23).
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Importantly, it was expected that unmasking a polar moiety in the southern lipophilic
region of the binding pocket would aid elimination of antibacterial activity and hERG
related cardiotoxicity, by disfavouring binding interactions, lowering logD74 and increasing
TPSA. Furthermore, introducing a zwitterionic structure may further enhance the reduction
of antibacterial activity and cardiotoxicity. NBTIs with metabolically unstable southern ring
units were therefore considered as initially lucrative targets.
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GSK2994233% 3, possible soft drug NBTI hybrid 20, and hypothetical metabolic deactivation

route to metabolite 21.

Figure 23
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In order to provide the greatest chance of success in delivering proof of concept for the soft
drug hypothesis, a variety of hydrolysable southern ring systems were considered.
Fortunately, hydrolytically unstable cyclic units have been briefly reported in the literature
to be potential substrates for the paraoxonase enzyme, providing an initial basis for

compound design (Figure 24).7*
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Possible metabolically liable southern groups.
Figure 24
As recent literature focused primarily on metabolically unstable lactones,’”® 7> compounds
containing this metabolic liability were selected as the first soft drug targets to be

synthesised. Furthermore, a strong similarity was observed between the southern group in

GSK299423, and a hypothetical fused pyridyl lactone (Figure 25).

Southern group of GSK299423 3 (left, green), proposed lactone derivative (right, blue) and

overlay (centre).

Figure 25
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Due to the large number of possible isomers of the desired pyridyl lactone system,
potential target compounds were assessed computationally, by overlaying a previously
published NBTI crystal structure® with the hypothetical compounds using Forge (v10.4.1).
The resulting compound with the highest degree of similarity to literature compound 3 is

shown (Figure 26).
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GSK299423 3 (left, and yellow in overlay)3® with hypothetical soft drug hybrid 22

(right, and blue in overlay). Figure generated using Maestro (v10.6).

Figure 26

A high level of overlap was observed with the two above compounds, reinforcing the
potential of this scaffold. The quinoline units were suspected to not overlap directly due to
limitations with the software, as opposed to a direct difference in binding modes, whereas
the poor overlap of the piperidine linker indicated the inherent flexibility in this region.
Although the fused lactone system in compound 22 was predicted to partially direct
polarity into the lipophilic pocket, the probe compound was selected in order to provide an

initial proof of concept for a potential antibacterial soft drug therapy.

Fortunately, an overlap between an existing in-house project and the current research
programme resulted in the availability of many relevant northern ring systems. Thus, using
a combination of the computational overlays, calculated physiochemical data and the
available intermediates, the initial target to be selected for synthesis was compound 23

(Figure 27).
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Figure 27

Due to the modular nature of the NBTI structure and the selection of the southern ring
system as the metabolic liability, modifications to physiochemical properties were
hypothesised to be easily performed through alterations to the northern bicyclic scaffold.
Fine-tuning of logD7.4 could be achieved by using more lipophilic/polar head groups, while

keeping the metabolically labile group consistent between analogues (Figure 28).
| N X F Ny Nx ANFEN
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AclogD74"=0 AclogD74"=+0.51  AclogD;.4" = +0.30 AclogD7.4" =-0.44
ATPSA' =0 ATPSAY=-9.8 ATPSA' =-9.8 ATPSAY =-9.2
*Calculated using ACD/Percepta 14.0.0, probe compound 23 as a baseline.
Possible northern ring systems of varying polarity, allowing the fine tuning of

physiochemical properties.

Figure 28

Thus, depending on the initial antibacterial activity of the suggested probe compound,
similar analogues could be readily prepared to efficiently determine trends in how the
lipophilicity (logDs4) of the series affected antibacterial potency. Prior to the
commencement of the synthesis of target compound 23, a thorough investigation into the
potential interactions with both DNA gyrase and paraoxonase was initiated in order to aid

rationalisation of the observed antibacterial and stability results.
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2.8.2 Computational assessment of target compound in DNA gyrase

In order to increase the efficiency of the synthetic effort, computational analysis of the
suggested soft drug target 23 within the active site of DNA gyrase was performed, prior to
initiating the synthesis. The crystallised ligand, GSK299423 3, was computationally edited
and minimised within the active site of the published crystal structure (PDB: 2XCS3%),
resulting in an initial simulation used to assess the likelihood of maintaining favourable
binding interactions. Of particular interest was whether modification of the southern group
altered binding, therefore, a truncated ligand is shown in Figure 29, highlighting the key

area of interest.
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Hypothesised target probe soft drug compound 23 (left) in DNA gyrase (PDB: 2XCS3, right).

Figure generated using Maestro (v10.6).
Figure 29

A high level of space-fit was observed between ligand 23 and the active site of DNA gyrase.
Although a small amount of electronic repulsion could be hypothesised between the
lactone-containing region of the ligand and the lipophilic pocket of the active site, this was
considered to be tolerable. As a result, the ligand was deemed to be an appropriate target
to challenge the antibacterial soft drug hypothesis, and prompted further investigation.
As high paraoxonase-based metabolism was desired, literature-guided studies of metabolic
rates of published compounds could be utilised. However, publications surrounding the
metabolism of larger drug-like compounds by paraoxonase were sparse. As a result, a
computational effort was initiated in order to assess metabolically liable structures within

paraoxonase.
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2.8.3 Computational assessment of target compound in paraoxonase

A knowledge-based alignment of target compound 23 in the active site of paraoxonase
(PDB: 3SRG”3) was performed, using the binding mode observed for the crystallised ligand,
quinolin-2(1H)-one, as a guide for lactone positioning. The central linker and northern
portion of the molecule were directed through a tunnel created between the catalytic
region and the extremities of the enzyme, resulting in an alignment based on existing

knowledge of the binding site (Figure 30).

Visualisations of quinolin-2(1H)-one (left) and hypothetical target soft drug 23 (right) within
paraoxonase (PDB: 3SRG3). Figures generated using Maestro (v10.6).

Figure 30

It was hypothesised that performing molecular dynamics (MD) simulations of the target
soft drug 23 within paraoxonase could aid visualisation and generation of theories
surrounding binding mode and rates of hydrolysis for larger drug-like substrates. Therefore,
a molecular dynamics simulation was performed, as outlined in Section 3.11.3.1, providing
a visual tool in order to assess binding affinity for the target metabolising enzyme. The

resulting interactions map is shown in Figure 31.
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Interaction map (left) and an individual frame (right) from the molecular dynamics

simulation of compound 23, with interacting residues shown.

Figure 31

As can be seen from Figure 31, the lactone ring was observed to bind efficiently to the
catalytic calcium ion in the active site (pink sphere). Furthermore, no prohibitive steric
clashes were recorded throughout the simulation. Additionally, a mt-cation interaction was
observed between the aminopiperidine secondary amine and the aromatic system of Tyr71.
Finally, a water-mediated interaction to Asp183 was observed to occur during 93% of the
simulation, consistent with a highly efficient binding interaction being made

(Figure 31).

Within the published literature, Tyr71 has been shown to reside on a flexible loop near the
catalytic active site. The loop is believed to move during the catalytic action of the enzyme,
preventing water from entering the active site. As Tyr71 was observed to interact with the
ligand, this may suggest the ligand-protein interaction, combined with the exclusion of
water molecules from the active site, may result in the tethering of the flexible loop to the

soft drug structure (Figure 32).
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A flexible loop of residues (green ribbon) is held against the ligand (blue), covering the
active site (grey). The northern group is observed to reside in solvent, however transient
lipophilic interactions with nearby aromatic systems were observed, which may contribute

to binding.
Figure 32

It was recognised that computational studies of relatively large, drug-like molecules with
paraoxonase have not been performed in the literature prior to this investigation.
Therefore, the suitability of the initial binding mode and the adaptation of the protein to
the ligand were not supported by previously published data. As a result, this pilot study
could guide the project and the research area towards understanding the tolerability of
larger structures within the active site of paraoxonase, aiding compound design and
furthering the knowledge of the capabilities of paraoxonase in a wider field. It was
determined from the molecular dynamics studies that the soft drug molecule was likely to
fit in the active site, at a trajectory that may encourage metabolism by paraoxonase.
Encouraged by the computational evidence that was generated, the synthesis of target
compound 23 was initiated, followed by a range of similar analogues. Compounds were
successfully prepared following retrosynthetic analysis (Section 2.9), yielding a variety of

analogues which could be assessed for their antibacterial and stability properties.
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2.9 Synthetic route

2.9.1 Retrosynthetic analysis of target compound (23)
Retrosynthetic analysis was performed on target compound 23, allowing a forward

synthesis to be proposed from three building blocks, 24, 25 and 26 (Scheme 1).
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Retrosynthetic analysis of target compound 23.

Scheme 1

Due to an overlap with an existing Redx Pharma project, the northern bicyclic aldehyde unit
24 was available from the Redx Pharma compound collection, preventing the need for a
bespoke synthesis at this stage, and the central aminopiperidine linker 25 was purchased
with the appropriate protecting groups in place. Since bicyclic lactone 26 was not
commercially available, a second retrosynthetic analysis was performed, resulting in the

proposed synthesis from commercially available starting materials (Scheme 2).
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Retrosynthetic analysis of aldehyde 26 (R = alkyl group).

Scheme 2
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2.9.2 Preparation of aldehyde (26)

The route below was followed in an attempt to obtain aldehyde 26 as a building block.

O o 0
| X OH  Ac20 (5eq) AN Indium(lll) triflate (0.9 eq) | AN OH
S 0 -
= OH .
N 100 °C, 16 h N/ MeOH/THF, RT, 16 h N/ OMe
o] 0 o)
31 30 100% 32 94%

Borane-THF complex (1 -5 eq)
THF, -78 °Cto RT, 1-72h

DU D
H N - N OMe
o) O o)
26 33

Initial forward synthesis of aldehyde 26.
Scheme 3

The synthesis began with the formation of cyclic anhydride 30 from 6-methylpyridine-2,3-
dicarboxylic acid 31 and acetic anhydride in quantitative yield. Anhydride 30 was then ring
opened with methanol in the presence of indium(lll) triflate, following the procedure
published by Metobo.”® Coordination of the In3 ion to the pyridine nitrogen and lactone
carbonyl oxygen were suspected to increase the electrophilicity of the carbonyl carbon,
selectively forming picoline ester 32. However, several attempts at performing the selective

reduction of the carboxylic acid using varying conditions proved unsuccessful (Table 4).

As borane is commonly used for selective reduction of a carboxylic acid while leaving an
ester intact, it was selected as the reagent of choice. Initial attempts to reduce the acid
using stoichiometric levels, or a slight excess, of borane were unsuccessful (entries 1, 2 and
3, Table 4), giving no evidence of product formation. Since borane was proving unsuccessful
in reducing either functional group, an alternative synthetic route became desirable. Acid
chloride formation followed by rapid reduction with sodium borohydride yielded only over
reduction (entry 4, Table 4). After proving reduction was possible, if not selective, borane
reductions were considered a favourable option. Extending the reaction time was
considered a potential method of increasing the likelihood of reaction, but was found to
result in starting material degradation (entry 5, Table 4). In order to assess the reduction
potential of the reagent, 5 equivalents were used with an increased reaction time,

successfully forcing over reduction (entry 6, Table 4). After proving borane could reduce
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both functional groups, a range of reaction temperatures (entries 7, 8 and 9, Table 4) were
used to investigate if by-product formation could be prevented at lower temperatures.
Unfortunately, over reduction and product formation were observed to occur

simultaneously.

0O
| X OH reduction AN OH
L _oMe B} | ZL__OMe
N N
@] 0]
32 33
Entry No. | Reagent | Solvent | Equivalents | Temp (°C) | Time (h) Outcome
1 BHs.THF | THF (wet) 1 25 24 No reaction
2 BHs.THF | THF (dry) 1 25 3 No reaction
3 BHs.THF | THF (dry) 2 25 2 No reaction
SOCly/ 18.5 (SOCly), 80, 2, .
4 NaBH. THF (dry) 1 (NaBHa) then 0 then 1 Over reduction
5 BHs.THF | THF (dry) 1 25 48 Degradation
6 BHs.THF | THF (dry) 5 25 72 Over reduction
7 BHs.THF | THF (dry) 4 -78 3 Trace product
8 BHs.THF | THF (dry) 4 -40 1 Trace product
9 BHs.THF | THF (dry) 4 -10 0.5 Over reduction

Conditions used to reduce carboxylic acid in the presence of methyl ester.
Table 4
Due to the failure to selectively reduce carboxylic acid 32, a more sterically hindered ester
was required to increase the selectivity of the reduction. /so-propyl ester 34 was

successfully synthesised using iso-propyl alcohol and indium(lll) triflate to direct the

anhydride opening.

o O
AN Indium(lll) triflate (1 eq) AN OH
| 0 |
7 IPA/THF, RT, 16 h = (0]
N N Y
0 o)
30 34 67%

Synthesis of iso-propyl ester 34.
Scheme 4

Full structural determination was performed on iso-propyl ester 34 to ensure the correct
relative configuration. A HMBC cross-peak was observed between the carboxylic acid

carbonyl (165.9 ppm) and the aromatic proton nearest the carboxylic acid group, whereas
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no cross-peak was observed for the ester carbonyl in the structure (166.0 ppm), proving the
anhydride had selectively opened to give the desired structural isomer. This was in
agreement with the results obtained by Metobo et al.”® With a more sterically hindered
starting material synthesised, the reduction conditions were optimised. Table 5 shows a

summary of borane-THF conditions used, in anhydrous THF.

O
| X OH reduction | AN OH
— (o) Pz (0]
N Y N Y
O O
34 35

Entry No. | Eq.of BHs.THF | Temp (°C) | Time (h) Outcome
1 5 25 72 Trace product
2 10 25 4 Reaction (not isolated)
3 10 25 5 Reaction (isolated in 40% yield)

Conditions used to reduce carboxylic acid in the presence of iso-propyl ester.
Table 5

Borane reduction of the iso-propyl ester intermediate was at first unsuccessful, with only
trace amounts of product being formed (entry 1, Table 5). However, over reduction was not
observed with long reaction times, highlighting the additional stability provided by the
bulkier ester. Therefore, additional equivalents of borane were used (entry 2, Table 5) in
order to drive the reaction to completion, yielding final reaction conditions (entry 3, Table
5) of excess borane (10 eq.) at 25 °C for 5 h, giving alcohol 35 in 40% isolated yield. Product
formation was confirmed by LCMS (Rt = 1.64 min, [M+H]+ 210.0) and *H NMR spectroscopy,

where a peak at 4.64 ppm was interpreted to represent the newly formed methylene CHs,.

Synthesis of aldehyde 26 was continued by cyclising 35 to form lactone 27 (Scheme 5),
using substoichiometric hydrochloric acid, in high yield (90%). The final step consisted of a
Riley oxidation, using SeO; to form aldehyde 26, which was used as a key building block in

the synthesis of the initial soft drug target.

= @]
N \( |PA 1,4- d|oxane/H20
(0]
35

45°C, 16 h 80°C,48h
27 90% 27%

Successful synthesis of aldehyde 26.

Scheme 5
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2.9.3 Preparation of target compound (23)

The northern quinoline aldehyde 24 (Scheme 6) was selected from the Redx Pharma
compound library. Although this intermediate did not have optimised logD7.4 and potency
for a soft drug analogue, it was chosen in order to efficiently establish a proof of concept.
Reductive amination with amine 25 followed by Boc deprotection yielded amine 37, which
could be reacted in a second reductive amination with aldehyde 26 to give soft drug probe
compound 23 (Scheme 6). The route was designed to permit late stage diversity, allowing a
variety of potentially hydrolysable southern groups to be attached at the end of the
synthesis. An unfortunate consequence of the final reductive amination was the presence
of starting material 37 in the sample of product. Quadrapure® AK solid supported resin was

used to remove the primary amine impurity, in the presence of the secondary amine

LI

N

product,’’ giving the soft drug probe in 7% yield over two steps.

XX 4-Boc-aminopiperidine 25 (1 eq) \O
NaBH(OAc)3 (1.1 eq)

X
~
H o)
H DCM, RT, 3h N
I

NHBoc
24 36 77%
HCI (14.3 eq)
MeOH, RT, 16 h
m
~
SO0 ONT N0
H X
1) Aldehyde 26 (1 eq) PP
N NaBH(OAc); (1.1 eq) 0~ "N "N o
Q DCM, RT, 19 h H
NH ) ® N
2) Quadrapure™ AK
solid supported resin
Nl N DCM, RT, 16 h
. P NH, .HCI
37
o)
23 7%

REDX08220 (over two steps)
Forward synthesis of REDX08220 23.

Scheme 6
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294 Preparation of analogues of REDX08220 (23)

A similar analogue to REDX08220 23 was prepared following the route shown in Scheme 7,
replacing aldehyde 24 with a northern group expected to alter the lipophilicity of the soft
drug probe, yielding REDX08881 41 (Scheme 7).

F N\ 4-Boc-aminopiperidine 25 (1 eq)
l NaBH(OAc); (1.1 eq)
F N~ O
H DCM, RT, 3 h N
|
O

38 39 94%

NHBoc

HCI (13.9 eq)
MeOH, RT, 16 h

NaBH(OAc); (3.2 eq)

’ O
RNg Aldehyde 26 (1 eq) F NLO

NH DCM, RT, 48 h N
N™
| NH, .HCI
=
(0]
0 40
41 27%

REDX08881 (over two steps)
Synthetic route to of REDX08881 41.
Scheme 7
To determine the antibacterial properties of the suspected metabolites of REDX08220 23
and REDX08881 41, lactone hydrolyses were performed. REDX08220 23 was treated with
7 equivalents of lithium hydroxide monohydrate in aqueous medium, and purified by
preparative HPLC to give the hydrolysed product, REDX08495 42, in 67% yield, as shown in

Scheme 8.
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SN SN
— ~
o7 N N Yo o7 ONT N Yo
H LIOH.H,0 (7 eq) H
N - N
Q H,O, RT, 16 h Q
NH NH
N~ N
| |
o = (@) =
OH
o OH
23 42 67%
REDX08220 REDX08495

Lactone hydrolysis of REDX08220 23 to yield expected soft drug metabolite REDX08495 42.
Scheme 8

Similarly, the hydrolysis of REDX08881 41 in 6 equivalents of lithium hydroxide
monohydrate afforded REDX08911 43 in 77% yield, as shown in Scheme 9.

LA, LA,
z ‘

LiOH.H,0 (6 eq)

N N
Q H,O, RT, 16 h Q
NH NH
N™™ N™™
I I
o = o) =
OH
© OH
41 43 7%
REDX08881 REDX08911

Lactone hydrolysis of REDX08881 41 to yield expected soft drug metabolite REDX08911 43.
Scheme 9

In order to assess how the lactone positioning of the southern group influenced the
antibacterial activity and the stability of the compound, an isomer of aldehyde 26 was

prepared using a route previously published by Boral et al.”® as outlined in Scheme 10.
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0 (i) NaBH,4 (1 eq), AcOH (glacial, 2.1 eq), e}

N THF, 15°C,4h . N
| T o P
N (i) AcOH (glacial, 6.3 eq), AcO, (3.8 eq), N
O 100 °C, 3 h
30 4 57%

Se0, (1.1 eq)
1,4-dioxane, 100 °C, 10 h

0
X
| 0
H 7
N
(0]
45 14%

Synthetic route to alternative fused y-lactone aldehyde 45.
Scheme 10

The regioselective reduction using NaBH, was successfully completed. Comparison of
'H and 3C NMR spectroscopic data from the previously synthesised isomer of the aldehyde
confirmed that the alternative isomer to 26 was prepared. Aldehyde 45 was then used in a
manner analogous to that used to prepare REDX08220 23 (Scheme 6), giving compounds
REDX08730 46 and REDX08942 47 (Scheme 11 and Scheme 12).
m
—
N X S0 N H o)
NH
NZ |
AN
0
0

NaBH(OAc); (3.3 eq) N

N
HN o Aldehyde 45 (1 eq)
N
DCM, RT, 16 h
NH, .HCI

37

46 8%
REDX08730 (over two steps)
Synthesis of REDX08730 46.

Scheme 11
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F N
TN
F N~ ~O
Aldehyde 45 (1 eq) NH
H

H NaBH(OAc); (3.4 eq) Q
N DCM, RT, 19 h

N
NH, .HCI NI |
e
40
o)
o)

47 36%
REDX08942 (over two steps)

Synthesis of REDX08942 47.

Scheme 12

2.10 Desirable properties of successful lead antibacterial soft
drug

In order to assess the progress of the soft drug antibacterial programme, clear guidelines
on the desirable antibacterial and physiochemical properties of a potential lead compound

were established.
2.10.1 Antibacterial properties

A successful lead compound should have a minimum inhibitory concentration (MIC) of
< 1 pg/mL against the relevant gram-positive and gram-negative pathogens (P. aeruginosa,
S. pneumoniae, S. aureus, H. influenzae). This will be assessed by obtaining minimum
inhibitory concentrations for each compound, relating to the lowest concentration of the
compound required to prevent visible growth of the bacteria. An MIC < 1 ug/mL would infer
a suitably potent lead compound that could continue to be optimised. Additional
antibacterial activity against a wider panel of gram-positive and gram-negative strains
would be preferable, but not required. These will be monitored to assess for the possibility
of optimising the activity into a pharmaceutical with wider-spectrum antibacterial

properties.

The lead compound should have a low frequency of resistance (< 10® at 4 x MIC),

suggesting bacterial resistance will not become immediately prevalent. Furthermore, no

Page | 50



cross-resistance to clinically relevant antibiotics should be observed. Cross-resistance will

be assessed by testing the lead compound against a panel of resistant clinical isolates.

A known method of action will be determined through testing of the lead compound

against the enzymatic target, DNA gyrase.
2.10.2 ADME properties

The ADME (Absorption, Distribution, Metabolism and Excretion) properties of a lead
compound must also be considered. As the therapeutic window relies on the stability of the
compound in human plasma compared to human lung tissue, priorities will be placed upon
these ADME properties. S9 lung fraction contains cytosol and microsomes, and therefore
contains a variety of proteins and other macromolecules. However, it has been well
documented that S9 lung fraction contains only low concentrations of paraoxonase, the
enzyme targeted to metabolise the parent soft drug compound.®® Low stability in human
plasma is an essential property for a successful inhaled antibacterial soft drug, and
therefore instantaneous degradation is ideal. However, for a lead compound, a window for
optimisation is expected, resulting in a lead having a target half-life of < 2 h in human
plasma. Stability of the lead in human S9 lung fraction is also crucial, however, due to the
novelty of the project, exact values of target half-lives are unknown with respect to how
this value will effect dosing regimens. The lead, should, however, be highly stable in S9 lung
fraction, and dose related studies would need to be performed in order to obtain more

appropriate guidelines.
2.10.3 Physiochemical properties

The lead compound should have appropriate physiochemical properties to ensure suitable
dosing can occur. Furthermore, the physiochemical properties should be sufficient to allow
assessment of other properties to occur without issues being encountered during the assay
conditions. The compound should be stable under the buffered conditions (pH = 7.4)
encountered in most biological assays (< 20% degradation after 24 h). The compound must
have a high enough solubility (> 15 uM) so precipitation during assay conditions is not

problematic.
2.104 Toxicity

A lead compound should be non-cytotoxic against at least one human cell line (i.e. hepG2

or HEK), with a CCso value of > 32 pg/mL. A CCs value relates to the concentration of
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compound required to initiate a 50% reduction

in cell viability. Furthermore, assessment of

cardiotoxicity via hERG lonWorks model should result in an 1Cso > 33 uM for the hydrolysed

metabolite of the parent. This should reduce t
giving a window for further optimisation. Due
hERG ICso for the parent compound should not

order to reinforce the benefits of a soft drug ap
2.10.5 Summary of desirable prop

It should be noted that although these guidelin

he risk associated with torsades de pointes,
to the nature of the soft drug project, the
be relevant; however it will be measured in

proach to antibacterial research.
erties of lead antibacterial soft drug

es (Table 6) were put in place to help assess

the progress of the project towards obtaining a lead compound, there is room for flexibility

on a case-by-case basis.

Antibacterial properties
S. pneumoniae <1pug/mL
S. aureus <1pg/mL
H. influenzae <1pg/mL
MICs AND/OR
P. aeruginosa <1 pg/mL
Gram-positive anf:l gram-negative Monitor for additional antibacterial activity
strains
Frequency of resistance <10%at4 x MIC
Cross-resistance No cross-resistance to current antibiotics
Method of action Proven mejthod of action against
the isolated enzyme
ADME properties
Plasma stability Low stability in human plasma (t12< 2 h)
S9 lung fraction stability High stability in human S9 lung fraction
Physiochemical properties
Chemical stability Stable under buffered conditions (pH = 7.4)
Solubility >15 uM
Toxicity
Cytotoxicity hepG2 CCso> 32 pug/mL
Cardiotoxicity hERG ICso (metabolite) > 33 uM (lonWorks)
Table 6
2.10.6 Discussion of chosen assays

Minimum inhibitory concentrations (MICs) were used to determine how active the

compound was against each bacterium, with lower MICs inferring a lower concentration of

the selected compound was required to induc

MIC corresponds to a more potent pharmaceut

e an inhibitory response. Therefore a lower

ical.
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Physiochemical and ADME properties were deemed important to measure from an early
stage in order to assess potential trends in the data. Of particular interest to the soft drug
approach to antibacterial research was the relative human plasma and human lung
stabilities of the compounds. These values were determined through incubation of the
compound with either human plasma or human S9 lung fraction, and monitoring of the
parent compound concentration by LC at a series of time points throughout the 24 h
incubation. The use of an internal standard allowed quantitative measurement of the
amount of parent remaining, and appropriate positive and negative controls allowed the
success of the assay to be monitored. In the initial wave of stability assays, phosphate
buffer was used to maintain a constant pH (pH = 7.4), to eliminate the possibility of pH
dependant instability. It was therefore assumed that the inclusion of phosphate buffer had
no effect on the stability of the compound in question. Throughout the research
programme, analysis of the effect of agueous phosphate buffer on stability was pursued,
resulting in modified assay conditions containing neat human plasma/S9 lung fraction and a

reduced incubation time of 2 h as a result.

The kinetic solubility was measured to determine if the ligand was likely to be soluble in
aqueous media, a property which has a large impact on the success of further studies such

as hERG inhibition and hepG2 cell viability.

Cytotoxicity was assessed through incubation of the chosen compound at 37 °C for 24 h
with hepG2 cells. The viability of the cells was then measured using CellTiter-Glow®, giving
an indication to the general cellular toxicity of the compound. The greater the CCso value
(in ug/mL), the greater the concentration of the compound that was required to result in a

toxic response, i.e. the less toxic the compound was to hepG2 cells.

Cardiotoxicity was determined either through measuring the inhibition of the hERG channel
at a standard concentration (11 uM or 100 pM), or through obtaining an ICso for the
selected compound. A percentage inhibition of the hERG channel was observed through
analysis of the current difference before and after addition of the compound. A lower
percentage inhibition should correspond to a decreased likelihood of cardiotoxicity

associated with inhibition of the hERG ion channel.
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2.11 Antibacterial and ADME results

2.11.1 Key for relevant biological and physiochemical results
To aid understanding of results, a portion the following data is colour coded, according to the key below. Desired properties are designated green,

whereas undesired are coloured red. Intermediary results are coloured orange due to their ability to lead to desired criteria through optimisation.

MICs <1 pg/mL 2—16 pg/mL > 32 pug/mL
Kinetic solubility > 15 uM 10-15uM <10 uM
hERG inhibition (% at 11 uM) <10% 10 - 30% > 30%
hERG inhibition (% at 100 uM) <20% 20-50% > 50%
hERG inhibition (ICso) >33 uM <33 uM
hepG2 (CCso) >32 ug/mL <32 pg/mlL
Human plasma stability % parent remaining at end of assay < 50% 50 -70% >70%
% metabolite remaining at end of assay > 70% 50 -70% < 50%
Human plasma stability % parent remaining at end of assay > 70% 50 -70% < 50%
(with 5 mM EDTA) % metabolite remaining at end of assay > 70% 50 -70% < 50%
Human S9 lung stability % compound remaining at end of assay > 70% 50 -70% < 50%
Buffer stability % compound remaining at end of assay > 70% 50 -70% < 50%
Table 7
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2.11.2

Antibacterial results: soft drug probe molecules

according to the key defined in Section 2.11.1.

Based on the previously established guidelines, the antibacterial results for compounds 23, 41 — 43, 46 and 47 are shown in Table 8, coloured

Redx No. REDX08220 23 REDX08495 42 REDX08881 41 | REDX08911 43 | REDX08730 46 | REDX08942 47
X N X F N F N SN F N
oo » T | IO (A T
N HN (6} 0" 'N HN O F N0 E N o 0~ °N HN O| F HN 0
N N ( ( { N
Structure Q Q Q
HN HN HN HN HN HN

MICs (ug/mL)

A. baumannii NCTC13420

E. cloacae NCTC13406

E. coli ATCC25922

H. influenzae ATCC49247

K. pneumoniae ATCC700603

P. aeruginosa ATCC27853

S. aureus ATCC29213

S. pneumoniae ATCC49619

E. coliW4573

E. coli N43

Table

8
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2.11.3 Physiochemical and toxicity results: soft drug probe molecules

Each compound was profiled for its physiochemical properties and toxicity, in order to assess its suitability for an inhaled antibacterial soft drug.

The results of these assays for compounds 23, 41 — 43, 46 and 47 are shown in Table 9, coloured according to the key defined in Section 2.11.1.

Redx No. REDX08220 23 REDX08495 42 REDX08881 41 | REDX0891143 | REDX08730 46 REDX08942 47
T |LOOL e | e X, | Cry
HN \O N/HN (e} FQNLO FjQ:NLO HN F N (o)
N @ N 5 Q N
5\1) HN HN HN HN
N A X ~ N
| \ | /N o) ‘ | | /N o] | ¥
= 0 = o)
e} OHOH (0] OHOH o) ©
TPSA' 96.9 128.1 87.1 118.4 96.9 87.1
clogP? 1.23 0.66 1.32 0.65 1.32 1.48
clogD7.4 0.19 -1.89 0.69 -1.90 0.26 0.80
Measured logD7.4 <0.2 <0.2 <0.2 - - 0.58
Kinetic solubility 70.9 uM > 100 pM - - - > 100 uM
hERG inhibition (ICso) >33 uM >33 uM - - - -
hERG inhibition 0 0 0 0 0 0
(% at standard concentration) 31% at 100 uM 7% at 100 uM 25% at 11 uM 10% at 11 uM 4% at 11 pM 93% at 11 uM
hepG2 (CCso, pug/mL) > 128 > 128 > 128 > 128 > 128 > 128

Table 9

* Calculated using ACD/Percepta 14.0.0.
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211.4 ADME results: soft drug probe molecules

The synthesised compounds were assessed for their stability properties, in order to assess their suitability for an inhaled antibacterial soft drug.

The results of these assays for compounds 23, 41 — 43, 46 and 47 are shown in Table 10, coloured according to the key defined in Section 2.11.1.

Assay type | Conc. | Temp. | Time | REDX08220 REDX08495 REDX08881 REDX08911 REDX08730 REDX08942
Human plasma stability (% remaining) 23 42 41 43 46 47
E'j‘f?re”ra/ phosphate 1:1 37°C | sh 41% 100% 1% 88% 4% 20%
E'lj"f?re”raf pErE)OTS‘: :‘:t:lM) 1:1 37°C | 5h 71% 100% 74% 95% 89% 95%
Plasma/Tris HCI buffer 1:1 37°C 5h 62% 95% 44% 80% - 93%
E';SD?:/ g';lt/l'c)' buffer 11 37°C | 5h 78% 89% 67% 78% - 96%
Plasma 100% 37°C 2h 55% 100% 16% 70% 22% 53%
Human S9 lung fraction stability (% remaining)
S9/phosphate buffer 0.5mg/mL | 37°C 5h 68% 100% 72% 98% 45% 52%
S9 5 mg/mL 37°C 2h 100% - 100% - 52% 100%
Buffer stability (% remaining)
Phosphate buffer 0.1M 37°C 5h 50% 100% 58% 100% 89% 79%
Phosphate buffer 0.1 M RT 5h 68% - 58% - 100% 87%
Tris HCI buffer 0.1 M 37°C 5h 83% - 79% - 100% 89%
Tris HCI buffer 0.1 M RT 5h 95% - 88% - 100% 100%
Table 10
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2.12 Discussion of antibacterial and ADME results

2121 Antibacterial properties of REDX08220 (23)

REDX08220 23, as prepared in Section 2.9.3, was found to show marginal activity against

several gram-positive and gram-negative pathogens. Importantly, activity was not

completely eliminated by introduction of a hydrolysable bicyclic system.

Redx No. REDX08220 23 GSK Comparison Compound*! 48
XX XN
b
HN S0 N HN o)
N N
Structure Q Q
HN
B g
FN_0 "o
O O\)
E. coli 8 5
H. influenzae 16 -
€| K. pneumoniae > 64 -
E P. aeruginosa > 64 >8
E S. aureus 0.5 0.02
= S. pneumoniae 2 0.05
E. coli W4573 16 -
E. coli N43 1 -

Comparison of antibacterial properties of REDX08220 23 against GSK NBTI compound 48.
Table 11

Unfortunately, data was limited regarding the potency of comparator compound 48
(Table 11).*! In general, REDX08220 23 was less potent against the tested bacteria.
However, as the bacterial strains reported in the literature were not identical to those
in-house, only general comparisons could be made. Broadly, REDX08220 23 retained
potency against the gram-positive strains (S. aureus and S. pneumoniae), consistent with
the less complex nature of the bacterial cell wall. Similarly, potency was observed against
E. coli N43, a lab-mutated efflux-knockout gram-negative strain used for allowing efflux
liabilities to be characterised in a bacterial setting. Without the ability to efflux the

compound out of the cell, this strain was more susceptible to pharmaceutical intervention.
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However, encouraging activity against gram-negative strains, E. coli ATCC25922 (8 pg/mL)
and H. influenzae ATCC49247 (16 pug/mL), were considered as indicative of initial positive
gram-negative antibacterial activity for the soft drug series. It could be postulated that the
reduction in antibacterial activity was consistent with the increase in polarity in the
southern portion of the molecule. As this area of the structure binds to the lipophilic pocket
in DNA gyrase subunit A, increasing polarity along this vector could be detrimental to
binding affinity. Furthermore, the connectivity of the lactone-containing region may be
suboptimal, suggesting the assessment of alternative connection points could result in a

more potent compound (Figure 33).

Potential analogues of REDX08220 23 with varying attachment point to the southern group.
Figure 33

2.12.2 Analysis of antibacterial trends for REDX08220 analogues

Several analogues of REDX08220 23 were synthesised in order to assess potential trends in
potency. Although six compounds were reported (Section 2.11.1), particular attention
should be directed towards REDX08220 23 and its suspected metabolite REDX08495 42
(Table 12).

The probe compound, REDX08220 23, was found to have moderate antibacterial activity
against a variety of bacterial strains, as previously discussed. However, in order to assess
compliance with the soft drug hypothesis, the expected metabolite, REDX08495 42, was
also tested against the antibacterial panel. The compound was found to be consistently
inactive against the entire spectrum of tested bacteria, suggesting hydrolysis of the lactone
moiety was sufficient to remove the antibacterial activity of the series. This provided

further encouraging results for proof of the antibacterial soft drug hypothesis.
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REDX08220 23 REDX08495 42

Redx No.
eax o “Parent” “Metabolite”
X XN
N HN
H [

N
Structure Q Q

) §
— o = @)
0 OHOH
A. baumannii NCTC13420 32 > 64
E. cloacae NCTC13406 64 > 64
. E. coli ATCC25922 8 > 64
€| H.influenzae ATCC49247 16 > 64
| K. pneumoniae ATCC700603 > 64 > 64
B,’ P. aeruginosa ATCC27853 > 64 > 64
s S. aureus ATCC29213 0.5 > 64
S. pneumoniae ATCC49619 2 > 64
E. coli W4573 16 > 64
E. coli N43 (efflux-knockout) 1 > 64
Measured logD7.4 <0.2 <0.2
AclogD 4" 0 -2.08
ATPSA* 0 +31.2

*Calculated using ACD/Percepta 14.0.0, using REDX08220 23 as a baseline.
Comparison of antibacterial properties for REDX08220 23 against the suspected metabolite,
REDX08495 42.

Table 12
It was postulated that the logD;4 of REDX08220 23 was suboptimal, resulting in poor
permeability and therefore lowering the observed antibacterial activity. Thus, the use of a
different northern group was adopted in order to alter the logDs., while maintaining a
similar metabolic liability in the southern region of the molecule. Unfortunately, the

resulting compound, REDX08881 41, showed a reduction in antibacterial activity (Table 13).
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Redx No. REDX08220 23 REDX08881 41
L4, |
HN F N" 0
N (
Structure Q Q
HN
B N
= o _— o
O 0

A. baumannii NCTC13420 32 > 64

E. cloacae NCTC13406 64 > 64
. E. coli ATCC25922 8 32
€| H.influenzae ATCCA9247 16 64

Eﬂ K. pneumoniae ATCC700603 > 64 > 64

Td’ P. aeruginosa ATCC27853 > 64 > 64
= S. aureus ATCC29213 0.5 16
S. pneumoniae ATCC49619 2 8

E. coliW4573 16 > 64
E. coli N43 (efflux-knockout) 1 4

Measured logD7.4 <0.2 <0.2

AclogD 4" 0 +0.50

ATPSAY 0 -9.8

*Calculated using ACD/Percepta 14.0.0, using REDX08220 23 as a baseline.
Comparison of antibacterial properties for REDX08220 23 against a similar analogue,

REDX08881 41.

Table 13

REDX08881 41 was prepared (Section 2.9.4) and was found to be weakly active against
both the gram-positive strains and efflux deficient E. coli. The resulting drop in potency was
rationalised to be due to a decrease in the permeability of the bacteria to the compound.
Although the calculated values suggested REDX08881 41 was more lipophilic than
REDX08220 23, it could be postulated that this is not the case. It has recently been reported
that the methoxypyridine substituents follow an inverse logD;.4 trend to that conventionally
expected.”” Due to the nature of antibacterial research, and each bacterial strain's
permeability window for a drug series, it is near impossible to predict the exact balance of
polarity and lipophilicity required to result in optimal permeability. The simplest method of

determining the ideal logD;4 window is through the synthesis of analogues of varying
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polarity, and monitoring for trends in antibacterial activity. Therefore, further analogue
synthesis and experimentally monitoring for logD7.4 should allow comparison of calculated
logD7.4 (clogD7.4) values with measured logD7.4 values, aiding interpretation of the results.
Gratifyingly, the antibacterial differences between REDX08220 23 and REDX08730 46 could

be easily rationalised.

Redx No. REDX08220 23 REDX08730 46
AN XX
N N

SralRera
| C @

B
N0
(@)

A. baumannii NCTC13420 32 > 64
E. cloacae NCTC13406 64 > 64
. E. coli ATCC25922 8 > 64
I H. influenzae ATCC49247 16 > 64
'® | K. pneumoniae ATCC700603 > 64 > 64
5 P. aeruginosa ATCC27853 > 64 > 64
= S. aureus ATCC29213 0.5 16
S. pneumoniae ATCC49619 2 > 64
E. coliW4573 16 >64
E. coli N43 (efflux-knockout) 1 64
Measured logD7.4 <0.2 -
AclogD7.4" 0 +0.07
ATPSAY 0 0

*Calculated using ACD/Percepta 14.0.0, using REDX08220 23 as a baseline.
Comparison of antibacterial properties for REDX08220 23 against an isomeric compound,

REDX08730 46.
Table 14
Moving the position of the lactone carbonyl resulted in a dramatic decrease in antibacterial
activity for REDX08730 46 when compared to its isomer REDX08220 23 (Table 14). It was
therefore rationalised that modifications in the southern region of the molecule either

resulted in a subtle steric clash with the binding site, or directed a region of polarity into

Page | 62



the lipophilic area of the protein active site. Literature-guided and computational
investigation of this result suggested polarity was not tolerated within the confines of the

southern binding pocket, validating the experimentally determined hypothesis.®

((

REDX08220 23 and REDX08730 46 in DNA gyrase (PDB: 2XCS*), highlighting the detrimental
effect of directing polarity into the lipophilic pocket.

Figure 34
2123 Analysis of toxicity trends for REDX08220 analogues
In order to preliminarily assess the suitability of the synthesised compounds as a potential

therapy, cytotoxicty and cardiotoxicty data (Table 15) was collected on a selection of the

prepared compounds as outlined in Section 2.10.4.

Redx No. REDX08220 23 REDX08495 42
NH N
Structure Q Q
HN HN
) )
= O
Z N0
OH
0 OH
hepG2 (CCso, ug/mL) > 128 > 128
hERG inhibition 31% at 100 uM 7% at 100 uM

Toxicity data for REDX08820 23 and REDX08495 42.

Table 15
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No cytotoxicity liabilities were observed for the soft drug probe compounds, with hepG2
CCsp values consistently > 128 pg/mL. It was unknown how the bicyclic lactone would effect
the cytotoxicity of the series, and therefore the non-cytotoxic properties of REDX08220 23

represented a highly encouraging result.

Obtaining hERG inhibition data for REDX08220 23 and REDX08495 42 provided initial results
to suggest how hERG inhibition was positively effected by metabolic hydrolysis (REDX08220
23: 31% at 100 uM, REDX08495 42: 7% at 100 uM). As hERG inhibition was successfully
reduced for REDX08495 42, the soft drug hypothesis was validated with regards to how

adjustments to logD7.4 and TPSA could be used to positively effect cardiotoxicity.

The low values for hERG inhibition of the parent compounds suggested cardiotoxicity for
the series was not an immediate issue. However, it was envisioned that optimisation of
antibacterial activity would result in potent hERG inhibition for the parent compounds,

reinforcing the merits of a soft drug approach to antibacterial research.

212.4 Analysis of stability trends for REDX08220 analogues

An initial indication of the low stability of the scaffold in human plasma was extrapolated
from the poor recovery of the compound from a plasma protein binding assay, suggesting

the compound was degrading during the course of the assay (Table 16).

Redx No. REDX08220 23 REDX08495 42 REDX08881 41
X NN F Nil\
HN HN F: i :N 0
N N N
Structure Q Q
HN
0]
= o P o
0] OHOH 0]
Kinetic solubility 70.92 uM > 100 uM -
% Free| % Recovery | % Free | % Recovery | % Free | % Recovery
Human PPB NV <30% 25% 97% NV <30%

Initial physiochemical data for REDX08220 23, REDX08495 42 and REDX08881 41.

Table 16
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2.12.5 Initial human plasma and human S9 lung stability assays

The stability of the soft drug compounds in human plasma and human S9 lung fraction was
of particular interest throughout the research programme. It was envisioned that low
plasma stability may be indicative of paraoxonase induced metabolism, due to high levels
of paraoxonase within the blood plasma. Furthermore, as lung tissue and S9 lung fraction
are presumed to contain low levels of paraoxonase, the increased stability in this medium

may suggest targeting of paraoxonase.

In order to assess this, each compound was incubated with the desired medium and the
percentage of parent compound remaining by LC was reported at a series of time points
(Table 17). It was hypothesised that using in-house protocols established for a microsomal
stability assay, an S9 lung fraction stability assay could be performed through replacing the
microsomes with S9 lung fraction. In both the plasma and the S9 lung stability assays, the
biological medium was diluted with phosphate buffer (pH = 7.4) to prevent pH fluctuations
during the assay, allowing incubation times of up to 24 h. It is generally accepted that the
inclusion of phosphate buffer during an assay has minimal effect on the stability of the
compound being investigated, resulting in its widespread use throughout most biological

and ADME assays.

REDX08220 | REDX08495 | REDX08881 | REDX08911 | REDX08730
Redx No. 23 42 41 43 46
“Parent” “Metabolite” “Parent” “Metabolite” “Parent”
Plasma/
phosphate 41% 100% 1% 88% 4%
buffer (1:1)
Plasma/
bz’?fc;‘zg‘:"ltir 71% 100% 74% 95% 89%
EDTA (5 mM)
S9/phosphate
buffer 68% 100% 72% 98% 45%
(0.5 mg/mL)

Stability data (% remaining after 5 h) for compounds 23, 41 — 43 and 46.
Table 17

It was found that REDX08881 41 was metabolised much more readily in plasma than in S9
lung fraction, however a narrower window of stability was observed for REDX08220 23
(Table 17). Although REDX08220 23 and REDX08881 41 shared an identical southern group,

REDX08881 41 was found to be hydrolysed more rapidly in human plasma. This suggested
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the lipophilicity of the compound also had implications for the rate of hydrolysis, with a
change in logD7.4 yielding a more rapidly metabolised compound. Unfortunately, literature
precedent for hydrolysis of large molecules by paraoxonase is severely limited. Therefore
any trends observed between the lipophilicity and the enzymatic instability of the
compounds must rely upon in-house data. Synthesis of further analogues was determined
to be necessary before trends could be postulated. Additionally, it was observed that
altering the configuration of the lactone (REDX08730 46) resulted in decreased stability in
both the plasma and S9 lung stability assays. Although this proved interesting, further
investigation of this trend was deprioritised due to the poor antibacterial properties of

these compounds.

Pleasingly, the suspected hydrolysed metabolites, REDX08495 42 and REDX08911 43, were
found to be stable in both human plasma and in human S9 lung fraction. This was
consistent with the hydrolysed compounds no longer being a substrate for paraoxonase,
suggesting the location of instability was situated in the southern portion of the scaffold.
Although preliminary data was positive, it was observed that none of the parent
compounds showed complete stability in the S9 lung fraction stability assay. Although this
was noted, it was not immediately clear why the compounds were unstable, and instead

this was attributed to the limitations of the current assay set-up.

Furthermore, to indirectly determine if paraoxonase concentrations effected the rate of
metabolism of the parent compounds, EDTA was used as an additive, following similar
protocols to those described by Boland et al.! It was hypothesised that spiking the plasma
stability assay with EDTA (5 mM) would inhibit the paraoxonase in the plasma, reducing the
amount of metabolism observed throughout the course of the incubation. This modification
was successful, with levels of metabolism falling between 30% to 85%, depending on the
parent compound in question. As a decrease in metabolism was recorded, this could be
indicative of paraoxonase-based metabolism of the parent compounds, however, without
profiling the compounds against the isolated enzyme, this could not be confirmed.
Although encouraged by the increase in compound stability associated with EDTA addition,
partial instability was still observed in the EDTA spiked assay, suggesting a second metabolic

route was of growing importance.
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2.12.6 Optimised human plasma and human S9 lung stability assays

To determine the cause of the instability, a series of control experiments were performed
(Table 18). The stability of each compound was assessed in 100% plasma, and in the highest
concentration of S9 lung fraction available (5 mg/mL). By removing phosphate buffer from
the assay conditions, one possible cause of instability could be eliminated, and the resulting

data could highlight the window of stability between human plasma and S9 lung fraction.

REDX08220 | REDX08495 | REDX08881 REDX08911 REDX08730
23 42 41 43 46
“Parent” “Metabolite” “Parent” “Metabolite” “Parent”
Plasma (100%) 55% 100% 16% 70% 22%
S9 (5 mg/mL) 100% - 100% - 52%

Optimised human plasma and human S9 lung stability results (% remaining after 2 h) for

compounds 23, 41 —43 and 46.

Table 18

Pleasingly, each parent compound showed an increased window of stability, when
compared to the buffered assay conditions, with most compounds showing quantitative
concentrations at the end of the S9 lung fraction stability experiment. This suggested the
instability observed in the first wave of stability assays was explained through instability to

the buffered conditions.

The variable stability observed between the different biological media could be attributed
to paraoxonase concentrations. Human plasma was considered to have high levels of
paraoxonase, whereas lung tissue has been reported to contain very low levels.>’
Therefore, the data reinforced the possibility of optimising a soft drug compound that
would be selectively metabolised by paraoxonase within the blood. However, it should be
noted that due to the absence of buffer during the assay, the incubation of each compound

was limited to 2 h before a change in pH prevented the continuation of the experiment.

Although the results obtained were positive proof of concept for a viable soft drug
antibacterial therapy, it was recognised that the parent compound was currently too stable
in human plasma, and further efforts were required to promote the rate of metabolism in
order to increase the therapeutic window. It was hypothesised that this could be achieved
through the synthesis of structural isomers, evaluation of substituted derivatives of the
fused lactone systems, and by assessment of alternative derivatives of the metabolically

liable group.
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2.12.7 Buffer stability assays

The relationship observed between the experiments containing, and in the absence of
phosphate buffer, heavily suggested an incompatibility with aqueous phosphate ions.
Furthermore, phosphate-activated ester hydrolysis has been reported in the literature and
could be playing an important role in the degradation of the parent soft drugs

(Scheme 13).82

X OH X + X OH
| o 0 o | o) R
A 0-R=0 Az OH = O.__OH
- v/ N - 4 ol “P<
N OH N C/ ~0-R=0 N IID\\O
(o o oH (OD OH
H,O"
23 49 50 ? 51

_H+J

[ ] o — [ IX
I~ OH +Hy,PO, A2 0 _OH
-~ N ONT O RS
HO™ 0" 4
42 52

Possible mechanistic route to lactone degradation of REDX08220 23.
Scheme 13
In order to conclude if the parent compounds were prone to aqueous phosphate-based
degradation, a series of control experiments (Table 19) were performed, incubating each

compound in question with phosphate buffer, and with tris(hydroxymethyl)aminomethane

hydrochloride (Tris HCI) 53 buffer (Figure 35).

o) OH
B
HO™ | ~OH HO OH
0 T o
NH;* Cl
49 53

Structures of H,PO4 49 (an ion involved in phosphate buffer equilibria) and Tris HCI 53.
Figure 35

Tris HCI was specifically selected for the study due to its ability to buffer at pH 7.4 without
the need for phosphate ions. All other variables were kept consistent, including

concentration (0.1 M) and pH (7.4).
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Redx No REDX08220 | REDX08495 REDX08881 REDX08911 REDX08730
' 23 42 41 43 46
Phosphate i — s8% L00% s
buffer (37 °C) ? ° C 0 6
Phosphate o . )
buffer (RT) 68% - 58% - 100%
Tris HCI o . )
buffer 37°C) | 2% 79% 100%
Tris HCI o ) )
buffer (RT) 95% 88% 100%

Buffer stability data (% remaining after 5 h) for compounds 23, 41 — 43 and 46.
Table 19

The results of the control experiments confirmed the hypothesis; the observed instability
appeared to be caused by the presence of phosphate ions in the incubation. Furthermore,
temperature dependence was determined through performing parallel experiments at
37 °C and at room temperature (RT), indicating that a rise in the temperature increased the
rate of degradation of the compounds. It was therefore assumed that the lactones in
question were highly activated substrates that could be attacked by an excess of phosphate
ions during the course of the assay. Further plasma stability assays were performed to test

the hypothesis, replacing the phosphate buffer with Tris HCI (Table 20).

Redx No. REDX08220 23 REDX08495 42 REDX08881 41 REDX08911 43
Plasma/Tris 0 o o o
HCl buffer 62% 95% 44% 80%
Plasma/Tris
HCI buffer 78% 89% 67% 78%
+ EDTA (5 mM)

Plasma stability results (% remaining after 5 h) for compounds 23 and 41 — 43, replacing the

previously used phosphate buffer with Tris HCI.

Table 20

The results of the human plasma/Tris HCI stability assays suggested increased stability in
the absence of phosphate buffer. Furthermore, the addition of EDTA (5 mM) reduced the
amount of compound that was metabolised during the course of the assay, reinforcing
paraoxonase concentrations could be influential in the stability of the compounds. These
results provided additional data to support the soft drug hypothesis, and that the observed
instability in phosphate buffer could be optimised to create a selectively metabolised

pharmaceutical.
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Although it was critical to rationalise the instability of the parent compounds to phosphate
buffer, further investigation into this property was deprioritised. Performing a more
extensive screen of alternative buffers could provide interesting results around the stability
of the lactone scaffold, allowing future stability studies to be carried out in a buffer that
does not cause any breakdown of the parent compound. However, as opposed to further
profiling the instability of the series, prioritises were placed on a combined approach of
understanding the stability of the scaffold to plasma, and the avoidance of metabolism by

phosphate ions.

In order to gain evidence to support that metabolism was occurring in the southern region
of the scaffold, metabolite identification studies were undertaken, focussing on the

metabolites that were generated upon incubation with human plasma.
2.13 Identification of metabolites of REDX08220 (23)

In order to assess whether the y-lactone moiety was metabolically unstable in human
plasma, identification of the metabolites of REDX08220 23 was required. This was achieved
through incubation of the parent compound with human plasma, and subsequent analysis
of aliquots at standard time points by high-resolution mass spectrometry (HRMS)." Both the
consumption of the parent compound and the formation of two new metabolic species
were monitored throughout the course of the experiment. The results suggested the
formation of two metabolites, one relating to methylation of the parent compound

([IM+H]+14), and one corresponding to a hydration product ([M+H]+18).

" High-resolution mass spectrometry was performed by Ciprotex, with human plasma samples
prepared in-house by Redx Pharma.

Page | 70



Metabolite Identification of REDX08220 (23)
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Graph of metabolic decay of REDX08220 23 (parent) and formation of metabolites.
Figure 36

As shown in Figure 36, consumption of the parent (shown in red) was recorded over the
course of the experiment. The data was consistent with metabolism and subsequent
formation of two metabolites (shown in green (methylation) and yellow (hydration)). The
mass of the major metabolite (yellow) was an agreement with the expected metabolic

pathway; y-lactone hydrolysis (Figure 37).

o N/HN 0 o N HN o N0 N7 HN o
HN HN _N
| NN | NN | NN
(@)
= = o ¥z o
oH " 0 o
Major metabolite Parent compound Minor metabolite (54)
REDX08495 (42) REDX08220 (23)
(hydration, ([M+H]+18) (methylation, ([M+H]+14)
MW = 467.2169 MW = 449.2063 MW = 463.2220
Ca4H29N505 Ca4H27Ns504 CasH29Ns504

Diagrammatic depiction of metabolic pathways.

Figure 37
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In order to assess the position where hydrolysis had occurred, analysis of the metabolite
fragments was performed by HRMS. A fragment relating to the intact northern portion 23a
of the molecule was observed on the mass spectrum (m/z = 203.08), indicating hydration

must have occurred in the lower section of the parent molecule (Figure 38).

| XX
N =
m - m hh ° " )N °
— _ t
S0 N N Yo S0 ONT N Yo
H H 23a
C11H14NO5"
N o N , m/z = 203.08
Q lonisation Q Fragmentation
—_—
N
HN HN
| SN | =N HN
ZN_—0 ZN—0
0 0 | ~N
23 23 jonised Z N0
(0]
23b

Fragmentation of REDX08220 23 to give northern group 23a and southern group 23b.
Figure 38

The formation of the metabolite was accompanied by an increase in polarity, consistent

with unmasking the carboxylic acid, providing further evidence for y-lactone hydrolysis.

Computational analysis of the fragmentation pattern and retention times from the second
(methylated) metabolite peak corresponded to the N-methylated analogue of the parent.
Although this was an interesting observation, methylation of the parent compound was a
minor metabolic pathway, with very low levels of this metabolite being formed during the

course of the experiment.
2.14 Summary

Investigation into the literature surrounding NBTI inhibitors of DNA gyrase highlighted
potential cardiotoxic liabilities for the series. A novel method for overcoming the potent
toxicity was hypothesised to be via adopting a soft drug approach. As a result, regions of
the NBTI scaffold were assessed for their relative abilities to accommodate a metabolically

liable feature.
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Guided by computational modelling, structures with the highest likelihood of challenging
the hypothesis were selected. The synthesis of several potential soft drug analogues
followed, allowing subsequent profiling of their antibacterial and physiochemical

properties.

A moderately potent compound, REDX08220 23, was successfully prepared and showed
promising antibacterial properties against a selection of gram-positive and gram-negative
pathogens. Furthermore, a preliminary investigation into the structure-activity relationship
of soft drug NBTI inhibitors suggested areas in which the lactone carbonyl group was more
tolerated, directing the development of the research programme. Additionally, varying the
polarity (logD7.4) of the inhibitors highlighted the importance of bacterial cell permeability

in obtaining high antibacterial activity.

The suitability of the scaffold as a soft drug therapy has been emphasised by the removal of
antibacterial activity upon lactone hydrolysis. Importantly, hERG inhibition was also
observed to decrease upon hydrolysis of the lactone, supporting the benefits of a soft drug

approach.

Furthermore, important data surrounding the metabolic instability of the fused pyridyl
lactone has been generated. Initial insight into the stability profile of the soft drug was
obtained through observing degradation of the parent compound upon incubation with
human plasma. Structural identification of the compounds formed upon metabolism with
human plasma yielded evidence to support lactone hydrolysis. Gratifyingly, minimal
metabolism was observed when REDX08220 23 was incubated with neat S9 lung fraction
(5 mg/mL), suggesting varying paraoxonase concentrations in the incubation media may be

responsible for the differences in stability.

Promising antibacterial activity and cardiotoxicity results, combined with an initial
indication of differential stability properties in human plasma and human lung, provided

proof of concept for a completely novel approach to antibacterial drug design.

Although the individual Objectives for the research project were met, further work was
required to fully determine if an antibacterial soft drug could be a viable therapy. In
particular, several biological and chemical parameters required optimisation, prior to

selection of a lead compound.
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Importantly, although the antibacterial properties of REDX08220 23 were promising, the
potency of the compound required improvement if it was to be a successful antibacterial
therapy. Furthermore, the stability of REDX08220 23 was of equal concern. Although the
stability contrast between human plasma and human S9 lung fraction was encouraging,
improving the stability of the series to phosphate buffer was hypothesised to simplify the
elucidation of results obtained in vitro. Therefore, optimisation of the southern ring system

was of equal priority to improving the antibacterial activity of the series.

Building on the success of REDX08220 23, investigation into the structure-activity and
structure-stability relationships of the series was continued through the development of

new, more focussed, Objectives.
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Chapter 3:

A soft drug approach to
bacterial pneumonia -
optimisation and in vivo
assessment




3
3.1

Optimisation of antibacterial soft drug series

Proposed work

Building on the successes of REDX08220 23 (Figure 39) in providing proof of concept for a

potential soft drug antibacterial therapy, research now focussed on optimising the drug-like

properties of the series. Antibacterial activity and phosphate stability were determined to

be the most important parameters to improve.
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REDX08220 23
S. aureus 0.5 pg/mL
MIC S. pneumoniae | 2 ug/mL
H. influenzae 16 pg/mL
Phosphate stability Unstable

Figure 39

Areas of optimisation for REDX08220 23.

It was hypothesised that the pyridyl nitrogen of the fused lactone moiety may have been

contributing to the incompatibility with phosphate buffer. Furthermore, to date, no FDA

approved pharmaceuticals contain a fused pyridyl lactone. Encouraged by this finding,

Objective 1 was set to prompt the discovery of a suitable replacement to the pyridyl

lactone southern group (Figure 40).
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Optimisation of stability through modifications to the southern lactone containing region.

Figure 40

Upon selection of a suitable replacement for the pyridyl lactone moiety, optimisation of the

synthetic route was essential.

Thus, Objective 2 involved establishing a scalable,
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reproducible and facile synthesis, allowing a range of analogues to be prepared.
Importantly, utilising readily available starting materials and avoiding the low-yielding and

unreliable Riley oxidation used in the preparation of REDX08220 23, was desired.

Upon development of a more streamlined synthetic route, Objective 3 focused on assessing
the newly synthesised compounds for their antibacterial activity, to determine if an

appropriately potent replacement for the unstable pyridyl lactone had been discovered.

With a more appropriate southern group installed, Objective 4 would focus towards
optimising the antibacterial properties of the series through the synthesis of similar
analogues with varying lipophilicities (Figure 41). By manipulating the logDs4 of the soft
drug probe compounds, an optimal logD;4 window may be found, resulting in increased

bacterial permeability and an overall boost in antibacterial activity.

Optimise logD+ 4 F AN
| > e.0. L
F e
I

/
/

/
\

o
pd
z
(@)

aUa\l

HNj
E
o
c 2
52
o O
n
55

Altering logD7.4 may aid bacterial permeability, improving antibacterial activity.
Figure 41

It was hypothesised that in order to challenge the structure-activity relationship of the
southern lactone containing region fully, an appropriately potent northern group should be
initially selected. Thus, following the selection of acceptably potent and drug-like northern
groups, exploration of the southern group could proceed further. This investigation would
be guided by the literature precedence for hydrolysable substrates, combined with
computational assessment of potential modifications. Several alterations to this region
were deemed worthy of investigation. Thus, Objectives 5a-c focussed on improving the

antibacterial potency, and manipulation of stability to human plasma and S9 lung fraction.
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Challenging the structure-activity relationship of lactone containing region to allow better

understanding of its contribution to binding and stability.

Figure 42

Three potential modifications were prioritised (Figure 42). Initially, work would progress
around determining the optimal attachment point for the fused lactone moiety
(Figure 42a). This was to be directed by computational assessment in both DNA gyrase and
in paraoxonase enzymatic systems (dual targeting of both enzymes), with synthesis
following where appropriate. Understanding the optimal vector to attach the southern
group would be vital in challenging the computational model, and would provide further
evidence of the binding mode in comparison to literature compounds. The preferential
attachment point would be determined by the influence on the antibacterial properties of

the series, however, stability profiling would also aid compound selection.

Upon determining the favoured attachment point, the size of the lactone ring could then be
challenged (Figure 42b). This could yield important results regarding the steric
confinements of the active site of DNA gyrase subunit A. Furthermore, the stability of
6-membered lactone rings to paraoxonase may be more suitable to a soft drug therapy,

compared to their 5-membered counterparts.

Page | 78



A final method of probing the structure-activity relationship in this region was to assess
substituted lactone derivatives (Figure 42c). Guided by published literature on potential
paraoxonase substrates, lactone substitution could yield a useful method of fine-tuning the
human plasma stability. Additionally, raising the lipophilicity of the southern group through
increasing ring size, or from lactone substitution, could afford higher bacterial permeability
and affinity for the lipophilic pocket in the binding site, boosting the antibacterial activity of

the series.

Finally, the viability of an antibacterial soft drug therapy, and therefore the success of the
research project, was envisioned to rely heavily on the generation of results. Therefore,
setting an objective which focused on obtaining sufficient antibacterial, physiochemical and
toxicological data to assess the advancement of the research programme, was particularly
pertinent. Furthermore, in order to progress the research efficiently, it was envisioned that
the author would be actively involved in establishing these results. Consequently,
Objective 6 focussed on the generation of key data and included the responsibility of the
author to perform the relevant ADME and computational chemistry work required to fully

profile the synthesised compounds.
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3.2

Revised objectives

In light of the successes achieved in obtaining proof of concept for an antibacterial soft drug

therapy with REDX08220 23, revised objectives were set. These objectives were used to

guide the project to obtaining a more potent pharmaceutical, with properties more attune

to a soft drug therapy. Therefore, the following objectives were set:

1.

With the aid of computational assessment, determine if a replacement for the
southern pyridyl lactone could infer increased stability to phosphate buffer, while
maintaining a window of stability between human plasma and human S9 lung
fraction.
After selection of a suitable alternative southern group, streamline the synthesis of
soft drug compounds to afford a more facile synthesis, which could yield analogues
more readily.
Assess if proposed replacements for the pyridyl lactone were appropriate, through
analysis of their antibacterial activities.
Understand if minor changes in the lipophilicity of the parent compound could yield
a more potent antibacterial by effecting bacterial permeability.
Challenge the structure-activity relationship of the lactone-containing region using
computational and synthetic chemistry, to determine if:

a. The most appropriate attachment point was being utilised.

b. Alternative lactone ring sizes optimised the human plasma and human S9

lung fraction stability.
c. Lactone-substitution could alter the human plasma and human S9 lung
fraction stability.

Continue to obtain key antibacterial, physiochemical and toxicological data for
parent compounds and their suspected metabolites. Where appropriate, ADME and
computational chemistry data would be used to support the progress of the
research programme, and would be generated by the author, in addition to

developing the synthetic chemistry relating to the project.
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3.3 Results and discussion

3.3.1 Alternative southern groups for REDX08220 (23)

In order to optimise the stability of the soft drug analogues to phosphate buffer, human
plasma and human S9 lung fraction, the use of alternative southern groups was explored.
Although literature surrounding hydrolysable substrates for paraoxonase was relatively
sparse, lactam ring systems were reported to be metabolised by paraoxonase. Thus, a
stability check on commercially available lactam 57 compared to lactone 58 was performed,

prior to initiating a synthetic effort.

Pyridyl lactone 56 | Pyridyl lactam 57 | Phenyl lactone 58

X X
N | 0 I NH 0
Stability assay N/ N~

0] ®) O]
0% 93% 69%

Human plasma (100%)

(% remaining after 2 h)
Human S9 lung fraction/
phosphate buffer (0.5 mg/mL) 59% 92% -
(% remaining after 5 h)
Human S9 lung fraction

(5 mg/mL) 100% - 97%

(% remaining after 2 h)

Stability of pyridyl lactone 56, pyridyl lactam 57 and phenyl lactone 58 to human plasma

and human S9 lung fraction.

Table 24

Although it was noted that a lactam matched pair could not be efficiently sourced, similar
analogue 57 proved to be stable to human plasma (Table 24). It was also observed that
lactam replacement resulted in additional phosphate buffer stability, as observed by the
increased amount of parent compound remaining in the human S9/phosphate buffer assay,
when compared to lactone analogue 56. The additional stability of lactam 57 compared to
lactone 56 was considered concordant with the increased bond strength of the amide, due
to the resonance-induced double-bond character, compared to the ester. As a result of the
increased stability to human plasma, further research into lactam analogues was
deprioritised. Fortunately, degradation was observed for phenyl lactone fragment 58 when
incubated with human plasma. Furthermore, no instability was recorded upon exposure to
human S9 lung fraction. Upon review of the literature, it was recognised that although no
FDA approved pharmaceuticals contained a pyridyl lactone moiety, a phenyl lactone

scaffold was found in several approved drugs (e.g. mycophenolic acid, fluorescein and
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talniflumate). Encouraged by the possibility of replacing the pyridyl lactone with a phenyl
analogue, a computational investigation was launched to determine the suitability of the

phenyl replacement with respect to antibacterial activity.

Initially, the proposed structures were overlaid in the binding site of DNA gyrase subunit A,

as a means to visually assess the hypothetical alteration (Figure 43).

Overlays of REDX08220 23 (left) and phenyl REDX08220 59 (right) in DNA gyrase active site
(PDB: 2XCS%), visualised using Maestro (v10.6).

Figure 43

As the overlays suggested a high level of similarity, and no immediately obvious energy
penalties for binding, it was deemed appropriate to consider the potency driving
interactions of the series, to allow modifiable portions of the scaffold to be highlighted.
Using the previously reported knowledge of the binding site, computational analysis of the
binding interactions of a crystallised ligand was undertaken. Using these results as a
reference, REDX08220 23 and phenyl REDX08220 59 were then compared for their ability
to maintain potency-driving interactions. Of particular importance was the contribution of
the southern group to binding, especially the ability of the pyridyl nitrogen in the southern

group to make a H-bonding interaction with Asp1083 (Figure 44).
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Potential H-bond interaction between Asp1083 of DNA gyrase subunit A and pyridyl moiety
in GSK NBTI 3 visualised using Pymol (v1.1eval).

Figure 44

It was considered appropriate to use molecular dynamics simulations to monitor for
potential interactions between the ligand and the binding site of DNA gyrase subunit A.
Therefore each ligand was docked using a knowledge-based alignment, and was subjected
to molecular dynamics simulations (following the methods outlined in Section 3.11.3.1),
with the results shown in Figure 45. As modifications focussed on replacements to the
southern group, the northern group and linker region were maintained constant

throughout the simulations.

It was observed that the proposed pyridyl H-bond to Asp1083, as suggested from the X-ray
crystal structure published by GlaxoSmithKline,®®* may not be as important as first
hypothesised. The simulation of the literature compound suggested only 35% likelihood of
the water-mediated interaction being observed (Figure 45a). Instead, for REDX08220 23, a
water-mediated interaction to the carbonyl unit of the lactone was observed (Figure 45b).
However, this was not observed in phenyl REDX08220 59, suggesting this interaction may

be relatively weak (Figure 45c).

Overall, phenyl_REDX08220 59 was observed to maintain the majority of interactions
observed in the simulation of REDX08220 23. The results of the molecular dynamics
simulations suggested the key binding interactions were in fact due to the aminopiperidine
template (consistent with the findings from Bax et al.*®), and not the pyridine moiety.
Therefore, the loss of the binding interactions from the lactone carbonyl moiety were

considered to be trivial.
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Molecular dynamics simulations for a) GlaxoSmithKline NBTI 3, b) REDX08220 23 and
c) phenyl_REDX08220 59.

Figure 45
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GSK NBTI 3 REDX08220 23 | Phenyl_REDX08220 59
&
N* =N
. | S = | 0 0
o—/ 0 o]
Direisigigrsasi'cai;)n to 98% 43% 22%
Water-;r:)e}:lsiEn)’cl(eoci8 isrztatiraction 35% 529 77%
Dire(:Si:;t(e);ag)c:(tti);Jn to ) 70% 92%
Water-:)esslztleodsgr&:e)ractlon 38% ) _
o o | st g ctone 592 perine (4571

Summary of interactions for GSK NBTI 3, REDX08220 23 and phenyl_REDX08220 59.
Table 25
In addition to the ability to maintain key interactions, increasing hydrophobicity in the
southern area of the molecule may encourage binding to the lipophilic pocket of GyrA,

increasing the observed antibacterial activity.

(S

<

REDX08220-type fused lactone Phenyl_REDX08220-type fused lactone

Electrostatic potential surfaces of pyridyl lactone and phenyl lactone, as simulated using
Spartan’14 (v1.1.10).
Figure 46
The polarity of the southern group would be subtly effected by the removal of the nitrogen
atom in the pyridyl ring (Figure 46). Minimisation of polarity in this region could be
accompanied with an increase in target based potency due to the highly lipophilic region of
the active site in which it resides. As a result of computational assessment and a potentially
simplified synthetic route, several iterations of structure-activity relationship guided
synthesis were performed (Section 3.4), and the subsequent results will be discussed

(Section 3.7).
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3.4 Synthetic route

3.4.1 Synthesis of phenyl REDX08220 (59)

Utilising the previously reported synthesis of REDX08220 23, aldehyde 60 was considered a

key intermediate for synthesising phenyl derivatives of soft drug compounds (Scheme 14).

WJ
Q - OH Q o) o

NHBoc
25 60

Retrosynthetic analysis of phenyl REDX08220 59.
Scheme 14

The synthesis of the pyridyl derivative of aldehyde 60 proved to be complex, particularly
due to a low-yielding Riley oxidation as a final step. Thus, an alternative synthetic route was
sought. Fortunately, unlike their pyridyl analogues, halogenated examples of fused phenyl
lactones were commercially available, and lent themselves to a much more efficient route.
Aryl halide 62 was considered an ideal starting material to generate the aldehyde building
block in two steps (Scheme 15). Furthermore, experience with oxidative cleavage reactions

suggested potentially higher yields than the previously used Riley oxidation.

Oxidative Heck
o) | 0] . 0]
H cleavage reaction X
— | —
0 0 (0] o)
R

where R = CO,Bu where X = Cl or Br
60 61 62

Retrosynthesis of aldehyde 60, starting from commercially available fused lactone 62.
Scheme 15

The synthesis of aldehyde 60 was initiated with a Heck reaction of 63 (Scheme 16), and was
completed by oxidative cleavage of 61, using substoichiometric osmium(VIll) tetroxide and

sodium periodate, giving aldehyde 60 in almost quantitative yield.
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butyl acrylate (1.5 eq)

o Pd(‘BusP), (0.06 eq) o
. EtsN (5 eq) . BuO X
S -

. . 0 O
63 155 C, 20 min 61 50%

0s0y4 (4% in H,0, 0.04 eq)
NalOy4 (3 eq)
THF/Water (1:1), RT, 16 h

60 98%
Route to aldehyde building block 60.

Scheme 16
With fused aldehyde 60 successfully synthesised, a range of analogues, including target
compound 59, were prepared through reductive amination, in a similar manner to the

method used to synthesise REDX08220 23 and other soft drug analogues (Scheme 17).

XX NN
4 Boc-aminopiperidine 25 (1 eq)
N

N NaBH(OAc); (1.1 eq)
K DCM, RT, 3 h H
NHBoc
36 77%
XN
(0] N N (@] MeOH, RT, 16 h

N
Q Aldehyde 60 (1 eq) /(j\/Nl
NH

NaBH(OAc); (2.9 eq)
Et;N (1.2 eq) H

N
THF, 3A MS, RT, 16 h Q
0
NH2 HCI
0
59 30%

REDX10141 (over two steps)
Synthetic route to REDX10141 59.

Scheme 17
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3.4.2 Synthesis of regioisomer analogues to REDX10141 (59)

A regioisomer of the fused phenyl lactone moiety was prepared (Scheme 18) to reinforce

the hypothesised structure-activity relationship from analogues of REDX08220 23.

butyl acrylate (1.5 eq) O
Br t
Et;N (5 eq) O
(@] . g o)
155 °C, 20 min
64 65 38%
0s04 (4% in H,0, 0.04 eq)
NalO,4 (3 eq)
THF/Water (1:1), RT, 16 h
)
H
0
0
66 95%
Synthetic route to reverse lactone aldehyde 66.
Scheme 18

The synthesis proceeded efficiently, giving aldehyde 66, which was used in an analogous
manner to 60, affording REDX10012 67 (Scheme 19). Comparison of the antibacterial
potency of REDX10012 67 with REDX10141 59 was then used to suggest a preferred vector
for the carbonyl group of the lactone ring to occupy. It was hypothesised that low
antibacterial activity in this case may result in compounds with similar lactone

configurations being triaged.

m
N~ ~
N 0" N" ON"o
~ | — Aldehyde 66 (1.1 eq) H
o N N "0 NaBH(OAc); (3.4 eq) N
H Et;N (1.2 eq) Q
N
THF, 3A MS, RT, 16 h N
NH, HCI
36
o
o
67 25%

REDX10012 (over two steps)
Synthesis of REDX10012 67.

Scheme 19
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3.4.3 Synthesis of northern group analogues of REDX10141 (59)

Due to advancements in the synthetic route towards REDX10141 59 compared to
REDX08220 23, analogues that varied with respect to the northern group could be easily
prepared. A small selection of bicyclic northern groups were thus selected from the Redx
Pharma compound collection, providing a range of clogDs4 values to initially determine a

target lipophilicity that would result in optimal bacterial permeability (Figure 47).

l\ A F Na AN ANZEN

— j\L |/

MeO™ 'N° 'N° "O F N"S0 F NS0 F N~ 0
| ) | [

REDX10141 59
AclogD74" =0 AclogD74"=+0.32  AclogD74" =+0.12 AclogD;4" =-0.31

*Calculated using ACD/Percepta 14.0.0, using REDX10141 59 as a baseline.

Northern groups selected to probe trends in lipophilicity and potency.
Figure 47

The synthesis of analogous compounds to REDX10141 59 proceeded via the previously
described route, replacing the methoxypyridine northern group aldehyde with a suitable
alternative. Each northern group was taken from the Redx Pharma compound collection
and reacted in a reductive amination with 4-Boc-aminopiperidine 25 (Scheme 20).
Boc deprotection using hydrochloric acid in dioxane (4 M) furnished primary amines of the
structure 37, 40, 72 and 73, which could then be used in a second reductive amination with
aldehyde 60 to yield a series of analogues of REDX10141 59 that varied with respect to the

lipophilicity of the northern group.

Unfortunately, reductive aminations to form the target compounds were consistently
associated with poor yields. Although the reactions were observed to go to completion by
LCMS and TLC, the chromophore of the final compounds was often much more intense
than the starting material primary amines, resulting in potentially premature reaction
quenching. Furthermore, both the primary and secondary amines were found to have

similar retention times, causing material loss during purification.

Each compound (59 and 74 — 76) would be assessed for its antibacterial properties, and
trends between activity and lipophilicity could be analysed. An optimal northern group
could then be selected on the basis of the antibacterial activity, allowing a preferential
northern group to be used when challenging the structure-activity relationship of the

lactone-containing group.
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Northern
group

4-Boc-aminopiperidine 25 (1 eq)
NaBH(OAc); (1.1 eq)

Northern
group

> N
| DCM, RT, 3 h
o REACTION 1
NHBoc
24, 38, 36, 39,
68 and 69 70 and 71
HCI (4.8 - 14.3 eq)
Northern MeOH, RT, 16 h
group
Northern
N Aldehyde 60 (1 eq) group
NaBH(OAc); (2.8 - 3.2 eq)
Et;N (1.1 eq)
] N
HN THF, RT, 19 h, 3A MS
REACTION 2
NH, .HCI
0]
0]
59, 74, 37, 40,
75 and 76 72 and 73
Product/Yield
Redx No. North
eax o orthern group Reaction 1 Reaction 2
m
o) ()
REDX10141 59 MeO N/ N o 36,77% 59, 30%
F N
AN
REDX10307 74 j@: L 39, 94% 74, 14%
F N 0]
N
N
REDX10159 75 /@ j\l\ 70, 68% 75, 28%
F l\ll 0]
I
N\ X
REDX10306 76 | _— 71, 77% 76, 9%
F l\ll (0]
I

Synthetic route to analogues of REDX10141 59.

Scheme 20
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344 Synthesis of suspected hydrolysed metabolites (77 and 78)

In order to assess the merits of a soft drug approach to antibacterial research, the
hypothesised metabolites of compounds 59 and 75 were also synthesised (Scheme 21). It
was envisioned that the synthesis of the hypothesised metabolites of the parent
compounds would allow the benefits of a soft drug approach to antibacterial research to be
demonstrated. In particular, the cardiotoxicity trend between a parent and its expected
metabolite could drive the direction of the research project. Accordingly, REDX10141 59

and REDX10159 75 were subjected to basic hydrolysis conditions to afford the hypothesised

Northern
group

metabolites REDX10142 77 and REDX10204 78, respectively.

Northern
group

N N
LiOH (0.1 M, 1 eq) Q
HN THF:H,0 (1:1), RT, 16 h HN
0 0
0 oLi*
oH
59: REDX10141 77: REDX10142 77%
75: REDX10159 78: REDX10204 48%
Northern group Product/Yield
XN
»
MeO N N O 77,77%

REDX10141 59 -> REDX10142 77

N
/@ \j\l\
F N~ ~O 78, 48%
)
|

REDX10159 75 > REDX10204 78

Lactone hydrolysis of REDX10141 59 and REDX10159 75 to yield expected soft drug
metabolite REDX10142 77 and REDX10204 78, respectively.

Scheme 21
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3.4.5 Synthesis of 7-substituted analogues of REDX10141 (59)

Upon selection of a northern group that provided high bacterial permeability, the structure-
activity relationship of the southern group could then be challenged. Alternative
attachment points for the lactone containing system could be utilised to determine the

optimal lactone-directing vector to bind with the active site in DNA gyrase.

Northern
group

N H
N O
p—
O
NH
o g NHBoc
@) 24, 38, 25 80
69 and 69
79

Retrosynthetic analysis of 7-substituted phenyl lactone analogues of REDX10141 59.
Scheme 22
As with REDX10141 59, the corresponding aromatic aldehyde 80 was deemed an important

intermediate (Scheme 22). The synthesis of aldehyde 80 progressed analogously to the

previously disclosed 6-substituted phenyl lactone (Scheme 23).

R X
@) H Oxidative _ O
0] cleavage o Heck reaction
> > O
o @)
where R = CO,Bu where X = Cl or Br
80 81 82

Proposed synthetic route to 7-substituted phenyl lactone 80.
Scheme 23

The corresponding aryl chloride was considered an ideal commercially available starting
material to generate the aldehyde building block in two steps. The synthesis of aldehyde 80
was initiated with a Heck reaction of chloride starting material 83 (Scheme 24), which
progressed in 55% yield. The synthesis was completed by an oxidative cleavage of 81 using
substoichiometric osmium(VIIl) tetroxide and sodium periodate, yielding aldehyde 80 in

77% yield.
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BuO.__0O
butyl acrylate (1.5 eq)

cl o Pd('BusP), (0.06 eq) N o
EtsN (5 eq)
o) o)
155 °C, 20 min
83 81 55%

0s0y4 (4% in H,0, 0.02 eq)
NalO4 (3 eq)
THF/Water (1:1), RT, 16 h

O _H
0O

0
80 77%
Route to 7-subtituted aldehyde building block 80.
Scheme 24

With aldehyde 80 successfully synthesised, a range of analogues could be prepared
through a reductive amination, in an identical manner to the method used to synthesise

REDX10141 59 and other previous soft drug analogues (Scheme 25).

Redx No. Northern group Yield

Northern
group

S
group
Aldehyde 80 (1 eq) REDX10248 | = 28%

NaBH(OAc); (2.9 eq) N 8 |MeG” N° N" O

Et;N (1.2 eq)

N -~
THF, RT, 19 h, 3A MS

Q \
(@) AN
NH, .HCI REDX10281 .
30%
o) 85 F N" o
I

37 and 72 84 and 85

Synthetic route to 7-subtituted phenyl lactone soft drug compounds 84 and 85.
Scheme 25

Assessment of each 7-substituted compound for its antibacterial properties, compared to
its 6-substituted matched pair, would allow a comparison of affinity for the binding site.
Comparing this data should allow an optimal attachment point to be determined, and

subsequently drive further optimisation.
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3.4.6 Synthesis of hydrolysed metabolite of REDX10248 (84)

To aid in understanding of how metabolism affected their biological properties, the
antibacterial activity and toxicity of suspected metabolites were to be monitored. Thus,

lactone hydrolysis provided REDX10284 86 in 97% yield (Scheme 26).

b S
~ ~ o

N 0" N HN
NH LiOH (0.1 M, 1 eq) N
Q THF:H,O (1:1), RT, 16 h Q
HN
oLi*
0o OH
84 86 97%
REDX10248 REDX10284

Lactone hydrolysis of REDX10248 84 to give expected metabolite REDX10284 86.
Scheme 26
34.7 Synthesis of 6-membered analogues of REDX10141 (59)

The steric limits of the active site were challenged through manipulation of the lactone ring.
Accordingly, fused &-lactones were selected for synthesis due to their larger size and
capacity for metabolism by paraoxonase. Corresponding halogenated aryl lactones were

commercially available, allowing the successful preparation of aldehyde 89 (Scheme 27).

butyl acrylate (1.5 eq)

Pd(‘BusP), (0.06 eq) o} 0
Br o EtsN (5 eq) PN o
155 °C, 20 min
87 88 45%

Os0Oy4 (4% in H,0, 0.01 eq)
NalOy4 (3 eq)
THF/Water (1:1), RT, 16 h

0] 0]
H (@)

89 69%
Route to 6-membered lactone aldehyde building block 89.

Scheme 27
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Aldehyde 89 could then be combined with the northern scaffold, allowing efficient
exploration of a range of 6-membered lactone analogues (Scheme 28). Assessment of
antibacterial and stability properties could then proceed, comparing against 5-membered

matched pairs to determine the most promising template to progress for optimisation.

Northern Redx No. Northern group  |Yield
group
S
group_~ Aldehyde 89 (1 eq) REDX10359 | 18%
NaBH(OAc); (29 eq) 90  [MeO” N7 N0 |7
EtzN (1.2 eq) \
N
THF, RT,
19 h, 3A MS HN
NH, .HCI N
REDX10386 e 28%
37 and 71 ° 91 F7 NSNS0 ’
o) |
90 and 91
Synthetic route to REDX10359 90 and REDX10386 91.
Scheme 28
3.4.8 Synthesis of hydrolysed metabolite of REDX10386 (91)

REDX10403 92, the hydrolysed derivative of REDX10386 91, was prepared (Scheme 29),
allowing its antibacterial activity and toxicity to be assessed. A reduction in hERG inhibition

may highlight the benefits of a soft drug approach.

/ENj\/\l m
F /HN o F /HN ©
N N
Q LiOH (0.1 M, 1 eq) Q
HN THF:H,O (1:1), RT, 16 h HN

o 0

0 HO oLi*

91 92  67%
REDX10386 REDX10403

Lactone hydrolysis of REDX10386 91 to give expected metabolite REDX10403 92.

Scheme 29
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3.4.9 Synthesis of 3-methyl analogues of REDX10141 (59)

Guided by the literature surrounding paraoxonase-labile substrates, 3-methylated and
3,3-dimethylated lactone derivatives of REDX10141 59 were targeted. It was envisioned
that the stability of the parent molecule to human plasma could be manipulated through
subsequent methylations to the 3-position on the lactone ring. Unsurprisingly, the
increased complexity of the alkylated scaffold resulted in no appropriate commercially

available starting material. Thus, a bespoke retrosynthesis was performed (Scheme 30).

O
(0] 'e) @]
H o —— p— 0]
O
93 94 95
0 o 0
X X
OR  C— OR Y e— OR
OBu
0] OH
98

97 96

X

(0]
X
L
Br

where X = Cl or Br

99
Retrosynthetic analysis of 3-methylated lactone aldehyde 93.

Scheme 30
It was hypothesised that aldehyde 93 could be generated from halogenated fused lactone
95, repeating the previously validated Heck coupling-oxidative cleavage route. Unlike
similar scaffolds, compound 95 was commercially unavailable, and instead, an
intramolecular cyclisation was proposed from alcohol 96, which, in turn, could be

synthesised by reduction of ketone 97. Installation of the methyl ketone at the 2-position of
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the aromatic ring was deemed a pivotal reaction, and could be performed via a Heck-type

olefination from corresponding aryl bromide 99, followed by acidic hydrolysis of the olefin

to give ketone 97. The resulting forward synthesis allowed the production of aldehyde 93 in

moderate yield from commercially available methyl 2-bromo-5-chlorobenzoate 100

(Scheme 31).
O
Cl
o P(o-tol); (0.14 eq), Pd(OAc), (0.03 eq), OMe
cl DIPEA (3.1 eq), butyl vinyl ether (2 eq) OBu
OMe -~
MeCN, 80 °C, MW, 2 h
Br used without
further purification
100 101
H3PO4 (85% wt, 8.1 eq)
Toluene, RT, 30 min
O O
Cl . Cl
oLi* LiOH (1 eq) OMe
THF/water (1:1), RT, 1 h
O o
103 97% 102 77%
NaOH (2 M, 1 eq),
NaBH4 (1 eq)
100 °C, 30 min O
0 butylt acrylate (1.5 eq), BuO o
Cl Pd(‘BusP), (0.06 eq)
0 Et;N (4.98 eq) 0
155 °C, 20 min
104 72% 94  83%

0s0y4 (4% in H,0, 0.04 eq),
NalOy4 (3 eq)
THF/Water (1:1), RT, 16 h

© 0
H
*@io

93 52%

Synthesis of 3-methylated lactone aldehyde 93.

Scheme 31
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The synthesis of methylated lactone aldehyde 93 was initiated with a Heck-type olefination
of methyl 2-bromo-5-chlorobenzoate 100 (Scheme 31). The resulting alkylated product
underwent acidic hydrolysis with phosphoric acid to give the methyl ketone substituted
compound 102 in a combined yield of 77% over 2 steps. Subsequent hydrolysis of methyl
ester 102 gave corresponding lithium salt 103 in practically quantitative yields. Reduction of
the ketone carbonyl group with sodium borohydride resulted in the appropriate
functionality required for cyclisation to occur, forming halogenated fused lactone 104. The
synthesis was completed by a Heck reaction, followed by oxidative cleavage, yielding
aldehyde 93. Soft drug probe compounds 105 and 106 were subsequently synthesised via
reductive amination of the 3-methylated lactone aldehyde 93 with the desired amine

counterpart (Scheme 32).

Northern Redx No. Northern group |Yield
group
group Aldehyde 93 (1 eq) REDX10370 | e
NaBH(OAc); (2.9 eq) N 105 |MeO” “NZON- Yo |10%
Et3N (1.2 eq) :
N
THF, RT, HN
19 h, 3A MS
NH, .HCl Ne A
N
REDX10371 |
37and 73 17%
Ol 106 F7 N N0
o} |
105 and 106

Synthetic route to REDX10370 105 and REDX10371 106.
Scheme 32

3.4.10 Separation of 3-methyl substituted enantiomers

Building on the encouraging antibacterial and stability properties of the 3-methylated series
(Section 3.6.8), and to provide data to optimise the computational model, enantiomeric
separation was desired. Initially, synthetic routes to each enantiomer were evaluated,
however, pre-existing literature in this area was sparse. Instead, the most rational method
of obtaining enantiomerically pure material was by chiral chromatography. As a result, the

racemic mixture was separated by chiral supercritical fluid chromatography (SFC)

Chiral SFC was performed by WuXi AppTec
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(Scheme 33) and each resulting enantiomer was evaluated for its enantiomeric excess

(both > 99% ee), before being assessed for antibacterial and stability properties.

NS

N HN o FN HN o F HN o
N Chiral supercritical fluid N N
Q chromatography Q Q
HN HN HN

O o O

o] ~ 0 @)

106 107 108

Separation of racemic REDX10371 106 was performed by chiral SFC, yielding enantiomers
(R)-REDX10371 107 and (S)-REDX10371 108.

Scheme 33
34.11 Synthesis of hydrolysed metabolites of REDX10371 (106)
The preparation of hydrolysed metabolites of the 3-methylated soft drug parent

compounds proceeded using lithium hydroxide (Scheme 34), allowing the antibacterial

activity and the hERG inhibition of the suspected metabolites 109 - 111 to be assessed.
IS DN
F7NON F7N N

N N

TN TN
o 2

Q LiOH (0.1 M, 1 eq) Q

HN HN

THF:H,O (1:1), 40 °C, 16 h

o 0

oLi*

o HO !
106: REDX10371 109: REDX10725  87%
107: (R)-REDX10371 110: (R)-REDX10725 80%
108: (S)-REDX10371 111: (S)-REDX10725 78%

Lactone hydrolysis of REDX10371 106 to give expected metabolite REDX10725 109.

Scheme 34
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3.4.12 Synthesis of 3,3-dimethyl analogues of REDX10141 (59)

As previously reported, monomethylation of the 3-position was expected to provide a
means to decrease the human plasma and human paraoxonase stability of the lactone
scaffold. It was speculated that, if the trend continued, 3,3-dimethylated targets may be of
even more interest. Therefore, intermediate 103 in the synthesis of the 3-methylated
aldehyde lactone was identified as a potential starting material for the synthesis of the

3,3-dimethylated analogue (Scheme 35).

O B 0 ]
-1+ .
OLi MeMgBr (1 M, 2 x 2 eq) oLi*
> OH
THF, RT, 2.5 h
O
) not isolated -
103 112
O
BuO o butyl acrylate (1.5 eq)
Pd(‘BusP), (0.06 eq) ol o
155 °C, 20 min

114 52% 113 25%

0504 (4% in HQO, 0.04 eq),

NalOy4 (2.99 eq)
THF/Water (1:1), RT, 16 h
0 0
H
@]

M5 76%

Synthesis of 3,3-dimethylated lactone aldehyde 115.
Scheme 35

Utilising lithium salt 103 allowed a divergent synthesis to be performed, which was
continued through methylation using methylmagnesium bromide. Tertiary alcohol 112
cyclised to form lactone 113, which could be used in a similar manner to previous

halogenated lactones, through a Heck coupling followed by oxidative cleavage with
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substoichiometric osmium(VIIl) tetroxide. Aldehyde 115 was then used to synthesise target
compounds 116 and 117, following the route observed for similar analogues (Scheme 36).
Final compounds could be assessed for their antibacterial activity and stability profiles in
human plasma and human S9 lung fraction. Where appropriate, additional studies could be
performed on the synthesised compounds in order to further the understanding

surrounding the series.

Northern Redx No. Northern group  |Yield
group
group Aldehyde 115 (1 eq) REDX10387 | NN
NaBH(OAc); (2.9 eq) N 116 |MeO” “N= N0 6%
Et;N (1.2 eq) |
N .
THF, RT, HiY
19 h, 3A MS
NH, .HCI N
TN
37 and 73 o [REDX10388 » 9%
117 F N~ 0
O |
116 and 117
Synthetic route to REDX10387 116 and REDX10388 117.
Scheme 36
3.5 Summary of desirable properties for a lead antibacterial

soft drug

The antibacterial activity of the test compounds was assessed through obtaining minimum
inhibitory concentrations (MICs) against selected pathogens. Certain bacterial strains with
high prevalence in lung infections were prioritised, and activity against these pathogens
was deemed essential. Furthermore, in order to fully understand the whole cell MIC data,
supercoiling inhibition data against DNA gyrase subunit A was utilised where required.
Frequency of resistance was monitored for key compounds, and cross-resistance was

assessed against selected resistant and susceptible bacterial strains.

Human plasma and human S9 lung fraction stability was determined where appropriate,
with target stability profiles highlighted in Table 26. In line with a soft drug therapy, a
window of stability should be observed between human plasma and human S9 lung

fraction, in order to allow further optimisation to proceed.
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The compounds should be stable under buffered conditions and soluble in the assay

conditions, ensuring accurate data can be generated.

Finally, determining the toxicity of the compounds was hypothesised to be critical to the
success of the research programme. Firstly, the parent and expected metabolite should be
non-cytotoxic. The success of the research project could be broadly be evaluated from the
reduction of hERG K* channel inhibition between the parent compound and its expected
metabolite. Therefore, monitoring of cardiotoxicity for key compounds would be

fundamental in assessing the suitability of a soft drug therapy for antibacterial research.

Although these guidelines were adopted to help assess the progress of the programme
towards obtaining a lead compound, there was room for flexibility on a case-by-case basis.
A full discussion of the target properties required for an antibacterial soft drug has been
previously reported (Section 2.10), however, for convenience, a summary of the relevant

properties is shown in Table 26.

Antibacterial properties

P. aeruginosa \ <1ug/mL
AND/OR
G S. pneumoniae <1ug/mL
= S. aureus <1ug/mL
H. influenzae <1ug/mL
Gram-positive and gram-negative strains Monitor for additional activity

Frequency of resistance

<10%at4 x MIC

Cross-resistance

No cross-resistance to current antibiotics

Method of action

Proven against the isolated enzyme

ADME properties

Human plasma stability

Low stability in human plasma (ti12< 2 h)

Human S9 lung fraction stability

High stability in human S9 lung fraction

Physiochemical properties

Chemical stability

Stable in buffered conditions (pH = 7.4)

Solubility > 15 uM
Toxicity
Cytotoxicity hepG2 CCso> 32 pg/mL
Cardiotoxicity hERG ICso (metabolite) > 33 uM
Table 26
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3.6 Antibacterial and ADME results

3.6.1 Key for relevant biological and physiochemical results

To aid understanding of results, a portion of the following data is colour coded, according to the key below (Table 27). Desired properties are
designated green, whereas undesired are coloured red. Intermediary results are coloured orange due to their ability to lead to desired criteria
through optimisation. Where appropriate, calculated physiochemical properties are indicated by a dagger (%), and were calculated using

ACD/Percepta 14.0.0. Key stability assays (human plasma stability, human S9 lung fraction stability and paraoxonase stability) were performed by the

author, following tuition from ADME scientists.

MICs (ug/mL) <1 2-16 >32

E. coli gyrase supercoiling (ICso, pug/mL) <0.25 0.25-5 >5

Kinetic solubility (uM) >15 10-15 <10

Thermodynamic solubility (uM) > 100 50-100 <50

hERG inhibition (ICso, uM)
hepG2 (CCso, ug/mL)

Human plasma stability % parent remaining after 2 h < 50% 50 -70% >70%
% metabolite remaining after 2 h > 70% 50-70% < 50%
Human S9 lung fraction stability % compound remaining after 2 h >70% 50-70% < 50%
Paraoxonase stability % parent remaining after 6 h < 50% 50 -70% > 70%
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3.6.2

Antibacterial results: benzyl soft drug analogues
The antibacterial results for compounds 23, 59, 67 and 77 are shown below in Table 28, coloured according to the key defined in Section 3.6.1

REDX10142 77

REDX10012 67

Redx No. REDX08220 23 REDX10141 59
IDOHINOSNO SN bl
o N N Yo So NN | o N/HN ’ HN
C ( N N
Structure Q Q Q Q
HN HN

%

HN
“ N0 o ©
o o hoo Ot
S. aureus ATCC29213 0.5 0.06 8
S. pneumoniae ATCC49619 2 0.25 16
- H. influenzae ATCC49247 16 4
£ E. cloacae NCTC13406 8
g A. baumannii NCTC13420 - 1
3| P, geruginosa ATCC27853
= E. coli ATCC25922 8 2
E. coli N43 (efflux-knockout) 1 0.06 8 8
K. pneumoniae ATCC700603 —
E. coli gyrase supercoilin
(gl‘éso' . /:1L) 8 0.49 0.06 -
Table 28
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3.6.3 Physiochemical/ADME results: benzyl soft drug analogues

Based on the previously established guidelines, the ADME results for compounds 23, 59, 67 and 77 are shown below in Table 29, coloured according

to the key defined in Section 3.6.1.

Redx No. REDX08220 23 REDX10141 59 REDX10142 77 REDX10012 67
X X X X XX XN
/ e e
NH 1\’1) N N
Structure Q Q Q Q
=N
P> o
o] o] .
0 0 HO oL
TPSAY 96.9 84.0 115.2 84.0
clogP? 1.23 2.21 1.72 2.21
clogD7.4" 0.19 0.24 -0.95 0.44
Measured logD7.4 <0.2 0.95 <0.2 1.21
Kinetic solubility 71 uM - - 94 uM
Thermodynamic solubility - 849 uM - 56 uM
hERG inhibition (ICso, tM) >33 2 >33 -
hepG2 (CCso, pg/mL) >128 120.8 >128 -
0, 0,
Human plas.m.a (100%, % 55% 96% 100% i
parent remaining after 2 h)
Human S9 lung fraction
(5 mg/mL, % parent 100% 100% - -
remaining after 2 h)
Table 29
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3.64

Antibacterial results: alternative northern group analogues

Based on the previously established guidelines, the antibacterial results for compounds 59, 74 — 76 and 78 are shown below in Table 30, coloured

according to the key defined in Section 3.6.1.

Redx No. REDX10141 59 REDX10307 74 REDX10159 75 REDX10306 76 REDX10204 78
Nr X F AN Ny N N
L $ 1
HN F N~ ~O F N” o F HN (e} F N~ ~O
N N N N N
Structure Q Q Q
HN HN HN HN
o}
o 0o .
0 d o S HO O'Li

S. aureus ATCC29213 0.06 0.25 0.25 0.25 > 128
S. pneumoniae ATCC49619 0.25 0.5 0.5 0.5 > 128
- H. influenzae ATCC49247 4 4 2 1 > 128
%D E. cloacae NCTC13406 8 32 64 16 > 128
=2 A. baumannii NCTC13420 1 8 4 4 > 128
Q P. aeruginosa ATCC27853 32 > 64 >64 64 > 128
= E. coli ATCC25922 2 8 8 4 > 128

E. coli N43 (efflux-knockout) 0.06 0.12 0.12 < 0.06 16
K. pneumoniae ATCC700603 > 32 > 64 > 64 64 > 128

Table 30
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3.6.5 Physiochemical/ADME results: alternative northern group analogues

Based on the previously established guidelines, the ADME results for compounds 59, 74 — 76 and 78 are shown below in Table 31, coloured according

to the key defined in Section 3.6.1.

Redx No. REDX10141 59 REDX10307 74 REDX10159 75 REDX10306 76 REDX10204 78
N F AN Ny ANEN NS
1, | o0 |0 )N
HN F HN ¢} F N~ 0 F HN 6] F N" O
N N N N N
Structure Q Q Q Q
HN HN HN HN
o)
(0] (o) (0] (0] .
- o o o hoo Ot
TPSAY 84.0 74.2 74.2 74.8 105.5
clogpP? 2.21 2.36 2.18 1.83 1.95
clogD7.4" 0.24 0.56 0.36 -0.07 -0.63
Measured logD7.4 0.95 - 0.52 - -
Thermodynamic solubility 849 uM - 764 uM - 851 uM
hERG inhibition (ICso, M) 2 - - - -
hepG2 (CCso, pug/mL) 120.8 - - - -
Human plasma o 0 0 o
(100%, % parent remaining after 2 h) 96% 82% 70% 5%
Human S9 lung fraction o .
(5 mg/mL, % parent remaining after 2 h) 0 =
Table 31
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3.6.6

Antibacterial results:

7-substituted/6-membered analogues

Based on the previously established guidelines, the antibacterial results for compounds 84 — 86 and 90 — 92 are shown below in Table 32, coloured

according to the key defined in Section 3.6.1.

Redx No. REDX10248 84 REDX10281 85 REDX10284 86 REDX10359 90 REDX10386 91 REDX10403 92
N N
L | O O, GO, [, [0
S0 N N o | F N So N~ 0 o N HN ° |F HN ° |F HN °
NH N ,\’,) N N N
Structure Q Q Q Q Q
N N HN HN HN
O 0
@o o oLt o o o
on o o HO oLit
S. aureus ATCC29213 2 4 8 0.06 0.12 8
S. aureus VRS8 - - - 0.06 0.25 8
S. aureus NRS482 - - - 0.06 0.12 16
| S. pneumoniae ATCC49619 1 4 4 0.06 0.12 8
%D H. influenzae ATCCA49247 > 64 > 64 > 64 1 1 64
2 E. cloacae NCTC13406 > 64 > 64 > 64 4 4 64
8 A. baumannii NCTC13420 > 64 > 64 > 64 0.25 0.5 64
= P. aeruginosa ATCC27853 > 64 > 64 > 64 16 16 > 64
E. coli ATCC25922 > 64 > 64 > 64 0.5 0.5 > 64
E. coli N43 (efflux-knockout) 4 8 32 0.015 0.03 4
K. pneumoniae ATCC700603 > 64 > 64 > 64 32 32 > 64
E. coli gyrase supercoiling
(ICso, pg/mL) 1.96 - - 0.03 - -
Table 32
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3.6.7 Physiochemical/ADME results: 7-substituted/6-membered analogues

Based on the previously established guidelines, the ADME results for compounds 84 — 86 and 90 — 92 are shown below in Table 33, coloured

according to the key defined in Section 3.6.1.

Redx No. REDX10248 84 REDX10281 85 REDX10284 86 REDX10359 90 REDX10386 91 REDX10403 92
T, | OO 00 ko [OTN, |0
= =
N F N0 NN S0 HN F HN © HN ©
H ¢ N
N | | N N
Structure Q Q
HN HN
HN HN o
0}
O'Li o] o) 0
0 o OH
o} o) HO o'Li*
TPSA® 84.0 74.2 115.2 84.0 74.8 106.0
clogP? 1.98 2.21 1.72 2.85 2.23 1.59
clogDy.4" 0.12 0.51 -0.95 0.88 0.33 -1.00
Measured logD7.4 1.03 0.75 <0.2 0.78 <0.2 <0.2
Thermodynamic solubility 912 uM 228 uM 851 uM 1784 uM 2037 uM -
hERG inhibition (ICso, M) - - - - 20.6 >33
hepG2 (CCsq, pug/mL) - - - - >128 >128
0, 0,
Human plasma (100%, % 99% 93% 100% 100% 94% -
parent remaining after 2 h)

Table 33
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3.6.8

Antibacterial results: methyl/dimethyl lactone analogues

The antibacterial results for 105, 106, 109, 116 and 117 are shown below in Table 34, coloured according to the key defined in Section 3.6.1.

Redx No.

REDX10370 105

REDX10371 106

REDX10725 109

REDX10387 116

REDX10388 117

Structure

XN

N

H

N

Q

0
FN SN0

1

N

e

SIS

1

N

e

NN

N

H

N

Q

L
F = N O

1

N

e

o O
o] o} oot o] o

S. aureus ATCC29213 0.5 0.12 8 0.015 0.12

S. aureus VRS8 0.03 - 8 0.06 0.25

S. aureus NRS482 0.12 0.12 16 0.06 0.12

- S. pneumoniae ATCC49619 0.06 0.12 4 0.06 0.12
é H. influenzae ATCC49247 0.5 0.5 32 1 1
= E. cloacae NCTC13406 2 4 > 64 8 16
8 A. baumannii NCTC13420 0.25 0.25 32 0.5 1
= P. aeruginosa ATCC27853 8 16 > 64 16 32
E. coli ATCC25922 0.5 0.5 64 1 2

E. coli N43 (efflux-knockout) 0.008 0.015 2 0.03 0.06

K. pneumoniae ATCC700603 32 16 > 64 64 64

Table 34
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3.6.9 Physiochemical/ADME results: methyl/dimethyl lactone analogues

Based on the previously established guidelines, the ADME results for compounds 105, 106, 109, 116 and 117 are shown below in Table 35, coloured
according to the key defined in Section 3.6.1.

Redx No. REDX10370 105 REDX10371 106 REDX10725 109 REDX10387 116 REDX10388 117
) | L OGN
To7ON HN o F7 NS0 FFNP N0 | o N/HN o | F /HN o
N NH NH N N
Structure Q Q Q Q Q
HN HN HN HN HN
o] © o
(0] Lit O O
e} OHO Li
TPSAY 84.0 74.8 106.0 84.0 74.8
clogP* 2.60 2.11 1.73 2.88 2.43
clogD7.4" 0.63 0.21 -0.90 0.93 0.55
Measured logD7.4 1.44 0.50 <0.2 1.76 0.84
Thermodynamic solubility 1396 uM 2193 uM - 831 uM 1075 uM
hERG inhibition (ICso, M) 1.3 6.1 >33 3.6 -
hepG2 (CCso, pug/mL) 87.2 > 256 > 128 - -
Human plasma o 0 0 o o
(100%, % parent remaining after 2 h) 100% 49% 85% 96% 100%
Human S9 lung fraction 0 0
(5 mg/mL, % parent remaining after 2 h) 100% 100%
Table 35
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3.6.10

Antibacterial results: REDX10371/REDX10725 enantiomers

The antibacterial results for compounds 106 — 111 are shown below in Table 36, coloured according to the key defined in Section 3.6.1.

Redx No. REDX10371 106 REDX10725 109 | (S)-REDX10371 108 | (S)-REDX10725 111 | (R)-REDX10371 107 | (R)-REDX10725 110
FNF HN o |FY HN o | I HN o FNF HN o NS HN o NS HN 0
N N N N N N
Structure Q Q Q Q Q
HN HN HN HN HN HN
(0] © (0] o (0]
0 OHO‘L| 0 OHO'Li+ . 0
S. aureus ATCC29213 0.12 8 0.12 32 0.06
S. aureus VRS8 2 8 0.06 16 0.06
S. aureus NRS482 0.12 16 0.25 32 0.12
S. pneumoniae ATCC49619 0.12 4 0.06 4 0.06
=5 H. influenzae ATCC49247 0.5 32 0.25 16 0.5
%c E. cloacae NCTC13406 4 > 64 2 > 64 2 > 64
= A. baumannii NCTC13420 0.25 32 0.25 32 0.5 32
gl r aeruginosa ATCC27853 16 > 64 8 > 64 8 > 64
= E. coli ATCC25922 0.5 64 0.5 32 0.5 32
E. coli N43 (efflux- 0.015 2 0.03 4 0.06 4
knockout)
K. pneumoniae
ATCC700603 16 > 64 8 > 64 16 > 64
Table 36
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3.6.11

Physiochemical/ADME results: REDX10371/REDX10725 enantiomers

The ADME results for compounds 106 — 111 are shown below in Table 37, coloured according to the key defined in Section 3.6.1.

Redx No. REDX10371 106 REDX10725 109 | (S)-REDX10371 108 | (S)-REDX10725 111 | (R)-REDX10371 107 | (R)-REDX10725 110
F /HN o /HN o |F /HN o F /HN o F /HN o |F /HN o
N N N N N N
Structure Q Q Q Q Q
HN HN HN HN HN
© (0] © (0]
0 OHO'L| 0 OHO'Li+ . (0]
TPSAY 74.8 106.0 74.8 106.0 74.8
clogP* 2.11 1.73 2.11 1.73 2.11
clogD7.4" 0.21 -0.90 0.21 -0.90 0.21
Measured logD7.4 0.50 <0.2 0.52 <0.2 -
Thermodynamic solubility 2193 uM - - - - -
hERG inhibition (ICso, M) 6.1 >33 8.5 >33 6.0 >33
hepG2 (CCso, pug/mL) > 256 > 128 > 128 > 128 > 128 > 128
H I 1009
uman plasma (100%, 49% 85% 72% 100% 57% 100%
% parent remaining after 2 h)
Human S9 lung fr.ac.tlon (5 mg/mL, 100% 100% 100% i 100% i
% parent remaining after 2 h)
Paraoxonase stability (1:5 with 0 o
PBS, % parent remaining after 6 h) S 64%
Table 37
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3.7 Discussion of antibacterial and ADME results

3.71 6-substituted phenyl lactone series
3.7.1.1 Antibacterial properties of REDX10141 (59)

Following the preparation of REDX10141 59 and REDX10012 67 (Section 3.4.1 and
Section 3.4.2 respectively), assessment of antibacterial activity was required to determine if
the phenyl alternative to the pyridyl group was a successful modification. For both
compounds, an increase in antibacterial activity compared to their pyridyl counterparts was
recorded. Although replacement of the pyridyl ring in REDX08730 46 with a phenyl ring
modestly improved potency (MIC (S. aureus): REDX08730 46 = 16 pug/mL, REDX10012 67 =
2 ug/mL), this was not deemed successful enough to warrant the synthesis of similar
analogues. As a result, no further analogues with the carbonyl group of the lactone on the

opposing face to the attachment point were considered (Figure 48).

@)

NS
O
n /
N
N
O
/

S
W
A\

0
Lactones with carbonyl units on the opposite face from the linkage (red) were deprioritised

in favour of those with carbonyl units closer to the linkage point (green).

Figure 48

Of particular importance was the antibacterial activity of REDX10141 59 (Table 38).
Improved MICs (< 1 pg/mL) against key pneumonia-causing pathogens (S. aureus and
S. pneumoniae) satisfied the antibacterial potency guidelines set at the outset of the
project, indicating significant progress was made by manipulating the fused pyridyl lactone
moiety. Furthermore, as the potency of REDX10141 59 increased approximately 3-fold on
average compared to REDX08220 23, potency against A. baumannii was now observed. This
was of particular interest as A. baumannii is a notoriously difficult gram-negative pathogen

to maintain activity against, and can be prevalent in lung infections.®
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Redx No. REDX08220 23 REDX10141 59
XX XX
HN HN
N N
Structure Q Q
)
“ N0 o
) )
A. baumannii NCTC134203 32 1
-~ E. coli ATCC25922 8 2
£ H. influenzae ATCC49247 16 4
2| P.aeruginosa ATCC27853 > 64 32
= S. aureus ATCC29213 0.5 0.06
= S. pneumoniae ATCC49619 2 0.25
E. coliN43 1 0.06
E. coli gyrase supercoiling 1Cso (ug/mL) 0.49 0.06
Measured logD7.4 <0.2 0.95
Phosphate stability (pH 7.4) 68% remaining (5 h) | No degradation observed

Comparison of antibacterial properties for REDX08220 23 and REDX10141 59.
Table 38

The positive antibacterial and phosphate stability results were considered proof of concept
for the replacement of the pyridyl lactone with a phenyl lactone. The increase in potency
could be attributed either to an increase in permeability, ensuring a higher concentration of
compound reached the target, or due to an increase in target based potency. In order to
elucidate the findings, inhibition of DNA gyrase supercoiling was measured using
REDX08220 23 and REDX10141 59. As the supercoiling assay utilises the isolated enzyme,
the necessity for bacterial permeability is removed. It was determined that REDX10141 59
was over eight times more potent at inhibiting DNA gyrase supercoiling in a model system
(E. coli) than its pyridyl counterpart, REDX08220 23. Thus, the improved ability to inhibit
supercoiling confirmed an increase in target based potency, reinforcing the computationally
observed benefit in minimising the polarity of the southern group. Furthermore, it
suggested the hypothesised H-bonding interaction between the pyridyl nitrogen and
Asp1083 of DNA gyrase was of minimal importance in contributing to binding affinity,

supporting the computationally obtained results (Section 3.3.1).

Page | 115



It was hypothesised that an increase of logD7.4 may also have contributed to the increase in
potency due to higher bacterial permeability. Regardless, the reinforced boost in target
potency was used as rationale to direct the research project away from unstable fused

pyridyl lactones, and towards more active phenyl derivatives.

3.7.1.2 Optimisation of logD~4 in increasing bacterial permeability

Encouraged by the increase in potency observed between REDX08220 23 and
REDX10141 59, the synthesis of compounds that varied with respect to their northern
groups was used to search for an optimal logD;4 window that inferred maximal
permeability (Section 3.4.3). It was envisioned that small manipulations in the lipophilicity

of the compound could produce large improvements in antibacterial potency (Table 39).

Strain and optimal REDX10141| REDX10307 |REDX10159| REDX10306
permeable logD7.4 range® 59 74 75 76
H. influenzae g 4 4 2 1
atccagaar |%0 2 03§ i
-y § % = increase in potency, with increasing polarity
£
%/ S. pneumoniae |, , . 1€ E  0.25 0.5 0.5 0.5
O| ATCC49619 |™ 188
i b5 g 2 decrease in potency, with increasing polarity
£g
S. aureus g 0.06 0.25 0.25 0.25
atcc20213 |14 7 20|10
- decrease in potency, with increasing polarity
Key: <0.25 | 0.5-1 >2
clogD7.4" 0.24* 0.56 0.36 -0.07
Measured logD7.4 0.95 Estimate = 0.6 0.52 Estimate =0.1

*Calculated logDy7.4 values for methoxypyridines have been shown in the
literature to be inaccurate.”® *Calculated using ACD/Percepta 14.0.0.

Antibacterial activity for REDX10141 59, REDX10307 74, REDX10159 75 and REDX10306 76.

Table 39

Although it is broadly accepted that a two-fold difference in MIC values is within the
expected error values for the assay, it could be postulated that lowering the logD7.4 of the
analogues was accompanied by a small drop in activity against the gram-positive strains
S. aureus and S. pneumoniae. However, increasing polarity was associated with a marginal
increase in antibacterial activity for H. influenza (gram-negative). Gram-positive bacteria
tend to be more permeable to compounds with higher lipophilicities than their gram-

negative counterparts. It was therefore concluded that the observed trends in bacterial
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activity were small but consistent with the published literature surrounding bacterial

membrane permeabilities.?*

Where resources allowed, measured logD;.4 values were used to assess the accuracy of the
computationally calculated values (Table 39). Additionally, matched pair analysis allowed
for estimates for missing values, allowing trends to be postulated. Overall, calculated
logD;.4 values were seen to be fairly accurate for the series. However, important exceptions
were compounds which contained the methoxypyridine moiety in the northern group,
which were consistently calculated to be more hydrophilic than their experimentally

determined values (Figure 49).

e

Calculnted logD (ACD. pH 7.4)

Graph showing correlation between measured logD;.4 and calculated logD7.4 (using
ACD/Percepta 14.0.0) for a) ideal scenario where calculated logD7.4 equals measured logD7.4
(black, equation of the line: y = x), b) non-methoxypyridine northern groups (blue, equation

of the line: y = 0.7x + 0.2) and c) methoxypyridine northern groups (green, equation of the
line: y = 0.8x + 0.9). It was observed that the methoxypyridine northern group results in the
measured logD- .4 being consistently higher than the calculated logD-.4 (as in agreement with

Barlaam et al.”®).
Figure 49

This finding was consistent with the literature, which suggested the methoxy oxygen lone
pair may be partially conjugated with the heterocycle, increasing the lipophilicity of the

compound.” As the antibacterial activity of REDX10141 59 was not highly affected by
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simple modification of the northern group, resources were focussed upon optimising the
southern group. In order to efficiently cover as much chemical space as possible, the
7-methoxy-1,8-naphthyridin-2(1H)-one and 7-fluoro-1,5-naphthyridin-2(1H)-one northern
groups (Figure 50) were selected for further analogue synthesis. These groups spanned the
largest logD7.4 range, and both inferred acceptable antibacterial potency, highlighting their

worthiness for additional investigation.

| XX | N
~o N/ N o F = N 0
! 1
! |
7-methoxy-1,8-naphthyridin-2(1H)-one 7-fluoro-1,5-naphthyridin-2(1H)-one

Northern groups selected to provide the largest span of logD7.4 values, without negatively

affecting antibacterial activity.
Figure 50
3.7.1.3 Comparison of soft drug parents and their metabolites
In order to reinforce the potential merits of a soft drug approach to antibacterial research,

the hypothesised lactone-hydrolysed metabolites of REDX10141 59 and REDX10159 75
were prepared (Section 3.4.4), yielding REDX10142 77 and REDX10204 78 respectively.

REDX10141 REDX10142 REDX10159 | REDX10204
59 77 75 78
“Parent” “Metabolite” “Parent” “Metabolite”
AN gggg‘i”z'g i 1 > 64 4 > 128
2 ATgégzgzz 2 > 64 8 > 128
£ -
2 e o | w2 | o
= AST‘ CC’C“;;Z“f 5 0.06 8 0.25 > 128
> :T”Cegg‘;:g’e 0.25 32 0.5 > 128
E. coli glzzj?sgs/unzi)rcomng 0.06 23— 47 i i

Antibacterial potency of REDX10141 59, REDX10142 77, REDX10159 75 and REDX10204 78.
Table 40

The parent compounds, REDX10141 59 and REDX10159 75, were seen to be potent against
several key strains, including S. aureus and S. pneumoniae (Table 40). Lactone hydrolysis, to

yield REDX10142 77 and REDX10204 78 respectively, was accompanied by a dramatic loss
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of potency. It should be noted, however, that a moderate MIC of 8 ug/mL against S. aureus
was observed for REDX10142 77. This was considered either to be due to the exceptionally
high potency of the parent compound against S. aureus, or the potential of the scaffold to
ring close back to the active lactone, resulting in a small amount of perceived activity for
the metabolite against this strain. The reduction in antibacterial activity of REDX10142 77
was reinforced by the trend observed between REDX10159 75 and REDX10204 78, which
lost all antibacterial activity upon lactone hydrolysis. Additionally, measuring the ability of
the compounds to inhibit supercoiling in DNA gyrase indicated that inactivity of the
metabolite was not solely caused by poor permeability. As predicted computationally,
hydrolysis of the southern group revealed a highly polar moiety in a lipophilic region of the
active site, disfavouring binding. Thus, the antibacterial results for both the parent, and the
metabolite, are in agreement with the soft drug strategy. However, more importantly, a

difference between the cardiotoxicity of the parent and suspected metabolite was also

observed.
REDX10141 59 REDX10142 77
“Parent” “Metabolite”
R TR
N HN
e i‘g
Eng N
O
O
oL
0 OH
hepG2 (CCso) >120.8 pg/mL > 128 ug/mL
hERG (ICso) 2 uM >33 uM
100 4
- — L]
hERG - s w
inhibition | § i
profiles s :
T T TR
Cone (uVy Conc (uM)

Toxicity of REDX10141 59 and REDX10142 77.

Table 41
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Gratifyingly, the suspected metabolite was observed to be non-cytotoxic, as shown from
the high viability of the cells in the hepG2 assay (Table 41). Although a nontoxic result was
not obtained for REDX10141 59, the high value suggested further work in the area could
proceed. Additionally, it was observed that 50% inhibition (ICso) of the hERG ion channel for
REDX10141 59 was observed to occur at a low concentration of 2 uM, however this
increased to > 33 uM upon lactone hydrolysis. The cardiotoxicity trends provided useful
evidence to suggest a soft drug approach could be utilised to alleviate systemic exposure to
a compound with potent hERG inhibition. Encouraged by the generated in vitro toxicity and
antibacterial results, the potential for a soft drug therapy relied on the relative stability of

the parent and metabolite compounds to human plasma and human S9 lung fraction.

3.7.1.4 Stability studies of phenyl soft drug analogues

In order to assess the suitability of a compound to become a viable antibacterial soft drug
therapy, the stability of the compound in human plasma and human S9 lung fraction was
determined. Utilising previously validated assay conditions, the following results were

generated for phenyl lactone compounds 59 and 74 — 76 (Table 42).

REDX10141 | REDX10307 | REDX10159 | REDX10306
59 74 75 76
Measured logD7.4 0.95 0.6* 0.52 0.1*
Human plasma stability
(100% plasma, 96% 82% 70% 75%
% remaining after 2 h)
Human S9 lung fraction
stability (5 mg/mL, % 100% - 95% -
remaining after 2 h)

*Value predicted using previously observed trends. Human plasma and human S9 lung

fraction stability for soft drug probe compounds 59 and 74 - 76.

Table 42

Although the compounds were observed to be highly to moderately stable in human
plasma, a window of stability was observed between human plasma and human S9 lung
fraction. Of particular interest was REDX10159 75 which was identified to be partially
metabolised in human plasma, but stable within the lung media, suggesting potential

metabolism by paraoxonase.

In addition, a possible trend between instability and logDs.4 was identified from the series.
Namely, a decrease in lipophilicity was associated with an increase in metabolic lability.

Unfortunately, investigations connecting logDs. and paraoxonase metabolism have not
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been reported within the literature to date. As a result of the computational investigation
into the plausible binding mode of NBTI substrates within paraoxonase (Section 2.8.3), a
potential involvement of the northern group to binding was observed. Although the bicyclic
system was predicted to protrude from the enzyme, a nearby collection of lipophilic
residues may be involved in binding within this area. As a result, small changes in the
lipophilicity of the northern group may have an effect on the affinity for the active site,
providing potential rationale for the differing metabolic rates of similar substrates. Further
analogue synthesis spanning a larger logDs4 range could help identify an ideal logD7.4
window for paraoxonase metabolism. However, it was considered that a further decrease
in logD7.4 would be counterproductive with regards to antibacterial activity, particularly
against the target gram-positive pathogens. Therefore, an alternative method to improve

the stability profile, while maintaining antibacterial potency, was required.
3.7.2 7-substituted phenyl lactone series
3.7.21 Assessment of alternative connection point in DNA gyrase

With preferential northern groups selected, focus was placed on the optimisation of the
southern lactone group. Hypothesised replacements were modelled computationally, by

overlaying the published ligand and crystal structure with potential replacements.

Initially, the structure-activity relationship surrounding the attachment point to the
southern group was challenged through assessing 7-substituted bicyclic lactones and

comparing them to their 6-subsituted counterparts.

REDX101415 REDX10248 84

Computationally derived binding poses for 6-substituted (REDX10141 59, orange, left) and
7-substituted (REDX10248 84, green, right) attachment points for the southern group in

PDB:2XCS.%¢ Overlay of both compounds shown for comparison (centre).

Figure 51
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It was postulated that the connectivity of the 7-substituted bicyclic ring system (green
surface) may prevent efficient space-fit with the non-polar residues in the lipophilic pocket
(Figure 51). Additionally, a minor clash between the lactone ring and Met1075 could be
hypothesised, which may result in a decrease in binding affinity. Although the 7-substituted
derivative may not bind as efficiently as the previously synthesised 6-substituted phenyl
lactones, the alternative attachment point was thought to allow an internal H-bond to be

maintained between the aminopiperidine linker region and the carbonyl in the lactone ring

(Figure 52).
T l
N N
Alternative attachment
point
HN N-.
> H
/O
o @]
O
6-substituted benzyl 7-substituted benzyl
lactone e.g. REDX10141 59 lactone e.g. REDX10248 84

Possible internal H-bond made in 7-substituted phenyl lactone analogues.
Figure 52

The introduction of internal H-bonds is a well published strategy to increase the
permeability of pharmaceuticals through masking of polar moieties.®> Additionally,
regardless of the effect of the alternative attachment point on antibacterial activity, the
synthesis of 7-substituted phenyl lactone compounds could provide evidence to support
the computational chemistry campaign, reinforcing the merits of the current model in

providing an appropriate means for simulating the compounds.
3.7.2.2 Assessment of alternative connection point in paraoxonase

In order for the soft drug therapy to be viable, metabolism by paraoxonase was integral.
Thus, a dual targeting strategy was adopted in order to computationally screen potential
modifications to the southern group against both DNA gyrase and paraoxonase.
Consequently, a 7-substituted alternative to the previously explored 6-substituted analogue
was assessed for its ability to bind to paraoxonase in a molecular dynamics model

(Figure 53).
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Molecular dynamics interactions diagrams for a) 6-substituted phenyl analogue and

b) 7-substituted phenyl analogue in PON1 (PDB: 3SRG™3).
Figure 53

It was observed that several interactions were maintained between the 6-substituted
analogue and the 7-substituted derivative. Importantly, key interactions were observed to
be preserved between the catalytic calcium ion and the lactone region of the southern
group, consistent with the interaction that was expected to be integral to metabolism.
Furthermore, interaction with Asp183 was also maintained. Although the linear, trench-like
nature of the paraoxonase binding site is well documented,’”® no major steric clashes with
the active site were observed throughout the simulation. This was attributed to the
inherent flexibility of the molecular dynamics model, and thus the output was tentatively
accepted, pending further experimentally derived results. Subsequently, the synthesis of

7-substituted analogues was successfully performed (Section 3.4.5).
3.7.2.3 Antibacterial activity of 7-substituted phenyl lactones

In order to determine a preferential position to attach the fused phenyl lactone, and help
strengthen the computational model, the 7-substituted phenyl lactone compounds were
assessed for their antibacterial activity against a panel of key bacterial pathogens.
Comparison against matched pairs from the 6-substituted series allowed a more favourable
vector to be selected for further investigation. For comparative purposes, REDX10141 59
was used as a hit compound, from which differences in antibacterial potency could be

rationalised.

The 7-substituted analogue, REDX10248 84, was found to have reduced potency against all
the bacterial strains in question (Table 43). Furthermore, with minimal change in logD;4

being observed, this was presumed to be caused by a property independent of
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permeability. Although the data suggested lower target-based potency, this was confirmed

through obtaining supercoiling inhibition data for DNA gyrase. REDX10248 84 was seen to

be over 30 times less potent that REDX10141 59 at inhibiting DNA gyrase supercoiling,

reinforcing the preferential attachment point of the series to be at the 6-position.

Redx No. REDX10141 59 REDX10248 84
ANV
NN
N
H N
{ H
N

Structure

@

@]
O
A. baumannii NCTC134203 1 > 64
E. cloacae NCTC13406 8 > 64
E. coli ATCC25922 2 > 64
1'8‘ H. influenzae ATCC49247 4 > 64
}:2 K. pneumoniae ATCC70060 > 32 > 64
S P. aeruginosa ATCC27853 32 > 64
s S. aureus ATCC29213 0.06 2
S. pneumoniae ATCC49619 0.25 1
E. coliW4573 2 > 64
E. coli N43 0.06 4
E. coli gyrase supercoiling ICso (pug/mL) 0.06 1.96
Measured logD7.4 0.95 1.03

Table 43

Comparison of antibacterial properties for REDX10141 59 and REDX10248 84.

Gratifyingly, the poor antibacterial potency complimented the computational modelling,

which suggested a poorer fit for the active site, combined with a potential steric clash with

Met1075. Although a clear result with regards to a preferential attachment point that

inferred high antibacterial activity was determined, investigations into the influence the

connection point had on the stability of the scaffold were also undertaken. This was to

allow a structure-stability relationship to be developed alongside a structure-activity

relationship, with the intention that the data may aid future compound selection.
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3.7.2.4 Stability studies of 7-substituted phenyl lactones

The stabilities of REDX10141 59 and REDX10248 84 were measured through incubation

with human plasma, with the percentage of the parent remaining shown in Table 44.

Redx No. REDX1014159 | REDX10248 84
Human plasma stability
(100% plasma, % remaining after 2 h)

96% 99%

Comparison of stability profiles for REDX10141 59 and REDX10248 84.

Table 44

Due to both REDX10141 59 and REDX10248 84 being highly stable, no clear difference in
the stability profiles was observed. Although the high stability of REDX10248 84 may
suggest a poor fit for the active site of paraoxonase, this could not be confirmed. Due to the
poor antibacterial and stability properties of the 7-substituted analogue, no further work

was performed on compounds utilising this attachment point to the southern group.

With a preferred configuration of southern group identified, further investigations into the
structure-activity and structure-stability relationships of the southern group could be
undertaken. As previously outlined, a potential method of challenging the structure-activity
relationship of the series was through expanding the steric confines of the soft drug,

resulting in either increased space-fit, or clash, with the active site.
3.7.3 6-membered phenyl lactone series

Building on the results surrounding the optimal attachment point for the southern group,
challenging the SAR was continued through further alterations to the phenyl lactone
system. Guided by the increased stability of the phenyl lactone system to human plasma,
alternative methods of increasing the susceptibility of the scaffold to metabolism were
considered. Although published literature surrounding hydrolysable paraoxonase
substrates was sparse, unsubstituted, saturated 6-membered lactone rings were shown to

be metabolised more efficiently than their 5-membered analogues (Table 45).

0
Substrate E\z )

0 0
Paraoxonase activity (umol of substrate metabolised/min) 32 671

Paraoxonase metabolic activity of y-butyrolactone 118 and &-valerolactone 119.%¢

Table 45
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Although these results were not directly comparable due to the fragments not being fused

to an aromatic ring, a similar trend was desired for the soft drug analogues (Table 46).

REDX10141 59 REDX10359 90
Substrate /@O P o
O o)
Plasma stability (100% plasma, 96% Unknown but
% parent remaining after 2 h) ° hypothesised to be <100%

Percentage of substrate remaining for REDX10141 59 and REDX10359 90.

Table 46

As a result, computational overlays of potential 6-membered phenyl lactone compounds
were used as an initial screen of target compound suitability, with respect to binding to

DNA gyrase and paraoxonase, prior to synthesis.
3.7.3.1 Assessment of 6-membered phenyl lactones in DNA gyrase

Of particular interest was the effect a larger ring system may have on binding to the active
site of DNA gyrase. In particular, the influence of the increased steric bulk of the southern
group, and how the larger ring size may alter the positioning of the lactone carbonyl unit,
were monitored during potential replacements. Computationally simulated overlays were
used to assess possible modifications, and the resulting effects on binding to DNA gyrase

that may occur.

REDX10141 59 REDX10359 90

) ~
BN i
A

Computationally derived binding poses for 6,5-phenyl lactone (REDX10141 59, blue, left)
and 6,6-phenyl lactone (REDX10359 90, orange, right) in PDB:2XCS.%¢ Overlay of both

compounds shown for comparison (centre).

Figure 54
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As a result of the computational work performed on the scaffold, 6,6-phenyl lactone
systems were hypothesised to be tolerated within the active site of DNA gyrase (Figure 54).
It was observed that a minor increase in steric bulk in the lipophilic pocket resulted in
minimal clash with the active site, and may result in a higher degree of lipophilicity along
this vector. Furthermore, it could be hypothesised that the additional methylene unit in the
6,6-phenyl lactone may push the polarity of the lactone carbonyl away from the lipophilic
pocket in DNA gyrase, favouring binding. Encouraged by the initially positive results,

computational evaluation of the 6,6-phenyl lactone in paraoxonase was performed.
3.7.3.2 Assessment of 6-membered phenyl lactones in paraoxonase

In order to predict the susceptibility of the scaffold to metabolism by human plasma,
computational evaluation was used. As a result, the 6,6-phenyl lactone alternative to the
previously explored 6,5-phenyl lactone was assessed for its ability to bind to paraoxonase in

a molecular dynamics model.

REDX10141 59 REDX10359 90

A H

£y ’

19 NH. "
) . e
o by )

A
" 3
Al A

e

Molecular dynamics interactions diagrams for a) 6,5-phenyl lactone analogue 59 and

b) 6,6-phenyl lactone analogue 90 in PON1 (PDB: 3SRG"3).
Figure 55
It was observed that several interactions were maintained with the 6,6-phenyl lactone
system. Crucially, interactions between the carbonyl group of the lactone and the catalytic
calcium ion within the active site were observed to be maintained, suggesting the increase

in ring size did not have a detrimental effect on binding to the active site of paraoxonase.
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Although the remainder of observed interactions made between the substrate and the

enzyme active site were inconsistent between ligands, this was considered to be due to the

inherent flexibility of the molecular model. As no major steric repulsions were observed for

the 6,6-phenyl lactone scaffold, the synthesis of these analogues was successfully

completed (Section 3.4.7), affording material that could be biologically assessed.

3.7.3.3

Antibacterial activity of 6-membered phenyl lactone series

In order to determine if a 6,6-phenyl lactone southern group was tolerated within the

active site of DNA gyrase, REDX10359 90 was assessed for its antibacterial activity against a

panel of key bacterial pathogens, and compared to REDX10141 59.

Redx No. REDX10141 59 REDX10359 90
XN XN
N HN
N N
Structure Q Q
HN
(0]
)
o) O
A. baumannii NCTC134203 1 0.25
E. cloacae NCTC13406 8 4
E. coli ATCC25922 2 0.5
2 H. influenzae ATCC49247 4 1
? K. pneumoniae ATCC70060 >32 32
S P. aeruginosa ATCC27853 32 16
s S. aureus ATCC29213 0.06 0.06
S. pneumoniae ATCC49619 0.25 0.06
E. coli W4573 2 1
E. coli N43 0.06 0.015
E. coli gyrase supercoiling ICsp (ug/mL) 0.06 0.03
Measured logD7.4 0.95 0.78

Comparison of antibacterial properties for REDX10141 59 and REDX10359 90.

Table 47

The 6,6-phenyl lactone was not only observed to be tolerated within the active site of DNA

gyrase, but preferred. A boost in antibacterial activity was seen across nearly all the tested
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bacterial strains, reinforcing a higher degree of binding affinity for the target (Table 47).
This hypothesis was confirmed through the observation of improved DNA gyrase
supercoiling inhibition activity of REDX10359 90. Gratifyingly, the results reinforced the
merits of a computational approach to compound selection, which indicated greater space-
fit for the active site could be tolerated with a larger ring size, and that lipophilicity in this

area of the ligand may result in increased binding affinity.
3.7.3.4 Stability studies of 6-membered phenyl lactones

Encouraged by the improved antibacterial activity of the 6,6-phenyl lactone scaffold,
human plasma stability was of key importance for understanding the structure-stability

relationship of the series.

Redx No. REDX10141 59 | REDX10359 90
Human plasma stability
(100% plasma, % remaining after 2 h)

96% 100%

Comparison of stability profiles for REDX10141 59 and REDX10359 90.
Table 48

It was observed that both REDX10141 59 and REDX10359 90 were stable within human
plasma (Table 48). The lack of metabolism found upon incubation with human plasma
suggested an increased lactone ring size was not an appropriate modification to improve
the plasma instability, challenging the existing literature surrounding hydrolysable
paraoxonase substrates. As a result of computational assessment of the 6,6-phenyl lactone
system, no striking steric clashes were observed between the ligand and the active site of
paraoxonase. However, it could hypothesised that the increased steric bulk of the larger
fused system may subtly prevent efficient binding to the active site of paraoxonase,
preventing metabolism from occurring. The slight change in steric bulk could be minimal,
precluding its observation in the molecular dynamics simulations. Furthermore, no
metabolic rates of fused systems identical to the lactones in question have been described

in the literature, further complicating the understanding of the experimental results.

As no steric clashes with the active site of paraoxonase were observed throughout the
current computational effort, a possible modification of the electronics of the lactone ring
system could be an unfortunate detrimental result of the increase in ring size. In order to
assess the potential differences in electronic nature of the 6,5- and 6,6-lactone rings,

computational analysis using Spartan’14 allowed possible changes in electronic density to
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be estimated. A ground state equilibrium geometry optimisation was performed on
REDX10141 59 and REDX10359 90, initially using semi-empirical AM1 to find a starting
geometry, then density functional theory (DFT) at the B3LYP/6-31G* level to obtain a more
accurate equilibration geometry. Both calculations were performed with the ligand in a

vacuum, assuming a neutral charge.

REDX10141 59 REDX10359 90

Lowest energy geometry (using Spartan’14, (v1.1.10)) of REDX10141 59 and REDX10359 90,

highlighting the differing charge on the carbonyl carbon with varying lactone ring size.

Figure 56

It was predicted from the computationally derived geometry that REDX10141 59 had less
polarised lactone oxygen atoms, resulting in a lower partial positive charge residing on the
lactone carbonyl-carbon atom (Figure 56). Consequently, this should infer a higher affinity
for the lactone carbonyl in REDX10359 90 to be attacked by a nucleophile. However, this
was not observed experimentally, with no appreciable difference in the percentage of

parent remaining after 2 hours being recorded.

Alternatively, as a result of the in-house generated experimental data, differences in
metabolic rate could tentatively be attributed to trends in lipophilicity. It could be
postulated that a change in logD7.4 for the 6-membered lactones may result in a change in

metabolic rate, as observed for similar analogues of REDX10141 59 (Section 3.7.1.4).

Further work in this area would be required to rationalise the observed trends.
In particular, the stability of additional 6,6-phenyl lactone analogues, and a crystal structure
of the ligand within paraoxonase could aid rationalisation of the observed experimental
results. However, as high human plasma stability was undesirable for the research project,
no further investigation into the stability of the 6,6-phenyl lactone series was initiated.
Conversely, understanding toxicity trends for the series was deemed worthwhile and may

aid future compound selection.
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3.7.3.5 Toxicity studies of 6-membered phenyl lactone series

To increase the understanding of cytotoxicity and cardiotoxicity trends for the soft drug
series’, REDX10403 92 was successfully prepared (Section 3.4.8) and profiled in comparison
to the parent compound REDX10386 91 for hepG2 cell viability and hERG inhibition.

REDX10386 91 REDX10403 92
Redx No. p P > 7
Parent Metabolite
m m
F7F ; 0 F ; 0
N N
Structure Q I/\g
HN HMN
@] O
O HO oL’
hepG2 (CCso) > 128 pug/mL > 128 pug/mL
hERG (ICso) 20.6 uM >33 uM
hERG inhibition profile 12 ' : .
; 0. ' w0 n| ¥ 1 L
Cone | Cone M)

Cytotoxicity and cardiotoxicity results for REDX10386 91 and REDX10403 92.
Table 49
Gratifyingly, both REDX10386 91 and its suspected metabolite 92 were found to show no
cytotoxicity when incubated with hepG2 cells (Table 49). Furthermore, the reduction in
hERG channel inhibition observed between the parent and suspected metabolite provided
additional evidence for the merits of a soft drug approach to reducing the cardiotoxicity of

a series.
3.7.3.6 Summary of research progress

In order to highlight the progress made throughout the research project, a first generation
compound (REDX08220 23) and a second generation compound (REDX10386 91) were
compared for their suitability as a soft drug against the predefined target criteria

(Table 50).
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The potency of the soft drug compounds were successfully improved to satisfy the target

criteria for antibacterial activity, yielding compounds with activity against the target

pathogens of < 1 pg/mL. More importantly, the stability of the scaffold was improved,

preventing premature degradation in buffered conditions, simplifying the collection of

physiochemical and stability data. As a result of the increased chemical stability, the

unfortunate consequence of higher plasma stability has also been observed. Overall, this

was determined to be the key parameter required to progress the soft drug series further.

Redx No. REDX08220 23 REDX10386 91
SOL | OO
; S
N N
Structure T? rggt Q Q
criteria
HN
)
Z 0 ]
] ]
= S. aureus ATCC29213 0.5 0.12
S
% |S- pneumoniae ATCCA9619 <1 2 0.12
3
S | H. influenzae ATCC49247 16 1
2 | p. geruginosa ATCC27853 | (or < 1) > 64 16
0,
Stability to buffered conditions| Stable 696 parent Stable
remaining after 5 h
Plasma stability o 0 0
(% parent remaining after 2 h) <50% 2% 94%
S9 lung fraction stability Stable Stable Stable
hepG2 Parent >128 > 128 > 128
(CCso, pg/mL)| Metabolite >128 >128 >128
hERG Parent - >33 20.6
(ICs0, UM) Metabolite >33 >33 >33

Project progress from initial hit compound REDX08220 23 to REDX10386 91.

Table 50

Due to the high plasma stability of the 6,6-phenyl lactone series, no further optimisation

was performed on this scaffold. Instead, alternative southern groups which could be used

to improve the metabolic profile were prioritised. Computational- and literature-guided
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methods were utilised to optimise the synthetic effort, challenging the structure-activity

and structure-stability relationships of the series.

3.74 3-methyl and 3,3-dimethyl phenyl lactone series’

Building on the previously investigated southern group modifications, a method of
optimising the metabolic instability of the phenyl lactone portion was still required. The
promising antibacterial activity of REDX10306 76 provided a suitable starting point, from
which alterations could be made to encourage plasma instability. Examination of the
literature surrounding paraoxonase-metabolised substrates, and monitoring for trends that
were reported, allowed potential modifications to be highlighted. As a result, a possible
method of increasing the hydrolytic nature of the southern lactone was proposed,

emanating from work published by Draganov et al.8®

0 0
O
Substrate o
8 °
PON1 activity (umol of
substrate metabolised/min) 32 45 N/A

PON1 activity of y-butyrolactone 118, y-valerolactone 120 and y-isocaprolactone 121.8¢
Table 51

It was found that methylation of the 5-position of y-butyrolactone 118 resulted in increased
metabolic activity of the substrate (Table 51). However, the result of dimethylation at the
5-position, yielding lactone 121, was unreported. As with the 6,6-phenyl lactone series, no
direct comparison in the literature was available, however, a similar trend was proposed

(Table 52), warranting further assessment of the targets.

REDX10306 76 REDX10371 106 | REDX10388 117
o . 0 . 0
Substrate ~ ~ ~
0 0 0
Human plasma stabilit Unknown, but
(% parent rzmainin aftery2 h) 75% hypothesised to Unknown
°P g be <100%

Percentage of substrate remaining for REDX10306 76, REDX10371 106 and REDX10388 117,

when incubated with human plasma.

Table 52
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Importantly, although the introduction of a methyl group at the 3-position may increase
metabolic instability, the introduction of a stereogenic centre could also increase the
complexity of the evaluation of the targets. Careful consideration to each enantiomer
would have to be given, to allow a balanced assessment of the target compounds.
Furthermore, it was acknowledged that methylation and dimethylation would increase the
steric bulk of the lactone. Therefore, evaluation of the proposed modifications to the target
were first computationally undertaken, allowing initial understanding of the binding to DNA

gyrase subunit A and paraoxonase independently, prior to initiation of the synthesis.
3.74.1 Assessment of 3-methyl phenyl lactone series in DNA gyrase

Upon selection of potential modifications to the soft drug scaffold, assessment was
continued with computationally simulated overlays being generated for the new targets in
the crystal structure of DNA gyrase subunit A (PDB: 2XCS%*). Particular attention would be
paid to the steric effect of adding subsequent methyl groups to the lactone ring, and

whether this induced a steric clash with the lipophilic residues in the active site.

REDX10306 76 ’ (R)-REDX10371 107 REDX10388 117

Computationally derived binding poses for 6,5-phenyl lactone (REDX10306 76, green, left)
3-methylated ((R)-REDX10371 107, orange, centre) and 3,3-dimethylated analogues
(REDX10388 117, blue, right) in DNA gyrase (PDB: 2XCS3®), visualised using Maestro (v10.6).

Figure 57

It was observed from the computational overlays that methylation and dimethylation
increased the steric bulk of the ligand, as expected (Figure 57). However, the result of
3-methylation was hypothesised to be tolerated within the active site of DNA gyrase, and
no major steric clashes were observed. Although (S)-REDX10371 108 was not explicitly
modelled, it was proposed that it would be equally tolerated due to the symmetrical nature
of the DNA gyrase binding pocket (Section 2.1). Additionally, the introduction of non-polar

substituents in the lipophilic pocket may increase the affinity of the compound for the
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active site, causing a potential increase in antibacterial activity. It could be postulated that
REDX10388 117, the result of 3,3-dimethylation of REDX10306 76, may cause a subtle clash
with the active site, however, this was not conclusive. As no major prohibitive interactions
were observed between the hypothesised compounds and the active site of DNA gyrase,
further computational assessment of the soft drug targets was continued within a

paraoxonase model system.
3.74.2 Assessment of 3-methyl phenyl lactone series in paraoxonase

The resulting overlays of REDX10306 76, (S)-REDX10371 108 and REDX10388 117 within the

active site of paraoxonase (PDB: 3SRG’®) are shown in Figure 58.

REDX10306 76 (S)-REDX10371 108 REDX10388 117

Y

Computationally derived binding poses for 6,5-phenyl lactone (REDX10306 76, green, left),

3-methylated ((S)-REDX10371 108, orange, centre) and 3,3-dimethylated derivative
(REDX10388 117, blue, right) in paraoxonase (PDB: 3SRG”3), visualised using Maestro
(v10.6).

Figure 58

It was observed that subtleties in the steric bulk of the lactone containing region of the
scaffold may have a large influence on the ability of the compound to bind to the active site
of paraoxonase. The non-decorated compound, REDX10306 76, was hypothesised to fit the
confines of the active site. Furthermore, the 3-methylated compound, (S)-REDX10371 108,
challenged the steric confines of the active site, but seemed to be tolerated. Importantly,
the 3,3-dimethylated compound, REDX10388 117, was found to be too bulky for the active
site, with the methyl groups and lactone carbonyl observed to protrude against the
computationally simulated surface. Although this effect was subtle, the metabolic rate of
REDX10388 117 may be effected by the increase in bulk observed through

3,3-dimethylation, preventing access to the active site of paraoxonase, or through sterically
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preventing the attack of water to the carbonyl through blocking the Biirgi-Dunitz angle of
attack. Further assessment of each enantiomer of REDX10371 106 proceeded, to generate

a hypothesis as to which isomer could be preferentially degraded by paraoxonase.

(R)-REDX10371 107 (S)-REDX10371 108

4

> Xl

4

T
\\ >

\

i) ‘
"'?/,/’/ \). 4 J

Simulated binding poses for (R)-REDX10371 107 (yellow surface, left) and (S)-REDX10371

108 (blue surface, right) in paraoxonase (PDB: 3SRG3), visualised using Maestro (v10.6).
Figure 59

Although the exact mechanism of substrate hydrolysis by paraoxonase is the subject of
debate, the generally accepted mechanism involves the shuttling of a water molecule from
His115 to the reactive carbonyl centre of the ligand. It was therefore hypothesised that
minimising steric bulk near His115 may result in a more rapidly hydrolysed substrate. Thus,
(S)-enantiomer 108 seemed to project steric bulk into a space that may prevent efficient
attack of the water molecule, whereas (R)-enantiomer 107 may encourage hydrolysis by
removing this hindrance (Figure 59). However, due to complexities in synthesis, and in
order to provide evidence to support the computational effort, both isomers were
prepared according to the method outlined in Section 3.4.9, and their separation was

undertaken by chiral supercritical fluid chromatography (Section 3.4.10).

Following the separation of both enantiomers, absolute configuration was required. Due to
limitations in being able to obtain crystals of sufficient quality for X-ray crystal structure
analysis, an alternative method of structural determination was necessary. Optical rotation
was utilised to tentatively assign each enantiomer, on the assumption that their optical
rotation paralleled the optical rotation of similar analogues from the literature. Substituted
(R) and (S) analogues were observed to have the same direction of optical rotation;

negative rotation for (S)-enantiomers and positive rotation for (R)-enantiomers (Table 53).
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(S)-enantiomers (R)-enantiomers
0 0
X X
o L
Conc. Conc.
Ref. | %ee | [a] (2/100 mL) Ref. | %ee [a] (2/100 mL)
H 99 | -39.5 H 95 | +37.1 0.83
Me a7 99 | -36.0 1 Me 97 | +31.8 0.84
F 99 | -19.6 cl 88 93 | +32.9 1.44
Cl 99 | -33.7 Br 93 | +34.7 0.68
NO; 93 | -28.6 0.37 CO,Et 93 | +20.4 0.91
CO;Me | ® 95 | -27.2 0.50 .
C(CHa)s 98 | 283 163 All Ilt‘erature values measured
OMe = 99 | -17.4 0.50 in CHCls as a solvent

Measured optical rotation values for enantiomers of phenyl lactone fragment.
Table 53

It was acknowledged that this method of assignment could not conclusively prove absolute
configuration. However, as clear trends were observed from the literature, the compounds
were cautiously assigned (R) and (S) on the basis of direction of their optical rotation
(Table 54). The enantiomer with the negative alpha value was tentatively assigned as

(5)-REDX10371 108, whereas the positive alpha value was tentatively assigned as

(R)-REDX10371 107. Antibacterial analysis of the compounds could then proceed.

(S)-REDX10371 108

(R)-REDX10371 107

L
|
F = N

N

-
X

0]

1
|
F = N

TN
H (e
ENQ
HN

N O
N

[a]3%=-10.2 at 0.171 g/100 mL

[a]30 = +13.7 at 0.168 g/100 mL

Tentative assignment of enantiomers based on direction of optical rotation.

Table 54
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3.74.3 Antibacterial activity of 3-methyl phenyl lactone series

Following the successful synthesis of alkylated compounds 106 and 117 (Section 3.4.9 and
Section 3.4.12), their antibacterial properties were determined (Table 55). Comparison

against REDX10306 76 allowed trends in activity to be highlighted.

Redx No. REDX10306 76 REDX10371 106 REDX10388 117
N
=
F = NYe) F /HN O F HN 0
Structure Q Q Q
HN HN HN
0 @) O
0 @) @]
A. baumannii
NCTC134203 4 0.25 !
E. coli
ATCC25922 4 0.5 2
H. influenzae
ATCC49247 1 0.5 !
2| k pneumoniae
S 1
?:f ATCC70060 o4 6 64
~ | P.aeruginosa
O 1
S ATCC27853 o4 6 32
S. aureus
ATCC29213 0.25 0.12 0.12
S. pneumoniae
ATCCA9619 0.5 0.12 0.12
E. coli W4573 4 0.5 1
E. coli N43 <0.06 0.015 0.06
Measured logD7.4 0.1 (estimate) 0.43 0.84

Antibacterial properties for REDX10306 76, REDX10371 106 and REDX10388 117.
Table 55

The antibacterial results proved that the additional steric bulk of the ligand was not only
tolerated within the active site of DNA gyrase, but preferred. The potency was found to
improve approximately 2 to 3-fold against the majority of tested pathogens, agreeing with

the proposed effect of incorporating lipophilic moieties within the southern pocket of DNA
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gyrase. Furthermore, increasing the logD;.4 of the analogues may have resulted in higher
bacterial permeability, increasing potency. The antibacterial activities of REDX10371 106
and REDX10388 117 were in line with the predefined target profile for a potential soft drug,
as determined at the start of the research programme (Section 2.10). Profiling of the
3-methylated series continued by assessing each enantiomer of REDX10371 106
(as obtained in Section 3.4.10) against the panel of bacterial isolates, including strains of

antibiotic resistant S. aureus (Table 56).

Redx No. REDX10371 106 (R)-REDX10371 107 | (S)-REDX10371 108

LT, LT
F7NON FN N F7NEON
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Structure Q Q Q
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0] O @]
o] ~ 0 O
A. baumannii
NCTC134203 0.25 0.5 0.25
E. coli
ATCC25922 0.5 0.5 05
H. influenzae
g ATCCA9247 0.5 0.5 0.25
| P.aeruginosa
| ATCC27853 16 8 8
S | S. pneumoniae
ATCCA9619 0.12 0.06 0.06
S. aureus
ATCC29213 0.12 0.06 0.12
S. aureus VRS8 - 0.06 0.06
S. aureus NRS482 0.12 0.12 0.25

Comparison of antibacterial properties for the racemate and both enantiomers of

REDX10371 106, against the bacterial panel, including drug-resistant strains of S. aureus.
Table 56

Enantiomers 107 and 108 were found to be within one-fold as active against the tested
bacterial strains, highlighting the non-discriminatory nature of the symmetrical NBTI

binding site (Section 2.1). To reinforce the merits of targeting a non-fluoroquinolone
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binding site, two strains of S. aureus were selected with differing resistance profiles, in

order to determine if any cross-resistance was observed. S. aureus VRS8 is known to be a

multi-drug resistant strain of MRSA, which has grown resistance to both vancomycin and

clinically utilised fluoroquinolones. S. aureus NRS482 is a similarly resistant strain, which is

resistant to erythromycin and fluoroquinolones. Potency was retained against the resistant

strains, suggesting an alternative to the fluoroquinolone binding site was being targeted.

The ability to maintain activity against relevant drug-resistant bacterial strains was an

important milestone for the research project, reinforcing the merits of targeting a novel

binding site. Subsequently, the synthesis of the hypothesised metabolites (Section 3.4.11)

highlighted the reduction in antibacterial activity observed upon lactone hydrolysis.

Redx No. REDX10725109 | (R)-REDX10725 110 | (S)-REDX10725 111
NS HN o |7 HN o |7 HN )
N N N
Structure Q Q Q
HN HN HN

0] (0] (0]
OHO'Li+ N OHO'Li+ OHO'Li+
o | = : :
ATE'C;(;ISQZZ 64 32 32
S| e | = sz :
%‘2 P A?ZQ “ggg;" > 64 > 64 > 64
| e | z ;
ATcCa213 : : -
S. aureus VRS8 8 4 16
S. aureus NRS482 16 8 32

Comparison of antibacterial properties for the racemate and both enantiomers of

REDX10725 109, against the bacterial panel, including drug-resistant strains of S. aureus.

Table 57

Page | 140



The potency of hydrolysed compounds 109 — 111 confirmed a large drop in antibacterial
activity, consistent with the soft drug targeting strategy. However, it was observed that
antibacterial activity was not completely removed upon hydrolysis. This was proposed to be
due to the highly potent nature of the parent compound, resulting in residual activity
remaining upon metabolism. Furthermore, the possibility of lactone re-formation during
the assessment of antibacterial activity may result in potency being falsely attributed to the

hydroxy-acids, although it would, in fact, be caused by the ring-closed material.
3.7.4.4 Frequency of resistance of 3-methyl phenyl lactone series

An important parameter to monitor in antibacterial drug discovery is the speed at which
drug-resistant bacterial strains can emerge. In order to assess this, the frequency of
resistance to a certain antibacterial is commonly determined through single passage of the
bacterial culture, followed by testing the resultant mutants to a dose of antibiotic equal to
multiples of the MIC. In essence, the assay measures the spontaneous emergence of
resistant bacteria to a given antibiotic, allowing conclusions to be drawn regarding the
rapidity of resistance emerging in a clinical setting. The result is given as a number, relating
to the frequency at which resistance to the antibiotic arises. For example, in-house analysis
of gepotidacin 9 yielded a frequency of resistance against S. aqureus ATCC29213 of
2.03 x 107, which refers to a single resistant strain in approximately every 20 million
bacteria. In order to determine how a soft drug approach to antibacterial research may
affect the observed frequency of resistance, REDX10370 105 and REDX10387 116 were
selected for assessment, and compared to known antibacterial compounds

ciprofloxacin 122 and gepotidacin 9 (Table 58).

It was observed that although the tested compounds were more susceptible to resistance
mechanisms than ciprofloxacin 122, which binds in the fluoroquinolone binding site, they
were equally as susceptible as gepotidacin 9, a GlaxoSmithKline NBTI-type compound,
currently in Phase Il clinical trials. Encouragingly, this data suggested a soft drug approach
to antibacterial research did not detrimentally affect the frequency of emergence of
resistant strains. One limitation to the study is the lack of information regarding the fitness
and viability of the resistant mutants. This is particularly important as the mutation may be
associated with an unacceptably high energy sacrifice, preventing the mutants from being
able to be particularly virulent. Further studies would need to be performed in order to

sequence the mutant strains and determine the mutation which results in resistance.
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Compound Frequency of Resistance (4 x MIC)
Ciprofloxacin 122 4.45 x 10°
Gepotidacin (in-house data) 9 2.03 x 107
REDX10370 105 1.14 x 107
REDX10387 116 9.30x 108

Frequency of resistance (S. aureus ATCC29213) for soft drug and literature compounds.
Table 58

Furthermore, frequency of resistance can be reduced by increasing the concentration of
the compound. Although measuring the frequency of resistance is commonly performed at
4 times the minimum inhibitory concentration, when gepotidacin was tested at
concentrations of 8 times the MIC, the frequency of resistance fell to < 8.56 x 10°. This
suggested higher blood levels of the drug could delay the emergence of resistance
pathogens. Further testing of key soft drug analogues at higher concentrations could show

similar trends, and would be required before a clinical candidate could be selected.
3.7.4.5 Toxicity of 3-methyl phenyl lactone series

Due to the positive influence of 3-methylation and 3,3-dimethylation on the antibacterial
properties of the soft drug series, further assessment progressed. Cardiotoxicity (hERG
channel inhibition) and cytotoxicity (hepG2 cell viability) were measured to determine the

toxicity of the parent compounds in comparison to their suspected metabolites (Table 59).
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(R)-REDX10371 107

(S)-REDX10371 108
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Cytotoxicity and cardiotoxicity results for methylated lactone compounds.

Table 59
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Gratifyingly, both the parents and suspected metabolites were found to show no
cytotoxicity when incubated with hepG2 cells (Table 59). Furthermore, the reduction in
hERG channel inhibition observed between a parent and suspected metabolite pair
provided additional evidence for the merits of a soft drug approach to minimising the
cardiotoxicity of a series. Importantly, each hydrolysed metabolite was found to be hERG
inactive, with minimal inhibition being observed at the maximum concentration of 33 uM,

highlighting the utility of such an approach.
3.7.4.6 Stability studies of 3-methylated phenyl lactone analogues

Encouraged by the antibacterial activity, toxicity and frequency of resistance profiles for the
methylated lactone scaffolds, human plasma and S9 lung stabilities of the series’ were

measured to allow further development of the structure-stability relationship.

Redx No REDX10306 REDX10371 REDX10388
' 76 106 117
Human plasma stability . . .
(100% plasma, % remaining after 2 h) I 49% 100%
Human S9 lung fraTct.|0n stability ) 100% ]
(5 mg/mL, % remaining after 2 h)

Comparison of stability profiles for REDX10306 76, REDX10371 106 and REDX10388 117.
Table 60

When incubated with human plasma, REDX10388 117 was observed to be stable, whereas
REDX10306 76 was seen to be partially metabolised. Gratifyingly, REDX10371 106 was
found to be metabolised to a greater extent, with an approximate half-life of 2 hours
(Table 60). In comparison, upon incubation with human S9 lung fraction, REDX10371 106
was shown to be stable, with no metabolism being observed after 2 hours, reinforcing the
strategy of selective targeting of a metabolising enzyme present in plasma but not in the
lungs. This result was in agreement with the literature, which suggested methylation may
increase the rate of metabolic decay.® Furthermore, evidence was obtained to support the
computational model, which suggested 3,3-dimethylation may sterically prevent the attack

of the carbonyl from a nearby water molecule.
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(R)-REDX10371 107 REDX10388 117

Simluations of (R)-REDX10371 107 and REDX10388 117 in paraoxonase (PDB: 3SRG”3),

visualised using Maestro (v10.6).
Figure 60

As observed from the computationally derived binding mode (Figure 60), the Biirgi-Dunitz
angle of attack may be sterically blocked from by flanking methyl groups in REDX10388 117.
However, due to the less sterically hindered conformation of (R)-REDX10371 107, the angle
of attack is no longer obstructed. Furthermore, as previously suggested (Section 3.7.4.2),
each enantiomer of REDX10371 106 may be metabolised at different rates by paraoxonase,

due to the natural chirality of enzymes, and the proximity to His115.

Redx No. REDX10371 106 | (R)-REDX10371 107 | (S)-REDX10371 108
Human plasma stability
(100% plasma, 49% 57% 72%

% remaining after 2 h)
Human S9 lung fraction

stability (5 mg/mL, 100% 100% 100%
% remaining after 2 h)

Stability profiles for REDX10371 106, (R)-REDX10371 107 and (S)-REDX10371 108.
Table 61

It was observed that both enantiomers degraded upon incubation with human plasma
(Table 61). This result countered the prediction generated from the computational model,
in which it was predicted that (S)-REDX10371 108 may be stable due to the steric hindrance
provided by the methyl group. The observed instability of (S)-REDX10371 108 could indicate
metabolism by other enzymes within the plasma, or could suggest the binding site within
paraoxonase is more flexible, and therefore able to accommodate more steric bulk, than
previously hypothesised. The steric confines of the active site could be assessed through

increasing the steric bulk of the alkyl group by using alternatives such as ethyl, propyl or iso-
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propyl groups. Additionally, obtaining an X-ray crystal structure of an NBTI-type inhibitor
bound within paraoxonase would aid elucidation of the binding mode, and could explain

the similarity in plasma instability between the enantiomers of REDX10371 106.

Encouraged by the differential stability profiles upon incubation with human plasma and
human S9 lung fraction, the ability to develop the soft drug series relied on the ability to
prove instability was due to paraoxonase-based metabolism. Although all experimental
evidence thus far, combined with computational support, suggested metabolism by
paraoxonase, this was to be confirmed by assessing stability against the isolated enzyme. As
this type of stability assay was not routinely performed within the pharmaceutical industry,
in-house development of conditions was undertaken, yielding a robust, useable and reliable
assay. Due to the cost implications of obtaining isolated active paraoxonase enzyme, only
the most promising compounds were assessed for their stability. (R)-REDX10371 107 and
(S)-REDX10371 108 were therefore incubated with a buffered solution of paraoxonase
enzyme and samples at each time point were taken and analysed for both the parent

compound remaining, and the existence of the suspected metabolite.

Metabolism of REDX10371 enantiomers by PON1

100 o—o ; ¢ (R)-REDX10371 107
90 i metabolism by PON1
80 =

—— " (R)-REDX10725 110
'3

]

% 60 — formation by PON1

Q

£ 50

S a0 (S)-REDX10371 108

= 30 metabolism by PON1
20

A (S)-REDX10725 111

12 ._._.E‘E__.__=-==qgf=‘=‘ formation by PON1
0 100 200 300
Time (min)
Redx No. (R)-REDX10371 107 | (S)-REDX10371 108
e
Formation of hydrolysed metabolite 6% 7%

(% formation after 6 h)

Paraoxonase stability for (R)-REDX10371 107 and (S)-REDX10371 108.

Figure 61
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It was determined that both enantiomers of REDX10371 106 were unstable to paraoxonase,
with a decrease in the parent compound concentration, and an increase in the
concentration of the suspected metabolite, being observed (Figure 61). It could be
hypothesised that other metabolites may be being formed due to the difference between
the trends for metabolism of the parent compounds, and the formation of the metabolites.
However, this was determined to be caused by the difference in chromophore strength
between the parent and the metabolite, with the metabolite having a chromophore
approximately 10 times weaker than the parent. Additionally, it would initially seem as
though the compounds were more stable in paraoxonase than in human plasma. Due to
limitations in obtaining functional paraoxonase enzyme from commercial suppliers, the
exact concentration of the enzyme supplied was unknown. Furthermore, the concentration
of paraoxonase within the plasma was also unknown, and would require full enzymatic
profiling to determine the concentrations of each enzyme contained within the pooled
plasma. As a result, the stability data for human plasma and paraoxonase cannot be
compared, and should instead be utilised in parallel. The reported data, combined with the
lack of hydrolysis within human S9 lung fraction, provided proof of concept that both
enantiomers were substrates for paraoxonase, with additional proof being observed
through the generation of the predicted ring-opened metabolite. The similar instability of
both enantiomers reinforced the limitations in the paraoxonase computational model, and
suggested a much higher level of flexibility within the active site of the enzyme than was

previously hypothesised.

As a result of the high stability of (S)-REDX10371 108 within human S9 lung fraction, and
the observed paraoxonase-based metabolism, the compound was selected for an in vivo
pharmacokinetics (PK) study, providing evidence to support the antibacterial soft drug

hypothesis.
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3.8 In vivo pharmacokinetics study of (§)-REDX10371 (108)

The positive in vitro results that were obtained for (S)-REDX10371 108 allowed the
investigation of in vivo pharmacokinetic (PK) properties of the series to follow. To ensure
the most efficient use of the animal subjects in the study, the following aims were set, prior

to designing the investigation:

1. Determine whether lung tissue concentrations following local delivery of
(5)-REDX10371 108 could be appropriately high to infer an antibacterial effect
in vivo, whilst limiting systemic exposure to below anticipated toxic levels.

2. Provide evidence to support the hypothesis that low systemic exposure was a
result of paraoxonase-based metabolism of (S)-REDX10371 108, leading to
formation of the suspected metabolite, (S)-REDX10725 111.

As a result, a PK study was designed to challenge the aims, which was split into two smaller
investigations. In the first, mice were dosed intravenously (V) with (S)-REDX10371 108
(2 mg/kg) whereas for the second portion of the study, intratracheal (IT) dosing (3 mg/kg)
ensured maximal concentrations of the parent compound entering the lungs. Although
intratracheal dosing would not be performed in a clinical setting, it was selected as the
cleanest method of ensuring the majority of the dose went directly into the lungs of the
mice. In order to comply with standard ethical practices, the number of mice used in the
study was minimal (n = 3 for each time point), and the animals were observed throughout
for any signs of ill health. During both portions of the study, the mice were euthanised at a
range of time points (0.25, 0.5, 1, 2, 3, 6, 8 and 24 h), at which, plasma and lung tissue
samples were collected. The samples were then analysed by LCMS for (S)-REDX10371 108
and its suspected metabolite, (S)-REDX10725 111, allowing concentration-time profiles to

be generated for analysis.
3.8.1 Intravenous dosing of (§)-REDX10371 (108)

Following intravenous dosing of (S)-REDX10371 108 (2 mg/kg), plasma and lung tissue
samples provided a method to study the concentration of the parent compound over the
course of the study. Results were compared to an in-house investigation performed using
GSK2140944 9 (gepotidacin), an NBTI-type inhibitor currently in Phase Il clinical trials
(Figure 62).
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Mean plasma and lung concentration-time profiles following
IV dosing (2 mg/kg) of (S)-REDX10371 (108) and GSK2140944 (9)

—@— GSK2140944 9 - Plasma

e ter T =

S35 —@— GSK2140944 9 - Lung
=1
o 3
Ss —#— (5)-REDX10371 108 - Plasma
2
15 (S)-REDX10371 108 - Lung
1
-
0.5
| )
0 — 0
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
GSK2140944 9 (S)-REDX10371 108
Plasma Lung Plasma Lung
t1/2 (h) 1.50 1.85 1.62 1.98
AUC (ng.h/mL) 664.8 3301.4 221.2 6621.7

Plasma and lung concentration-time profiles following IV doses of (S)-REDX10371 108 and
GSK2140944 9.

Figure 62

Although the given dose was predicted to be lower than that necessary to be
therapeutically effective, no ill health was observed in the mice throughout the course of
the study, providing an early positive indication of low toxicity. Both compounds were
observed to accumulate within the lungs of the mice following an IV dose, resulting in a
higher concentration of compound being observed in the lung tissue than in the plasma
(Figure 62). This was hypothesised to be a serendipitous result of the structure and polarity
of the NBTI scaffold. It was considered that the compound may pass easily from the blood
into the lungs (aided by the large blood flow available to the lungs), however the
physiochemical properties prevented its immediate re-entry to the systemic circulation,
resulting in higher concentrations observed within the lung tissue than the plasma.
Additionally, hepatic and plasma-based metabolism may decrease the concentration of

(S)-REDX10371 108 in the systemic circulation, increasing the difference between the
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observed concentrations. As it was envisioned that a successful antibacterial soft drug
would be dosed via an inhaler to minimise plasma-based metabolism, this trend, although

positive, was deemed of minimal importance.

More significantly, the exposure, as indicated from the area under the curve (AUC), was
observed to be approximately 66% lower for (S)-REDX10371 108 (221.2 ng.h/mL),
compared to GSK2140944 9 (664.8 ng.h/mL) (Figure 62). This data reinforced the potential
ability of a soft drug approach to minimise systemic exposure, and was deemed an
important milestone for the project.

Mean plasma concentration-time profiles
following IV dosing (2 mg/kg) of (S)-REDX10371 (108)

0.35
0.3
0.25
g %2 —&—(S)-REDX10371 108 - Plasma
=
£ 0.15 —@— (S)-REDX10725 111 - Plasma
o
0.1
0.05
0
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
(S)-REDX10371 108 (S)-REDX10725 111
ti2 (h) 1.62 1.21
Clearance (mL/min/kg) 146.4 -
AUC (ng.h/mL) 221.2 60.9

Plasma concentration-time profiles for (S)-REDX10371 108 and (S)-REDX10725 111
following an IV dose of (S)-REDX10371 108.

Figure 63

Throughout the IV study, the concentration of (S)-REDX10371 108 was observed to rapidly
decrease in the plasma (Figure 63). In order to elucidate whether clearance could be

rationalised by metabolism by the liver, or if an extrahepatic component was contributing,
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the clearance of (S)-REDX10371 108 was compared to literature values. Mouse liver blood
flow has been reported to be 90 mL/min/kg,*® however, clearance of (S)-REDX10371 108
was measured to be 146.4 mL/min/kg. As the clearance was recorded to be higher than the
maximum capable by the liver in a single pass, plasma-based metabolism was hypothesised

to contribute to the additional metabolic component.

The concentrations of the parent soft drug were determined to near the minimum levels
for quantification after 8 h, and have a ti; of approximately 97 min. Importantly,
(S)-REDX10725 111 was also observed to be present in the plasma samples, providing
evidence to support that metabolism of the southern ring was a prominent metabolic
route. In order to clarify if other routes of metabolism were occurring, mass spectrometry
guided metabolite identification was performed, confirming the only metabolite observed
at a significant concentration was (S)-REDX10725 111. It was therefore assumed that due to
the high polarity of (S)-REDX10725 111, biliary and urinary excretion was likely to result in
its rapid elimination from the body. In future studies, parent excretion and metabolic
routes could be understood further by collection of the bile and urine, and performing mass

spectrometry analysis on these samples.
3.8.2 Intratracheal dosing of (§)-REDX10371 (108)

Performing a parallel study of (S)-REDX10371 108 dosed intratracheally (3 mg/kg), allowed
a more appropriate representation of drug levels to be presented, through mimicking a
similar dosing regimen to that anticipated to be used within the clinic. Systemic exposure
(as indicated from the AUC values) of the parent compound was observed to be
approximately 40% lower when dosed intratracheally, highlighting that an IV dosing
regimen was likely to result in higher systemic exposure, and therefore have a greater
potential to be more hazardous in a clinical setting. Furthermore, even though a higher
dose (3 mg/kg) was given during the IT study compared to the IV study (2 mg/kg), the
systemic exposure was reduced. Comparison of IV and IT dosing regimens indicated that
high levels of drug were achieved within the lung tissue, regardless of the route of

administration (Figure 64).
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Mean plasma and lung concentration-time profiles following
IV (2 mg/kg) and IT (3 mg/kg) dosing of (S)-REDX10371 (108)
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Lung tissue concentration-time profiles following an IV or IT dose of (S)-REDX10371 108.
Figure 64

Following an IV dose, the drug compound will likely rapidly equilibrate throughout the
bodily tissue. Due to the large blood supply available to the lungs, high levels of
(S)-REDX10371 108 were observed within the lung tissue following IV administration
(Figure 64). As previously discussed, high lung tissue concentrations are commonly
observed for NBTI-type compounds, regardless of their initial design as inhaled agents. For
the IT dose, a well-defined initial absorption phase of the PK profile was observed,
consistent with delayed tissue penetration following local delivery, and partial mucociliary

airway clearance.

Furthermore, premature metabolism was not observed, with very low levels of
(5)-REDX10725 111 being observed within the lung tissue during the course of the
investigation. The varying stability properties observed for (S)-REDX10371 108 in the lung
tissue compared to the plasma was indicative of metabolism by enzyme(s) present in the

blood, but absent in the lungs. Combined with the known instability of the compound to
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paraoxonase, as determined through incubation with the isolated enzyme, it was assumed

that specific targeting of paraoxonase-based metabolism had been successfully achieved.

In order to highlight the potential merits of a soft drug approach to antibacterial research,
systemic exposure to the toxic parent compound should be minimal. To illustrate the
potential therapeutic window (green area) for (S)-REDX10371 108, the concentrations of
parent compound in the lung tissue and the plasma were compared (Figure 65), along with
boundaries indicating the antibacterial MIC for S. aureus (0.27 uM, yellow boundary) and

the hERG ICso (8.5 UM, red boundary).

Mean plasma and lung concentration-time profiles
following IT dosing (2 mg/kg) of (S)-REDX10371 (108)
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Plasma and lung tissue concentration-time profiles following IT dose of (S)-REDX10371 108.
Figure 65

The therapeutic window is thought of as a range of doses capable of producing a
therapeutic response, without causing adverse effects. Therefore, the larger the difference
between the MIC and the hERG ICso, the larger the therapeutic window, and, in theory, the
less toxic the drug. The levels of (S)-REDX10371 108 in the lung tissue (purple line) were
much greater than the MIC for S. aureus (yellow boundary), indicating a potential
antibacterial effect in vivo. However, without performing an efficacy study, this cannot be

confirmed. It was found that the maximum systemic concentrations of (S)-REDX10371 108
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(green line) were approximately 50 times less than the hERG ICsp (red boundary)
(Cmax = 0.17 uM vs. hERG (ICso) = 8.5 uM), providing compelling evidence of minimal risk of
cardiotoxicity. However, further work would require increased doses in order to determine
a therapeutically relevant dose in vivo. As a result of dose escalation, it should be expected
that both the lung tissue and plasma levels of the parent compound will increase. Although
the resulting lung tissue levels will likely be much greater than the hERG ICs, as long as the
plasma levels remain consistently lower than the hERG ICso, the risks associated with

cardiotoxicity should be reduced.
3.8.3 Summary of in vivo pharmacokinetics study

The antibacterial soft drug concept was challenged through intravenous and intratracheal
dosing of the lead compound, (S)-REDX10371 108, and subsequent identification of parent

and metabolite concentrations within the plasma and lung tissue at a series of time points.

Crucially, the concentration of (S)-REDX10371 108 was observed to rapidly decrease in the
plasma, which was accompanied by the appearance of the lactone-hydrolysed compound,
(S)-REDX10725 111. After investigation into the metabolites formed during the study, no
evidence was observed to support alternative metabolic routes, confirming lactone
hydrolysis as the primary route of metabolism. This was consistent with paraoxonase-based
metabolism, as indicated from the previously measured instability against the isolated
paraoxonase enzyme. Levels of (S)-REDX10725 111 were found to decrease throughout the
experiment, concordant with swift excretion. Due to the highly polar nature of the

metabolite, biliary and urinary excretion was presumed to be rapid.

In comparison to the unstable nature of (S)-REDX10371 108 in the blood, lung tissue
stability was observed to be high. This was determined through the low levels of
(S5)-REDX10725 108 being observed within the lung tissue, and was consistent with the

previously measured stability in human S9 lung fraction.

Finally, the low levels of (S)-REDX10371 108 observed in the plasma following intratracheal
dosing highlighted a therapeutic window for the lead compound. Although dose escalation
studies would be required to determine an efficacious dose in vivo, the available data
strongly indicated a soft drug approach could be a successful method of increasing the

therapeutic window, by lowering systemic exposure to the toxic parent compound.
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3.9 Conclusions

At the outset of the research programme, the possibility of generating a successful soft

drug antibacterial compound was theoretical.

NBTI-type DNA gyrase inhibitors have gained considerable research interest throughout
recent years, however, widespread hERG inhibition has broadly resulted in the termination
of a variety of antibacterial chemical series. As a result, the hypothesis of generating a soft
drug antibacterial compound originated via a thorough investigation of the literature

surrounding both NBTI research and soft drug therapies.

Novel probe compounds were synthesised from intermediates that have not been reported
in the literature, and were observed to have moderate antibacterial activity. Differing
stability profiles in human plasma and in human S9 lung fraction provided early
encouraging results of paraoxonase targeting. However, instability to phosphate buffer
prompted a reinvestigation of the scaffold and allowed a second generation of compounds
to be conceived. Building on the initial success of the research project, additional revised

goals were set, in order to further develop the series towards drug-like chemical space.

With the aid of computational simulation, compounds were triaged in order to efficiently
challenge and build meaningful structure-activity and structure-stability relationships. The
synthetic route to second generation novel compounds was successfully streamlined,
substituting troublesome, low-yielding reactions for a more robust synthetic route, allowing
the facile synthesis of a range of soft drug probe compounds. The antibacterial properties
of the series were successfully improved, yielding compounds that not only had activity
against the predefined target pathogens, but retained activity against multidrug resistant

strains of S. aureus and a selection of gram-negative bacteria.

The chemical stability of the series was also improved, yielding compounds that were no
longer unstable to phosphate buffered conditions. However, along with this increase in

stability came additional stability to human plasma.

Of the alternative scaffolds that were investigated, REDX10386 91 and REDX10387 116
were observed to be templates with the potential to be developed further. In particular,
the antibacterial activity and hERG properties were consistent with the target profiles
required for an NBTI-type soft drug, however the compounds were found to be consistently

stable in human plasma (Table 62).
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Redx No. REDX10386 91 REDX10387 116
m L
N HN 0 HN
N N
Structure T? rge.t Q Q
criteria
HN
O O
S. aureus ATCC29213 0.12 0.015
I S. aureus NRS482 . 0.12 0.06
Y <
g S. pneumoniae ATCC49619 0.12 0.06
S | H. influenzae ATCC49247 1 1
P. aeruginosa ATCC27853 | (or<1) 16 16
Stability to buffered conditions| Stable Stable Stable
Plasma stability 0 0
(% parent remaining after 2 h) iz <2h Sz e
S9 lung fraction stability Stable Stable -
hepG2 Parent > 128 > 128 -
(CCso, ug/mL)| Metabolite >128 > 128 -
hERG Parent - 20.6 3.6
(1Cso, M) Metabolite >33 >33 -

Summary of properties of REDX10386 91 and REDX10387 116.
Table 62

Despite having potent antibacterial properties, the high plasma stability of REDX10386 91
and REDX10387 116 prevented further development of the series’. However, it could be
hypothesised that future optimisation of these templates could afford the required stability
profile of a soft drug compound. Unfortunately, due to time constraints and resources,
these scaffolds were reserved for development at a later date, and an alternative chemical

series was revisited to allow optimisation to proceed.

Optimisation of plasma instability was guided through sparse literature precedence,
culminating in the synthesis of REDX10371 106, a compound which was partially unstable in
human plasma and stable in human S9 lung fraction (Table 63). As a result of analogue

synthesis, a potential trend between logD;4 and plasma instability was highlighted,
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suggesting an affinity for paraoxonase to a particular logD;.4 range, which has yet to be

reported within the literature.

Redx No. REDX10371 106
1L
F7NP N

N

TN
H O
T t
Structure e‘wrge' Q
criteria
HN

0]
O

S. aureus ATCC29213 0.12
2| s qureus NRs482 0.12
E S. pneumoniae ATCC49619 =t 0.12
=S | H. influenzae ATCC49247 0.5

P. aeruginosa ATCC27853 | (or<1) 16

Stability to buffered conditions | Stable Stable

Plasma stability

(% parent remaining after 2 h) tiz<2h 49%
S9 lung fraction stability Stable Stable
hepG2 Parent >128 >128
(CCso, pg/mL) Metabolite > 128 > 128

hERG Parent - 6.1
(1Cso, M) Metabolite >33 >33

Summary of properties of REDX10371 106.
Table 63

Further profiling of REDX10371 106 progressed through enantiomeric separation, allowing
the enantiomers to be individually assessed. Development and optimisation of a
paraoxonase stability assay allowed the metabolism of each enantiomer to be attributed to
the paraoxonase enzyme, with additional evidence being observed from the generation of
the suspected ring-opened metabolite. This is the first evidence to be reported of an NBTI-

type DNA gyrase inhibitor showing instability to the paraoxonase enzyme.
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Progress in the area can be exemplified through consideration of the growth from an initial
soft drug concept, to culmination in challenging the hypothesis through an in vivo mouse PK

model.

Mouse PK data confirmed the instability of (S)-REDX10371 108 to mouse plasma.
Furthermore, metabolite identification provided evidence to support only
(5)-REDX10725 111, the hydrolysed-lactone metabolite, was being formed. Following an
intratracheal dose, lung tissue concentrations were observed to be greater than the MIC for
S. aureus, while systemic plasma exposure was very low. Furthermore, plasma exposure to
(S)-REDX10371 108 was found to be lower than that observed for gepotidacin 9, an NBTI

currently in Phase Il clinical trials.

Much progress has been made from the initial conception of the idea of an antibacterial
soft drug. Proof of concept has not only been achieved in vitro, but also in vivo. Assay data
has been utilised to simultaneously optimise the antibacterial properties, stability profiles,
and toxicity of the series, culminating in the synthesis and purification of a lead compound,
(S)-REDX10371 108. This compound was progressed to a mouse PK study, providing in vivo

evidence to support the merits of a soft drug approach to antibacterial research.
3.10 Future work

3.10.1 Future synthetic chemistry

Although success was achieved with regards to initial proof of concept for an antibacterial
soft drug therapy, further work in the area could allow development of the series, yielding a
more drug-like compound. Due to the success of the project in achieving high antibacterial
potency, further work should be focussed on methods of optimising the stability profile of

the series.

Initially, a scan of alternative northern groups could shed light on the contribution of the
bicyclic scaffold to stability. As previously discussed, a potential trend between increasing

polarity and a decrease in plasma stability has been hypothesised (Table 64).
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REDX10141 REDX10307 REDX10159 REDX10306
59 74 75 76
Measured logD7.4 0.95 0.7* 0.52 0.1%
Human plasma stability
(100% plasma, 96% (n =2) 82% (n =2) 70% (n = 4) 75% (n = 2)
% remaining after 2 h)

*Value predicted using previously observed trends. Human plasma stability for soft drug

probe compounds 59 and 74 — 76.

Table 64

Further analogue synthesis spanning a larger logD;4 range of northern groups, and
subsequent analysis of the plasma stability of the parent compounds, could allow trends

between logD7.4 and paraoxonase-based metabolism to be explored.

Additionally, obtaining an X-ray crystal structure of a metabolically liable compound bound
to the paraoxonase binding site could yield important information regarding the binding
mode of NBTI-type compounds within paraoxonase. Understanding how larger molecules
bind in the catalytic site of paraoxonase may allow more rapid development of the series
with regards to optimising the metabolic instability. Furthermore, if obtaining an X-ray
crystal structure was successful, the mechanism of action of the enzyme could be clarified,

increasing the understanding of paraoxonase in a wider scientific context.

It was hypothesised that the most lucrative area of optimisation would be surrounding
substitution of the phenyl lactone scaffold. Understanding how electron-withdrawing
groups (EWGs) and electron-donating groups (EDGs) may affect the metabolic stability of
the parent compound was deemed the most likely method of fine-tuning the plasma

stability (Figure 66).

o 0
o X o X (0]
P »
X X X
X X

where X = EDG/EWG

Substituted phenyl lactone templates.
Figure 66

Possible decorated scaffolds could be triaged via computational analysis, utilising a
combination of molecular dynamics simulations and overlays to assess possible binding

interactions and clashes with the paraoxonase binding site. Further simulation of electron
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density of substituted analogues should help analyse how electron-withdrawing groups and
electron-donating groups affect the electropositive nature of the carbonyl carbon.
Additionally, increasing the length of the alkyl chain from a methyl group in REDX10371 106
to an ethyl or jso-propyl group, could allow further fine tuning of stability properties.
A careful combination of optimisation of the scaffold for the paraoxonase binding site,
whilst simultaneously maintaining binding interactions with DNA gyrase, would be

necessary to ensure antibacterial activity was preserved.

Although a wide array of compounds could be generated to probe the structure-activity
and structure-stability relationships, it would be expected that highly electron-withdrawing
groups which maintain lipophilicity in the active site of DNA gyrase could be potentially
lucrative. A potential analogue that could be synthesised is a trifluoromethylated

derivative, as shown in Figure 67.

CF,
Trifluoromethylated derivative.

Figure 67

Withdrawing electron density from the carbonyl unit should result in a more electropositive
centre which is more susceptible to nucleophilic attack by a neighbouring water molecule.
A second southern group of potential interest could be synthesised by combining results
that have been generated through the research programme. Combining the known stability
of the 6-membered scaffold, with the hydrolytic lability of the pyridyl system, could

engineer a successfully metabolically labile 6,6-pyridyl lactone hybrid (Figure 68).

0
~._N
N
| o 0
= N 5
HIGHLY UNSTABLE |
S -
0 POTENTIALLY
. UNSTABLE
o TO PLASMA
PLASMA STABLE

6,6-pyridyl lactone hybrid.

Figure 68
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Although the prospective compounds suggested in Figure 66 to Figure 68, could yield
lucrative, highly plasma unstable motifs, another promising progression of the project could
utilise more suited NBTI-type scaffolds. It has been reported in the literature that 5- and 6-
membered lactones are highly unstable to paraoxonase.”® It could therefore be
hypothesised that the observed additional stability of the synthesised NBTI soft drug
hybrids thus far can be attributed to the fused lactone system. As a result, an alternative
NBTI series that has shown promising antibacterial properties in the literature could be

modified to include a metabolically liable substituent (Figure 69).

N\ N\
MeO 7 MeO 2
“OH “OH

NXL101 4 and possible soft drug derivative 123.
Figure 69

NXL101 4, an NBTI that progressed to Phase | clinical trials before being withdrawn for
hERG related cardiotoxicity, could be a suitable compound, from which, a soft drug series
could be generated. Clearly, optimisation of the steric and, in particular, electronic nature
of the southern group would have to progress to ensure antibacterial activity was
maintained. However, the introduction of a thiol-linked y-lactone has been previously
shown to result in rapid paraoxonase-based metabolism.> A similar instability could be
hypothesised for soft drug analogue 123, yielding a compound that is selectively

metabolised by paraoxonase in human plasma, and is therefore stable within the lungs.

Although computational models and existing literature suggested the most promising
position for the hydrolysable unit to be incorporated was in the southern region of the
molecule, the structure-activity relationship of the soft drug scaffold could be further
challenged by modifying the location of the metabolic liability. For example, integration of a

hydrolysable northern or central group may provide a novel approach to affording a rapidly
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metabolised compound. However, an investigation of this magnitude would likely require
complete reoptimisation of antibacterial and physiochemical properties, before conclusions

could be drawn about the success of the replacement.
3.10.2 Future ADME studies

Due to the multifaceted nature of drug discovery, a plethora of in vitro and in vivo studies
would be required before a clinical candidate could be declared. ADME work would

continue to focus on tolerability and determining a more therapeutically relevant dose.

Understanding the percentage of free drug in the systemic circulation and in the lung tissue
would allow quantification of the binding of the drug to lung and plasma proteins. Using
this data, more accurate predictions surrounding the dose required for in vivo efficacy
could be made. As only the free drug will be capable of having a therapeutic effect, a highly
protein bound drug may prevent drug action. However, for a soft drug, this may have the

potential benefit of lowering the rate of metabolism and reducing toxicity.

Dose escalation studies could then progress, assessing the toxicity of an increased dose of
compound in a non-diseased rodent model. The data from this study would not only
provide safety data with regards to off-target and potentially toxic side effects of
treatment, but would allow the plasma and lung concentrations of the drug to be
monitored at more therapeutically relevant doses. In addition, urine and bile could be
collected from the animals, allowing the concentrations of the parent compound and its
metabolite to be tracked throughout the study, reinforcing the expected metabolic
hypothesis. If toxicity was observed, the compound could be tested against a range of
standard toxicological assays (Ames/Cerep) to allow understanding and potential

optimisation of toxicity.

If low toxicity was observed at increased doses, the efficacy of the soft drug could then be
assessed in an in vivo lung infection model. In this study, a rodent would first be infected
with a bacterial strain of choice. Upon treatment with the selected compound, the resulting
change in the number of bacterial colonies would allow the antibacterial activity to be

assessed in vivo.

Due to the underlying cardiotoxic risks associated with NBTI research, it would be
envisioned that an in vivo cardiotoxicology study using telemetered animals could be

prioritised. This would provide a read-out of potential QT prolongation or other
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cardiovascular risks. Performing this study early would derisk the series, and, if
cardiotoxicity was deemed a potential risk at this stage, further optimisation of the series
could proceed prior to initiating more costly studies. Optimisation would likely take the
form of increasing the rate of hydrolysis of the parent soft drug compound, using the

methods outlined above.
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3.11 Experimental
3.11.1 General remarks

NMR spectra were obtained on either a) LC Bruker AV500 using a 5 mm QNP probe (giving
500 MHz 'H NMR spectra and 125 MHz 3C NMR spectra), or b) LC Bruker AV400 using a
5 mm PABBO BB probe (giving 400 MHz *H NMR spectra and 101 MHz 3C NMR spectra), as
stated in the experimental. Coupling constants are reported in Hz and refer to 3/un

interactions unless otherwise stated.

Preparative high-performance liquid chromatography (HPLC) was performed using an
XBridgeTM prep Ciz um OBD x 100 mm column, flow rate = 20 mL/min, Waters 2767 as a

sample manager and 0.05% NHs as a modifier.

High resolution mass spectrometry (HRMS) was conducted on a LTQ Orbitrap XL MS using
MeOH + 10% NH4OAc as a mobile phase in association with the EPSRC UK National Mass
Spectrometry Facility (NMSF).

Infra-red (IR) spectrometry was performed on a Nicolet 380 FT-IR, scanning wavelengths of

400-4000 cm™.

The melting point (M.pt) of a compound was determined using a Blichi B-540 melting point

apparatus.

Liquid chromatography mass spectrometry (LCMS), for Method A and Method B, were
carried out on a Waters Alliance ZQ MS using H,O and MeCN mobile phase with pH
modification as detailed under Method A or B, where relevant. Wavelengths were 254 and
210 nm. For Method C, LCMS was carried out on a Waters Acquity UPLC system equipped
with a SQ Detector 2.
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Method A (Basic pH)

Column: YMC-Triart C13 50 x 2 mm, 5 um. Flow rate: 0.8 mL/min. Injection volume: 5 pL.

Mobile Phase A H,0
B MeCN
C 50% H,0 / 50% MeCN + 1.0% ammonia
Time (min) A (%) B (%) C (%)
0 95 0 5
4 0 95 5
4.4 0 95 5
4,5 95 5 0
4,5 STOP
Table 65

Method B (Acidic pH)

Column: YMC-Triart C13 50 x 2 mm, 5 um. Flow rate: 0.8 mL/min. Injection volume: 5 pL.

Mobile Phase A H,O
B MeCN
C 50% H,0 / 50% MeCN + 1% formic acid
Time (min) A (%) B (%) C (%)
0 95 0 5
4 0 95 5
4.4 0 95 5
4.5 95 5 0
4.5 STOP
Table 66

Method C (Acidic pH, SQD)

Column: YMC Triart C15 50 x 2 mm, 5 um. Flow rate: 0.6 mL/min. Injection volume: 2 pL.

Mobile Phase A

H,0 + 0.1% formic acid

B MeCN + 0.1% formic acid
Time (min) A (%) B (%)
0 95 5
0.3 95 5
2 5 95
2.6 95 5
3 95 5
3 STOP

Table 67




3.11.2 Procedures

2-methylfuro[3,4-b]pyridine-5,7-dione (30)°*
0]

4 O
| AN OH 3 XA
Z\_OH | Lo
N 17 2°N"8 7
(@] (0]

31 30

Following the procedure of Di Fabio,’® a solution of 6-methylpyridine-2,3-dicarboxylic acid
31 (10 g, 55.2 mmol) in acetic anhydride (26 mL, 276 mmol) was heated at 100 °C under
nitrogen for 16 h. The reaction mixture was concentrated in vacuo to give 2-methylfuro[3,4-

b]pyridine-5,7-dione 30 (9.0 g, 55.2 mmol, 100% yield) as a brown solid.

84 (500 MHz, DMSO-ds) 8.40 (d, J = 8.0 Hz, 1H, 4-ArH), 7.81 (d, J = 8.0 Hz, 1H, 3-ArH), 2.72
(s, 3H, 1-CHs). *H NMR spectrum consistent with that reported by Di Fabio.™*

2-methoxycarbonyl-6-methyl-pyridine-3-carboxylic acid (32)’°

O 4
5 7
| X o 3| XY 6 OH
N/ 172 N/1090\8
O o)
30 32

Following the procedure of Metobo et al.,’® to an ice-cold solution of 2-methylfuro[3,4-
b]pyridine-5,7-dione 30 (160 mg, 0.98 mmol) in THF (6 mL) was added indium(lll) triflate
(510 mg, 0.91 mmol) followed by MeOH (6 mL). The reaction was stirred at RT for 16 h then
partitioned between water (5 mL) and EtOAc (5 mL). The organic layer was extracted with
water (3 x 10 mL), NH4Cl (sat. ag., 10 mL), brine (10 mL) and dried over MgSQ,, filtered, and
concentrated in vacuo to give 2-methoxycarbonyl-6-methyl-pyridine-3-carboxylic acid 32

(180 mg, 0.92 mmol, 94% yield) as a yellow solid.

84 (500 MHz, DMSO-ds) 13.59 (s, 1H, 7-OH), 8.17 (d, J = 8.1 Hz, 1H, 4-ArH), 7.50 (d,
J =8.1 Hz, 1H, 3-ArH), 3.81 (s, 3H, 8-CHs), 2.54 (s, 3H, 1-CHs). *H NMR spectrum consistent

with that reported by Di Fabio.*
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General Procedure A for reduction of a carboxylic acid with BH;.THF

(0]
| X OH - X OH
~ OR -
N N/ OR
(0] (0]
29 28

To an ice cold solution of the appropriate substrate 29 (0.22 — 0.92 mmol) in (anhydrous)
THF was added borane-THF (1M) portion-wise. The reaction mixture was stirred at a
specified temperature for an allotted time, after which LCMS analysis determined the
success of the reaction. Where applicable, after completion, the reaction was quenched
with the addition of water, and stirred overnight. The mixture was extracted with EtOAc
and the organic layer was dried over MgSQ,, filtered, concentrated in vacuo and purified by
silica gel column chromatography to give the desired product 28.

Following General Procedure A, data are reported as: (a) amount of substrate, (b) amount
of solvent, (c) amount of borane-THF, (d) reaction temperature, (e) reaction time and

(f) outcome/conversion.

Reduction of methyl 3-(hydroxymethyl)-6-methyl-pyridine-2-carboxylate (33)

(0]
| N OH - | N OH
N/ OMe N/ OMe
o o}
32 33

Entry 1. (a) 180 mg, 0.92 mmol, (b) 1 mL, (c) 0.92 mL, 0.92 mmol, (d) 25 °C, (e) 24 h, (f) 0%.
Entry 2. (a) 100 mg, 0.51 mmol, (b) 1 mL, (c) 0.51 mL, 0.51 mmol, (d) 25 °C, (e) 3 h, (f) 0%.
Entry 3. (a) 106 mg, 0.54 mmol, (b) 1 mL, (c) 1.08 mL, 1.08 mmol, (d) 25 °C, (e) 2 h, (f) 0%.
Entry 5. (a) 123 mg, 0.63 mmol, (b) 1.2 mL, (c) 0.63 mL, 0.63 mmol, (d) 25 °C, (e) 48 h,
(f) Degradation.

Entry 6. (a) 100 mg, 0.51 mmol, (b) 1 mL, (c) 2.56 mL, 2.56 mmol, (d) 25 °C, (e) 72 h,
(f) Over reduction.

Entry 7. (a) 100 mg, 0.51 mmol, (b) 2 mL, (c) 2.05 mL, 2.05 mmol, (d) -78 °C, (e) 3 h,
(f) Trace.

Entry 8. (a) 100 mg, 0.51 mmol, (b) 2 mL, (c) 2.05 mL, 2.05 mmol, (d) -40 °C, (e) 1 h,
(f) Trace.

Page | 167



Entry 9. (a) 100 mg, 0.51 mmol, (b) 2 mL, (c) 2.05 mL, 2.05 mmol, (d) -10 °C, (e) 0.5 h,

(f) Over reduction.

Crude H NMR spectroscopy (DMSO-ds) showed existence of 2 x CH, peaks at 4.73 and
4.29 ppm. Possible structure suggested being over-reduced product (diol), consistent with
crude H NMR spectrum. LCMS consistent with over-reduced product ((Method B)
Rr=1.17 min, [M+H]+ 154.4 (100% purity)).

Reduction of methyl 3-(hydroxymethyl)-6-methyl-pyridine-2-carboxylate (33) using SOCI,

O
N on - Y oH
N/ OMe N/ OMe
O O
32 33

Following an adapted procedure from Han,*? a solution of 2-methoxycarbonyl-6-methyl-
pyridine-3-carboxylic acid 32 (144 mg, 0.74 mmol) in SOCl; (1 mL, 13.71 mmol) was heated
at 80 °C for 2 h, then concentrated in vacuo. The resulting residue was dissolved in THF
(0.7 mL) and was cooled in an ice bath. NaBH,4 (27.9 mg, 0.74 mmol) was added, and the
reaction mixture was stirred at RT for 1 h, then was poured onto iced water and extracted
with DCM (2 x 5 mL). The combined organics were dried over MgSQO,, filtered and
concentrated in vacuo to give a crude residue. NMR spectroscopy showed the existence of

2 x CH;, peaks, consistent with over reduction of the starting material.

2-iso-propoxycarbonyl-6-methyl-pyridine-3-carboxylic acid (34)

o)
X
| o)
~
N
o)
30

Following the procedure of Metobo et al.,’® to an ice-cold solution of 2-methylfuro[3,4-
b]pyridine-5,7-dione 30 (960 mg, 5.88 mmol) in THF (28 mL) was added indium(lll) triflate
(3.44 g, 6.12 mmol) followed by IPA (28 mL). The reaction was stirred at RT for 16 h then
partitioned between water (50 mL) and EtOAc (50 mL). The organic layer was extracted

with water (3 x 50 mL), NH4Cl solution (sat. aq., 50 mL), brine (50 mL) and dried over
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MgS0., filtered, and concentrated in vacuo to give 2-iso-propoxycarbonyl-6-methyl-

pyridine-3-carboxylic acid 34 (884 mg, 3.96 mmol, 67% yield) as a yellow solid.
M.pt.: 130 - 137 °C.

Vmax (KBr): 3079, 2940 (O-H stretch), 2858 (C-H stretch), 1740 (C=0 (ester) stretch), 1720
(C=0 (acid) stretch), 1591, 1296, 1263, 1107, 1075, 793 cm™.

6n (500 MHz, DMSO-dg) 13.56 (s, 1H, 7-OH), 8.15 (d, J = 8.1 Hz, 1H, 4-ArH), 7.48 (d, J =
8.1 Hz, 1H, 3-ArH), 5.15 - 5.11 (m, 1H, 8-CH), 2.54 (s, 3H, 1-CHs), 1.28 (d, J = 6.4 Hz, 6H, 2 x
9-CHs).

8¢ (125 MHz, DMSO-dg) 166.0 (10-C), 165.9 (6-C), 161.5 (2-C), 151.8 (11-C), 138.2 (4-C),
124.2 (3-C), 122.0 (5-C), 68.9 (8-C), 23.9 (1-C), 21.2 (2 x 9-C).

LCMS (Method B) Rt = 1.79 min, [M+H]+ 224.0 (100% purity).
HRMS: (C11H14NO4) [M+H]+ requires 224.0917, found [M+H]+ 224.0918.

HMBC cross-peak observed between 6-C (165.9 ppm) and 4-ArH (8.15 ppm). No cross-peak
observed for 10-C (166.0 ppm) with 4-ArH, proving the desired structural isomer

configuration.
Reduction of iso-propyl 3-(hydroxymethyl)-6-methyl-pyridine-2-carboxylate (35)

7

Q 4
| i~ ) =%089
N j/ 172 N1 j/
o 9
34

0]
35

Following General Procedure A, data are reported as: (a) amount of substrate, (b) amount
of solvent, (c) amount of borane-THF, (d) reaction temperature, (e) reaction time and
(f) outcome/conversion. Where appropriate, (g) chromatography conditions, and
(h) isolated yield are also reported.

Entry 1. (a) 50 mg, 0.22 mmol, (b) 1 mL, (c) 1.12 mL, 1.12 mmol, (d) 25 °C, (e) 72 h, (f) Trace.
Entry 2. (a) 50 mg, 0.22 mmol, (b) 1 mL, (c) 2.24 mL, 2.24 mmol, (d) 25 °C, (e) 4 h, (f) 80%.
Entry 3. (a) 93 mg, 0.42 mmol, (b) 1 mL, (c) 4.17 mL, 4.17 mmol, (d) 25 °C, (e) 5 h, (f) 80%,
(g) 0-100% EtOAc in petroleum ether (bp. 40-60), (h) 40%; white solid.
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On (500 MHz, DMSO-ds) 7.88 (d, J = 8.1 Hz, 1H, 4-ArH), 7.41 (d, J = 8.1 Hz, 1H, 3-ArH), 5.15 -
5.10 (m, 1H, 8-CH), 4.64 (s, 2H, 6-CH.), 2.47 (s, 3H, 1-CHs), 1.31 (d, J = 6.3 Hz, 6H, 2 x 9-CH3).

LCMS (Method B) Ry = 1.64 min, [M+H]+ 210.0 (85% purity), Rr = 2.33 min, [M+H]+ 210.1
(15% purity).

2-methyl-5H-furo[3,4-b]pyridin-7-one (27)

5
|\ OH ‘3|\ o7
= (@) —
N Y 172 NT9 Y8
e} (0]
35

27

To a solution of iso-propyl 3-(hydroxymethyl)-6-methyl-pyridine-2-carboxylate 35 (30 mg,
0.14 mmol) in IPA (2 mL) was added a few drops of HCl (aqueous, 2 M). The reaction
mixture was heated to 45 °C for 16 h, then concentrated in vacuo to give 2-methyl-5H-

furo[3,4-b]pyridin-7-one 27 (20 mg, 0.13 mmol, 90% yield) as a white solid.

6+ (500 MHz, DMSO-dg) 8.05 (d, J = 8.0 Hz, 1H, 4-ArH), 7.60 (d, J = 8.0 Hz, 1H, 3-ArH), 5.41 (s,
2H, 6-CHy), 2.61 (s, 3H, 1-CHj3).

LCMS (Method B) Rt = 1.30 min, [M+H]+ 149.9 (100% purity).

HRMS: (CsHsNO;) [M+H]+ requires 150.0550, found [M+H]+ 150.0564.

7-oxo0-5H-furo[3,4-b]pyridine-2-carbaldehyde (26)

5 6
X 3 X
| 0 10 o’
N AN
o S o
27 26

Following the procedure of Chen et al.?® a solution of 2-methyl-5H-furo[3,4-b]pyridin-7-one
27 (20 mg, 0.13 mmol) and selenium dioxide (19 mg, 0.17 mmol) in 1,4-dioxane
(1.6 mL) and water (0.2 mL) was heated under nitrogen to 80 °C for 48 h. After cooling, the
mixture was filtered and the filtrate was concentrated in vacuo. The crude material was
purified by silica gel column chromatography (gradient = 0-100% EtOAc in petroleum ether
(bp. 40-60)). The appropriate fractions were combined and concentrated in vacuo to give
7-oxo-5H-furo(3,4-b]pyridine-2-carbaldehyde 26 (6 mg, 0.04 mmol, 27% vyield) as a white

solid.
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M.pt.: 188 - 190 °C.

Vmax (KBr): 3056, 2964 (C-H stretch) 2925, 2861, 1770 (C=0 (lactone) stretch), 1727 (C=0
(aldehyde) stretch), 1361, 1303, 1114, 989 cm™.

61 (500 MHz, DMSO-ds) 10.08 (s, 1H, 10-CH), 8.40 (d, J = 7.9 Hz, 1H, 4-ArH), 8.22 (d, J =
7.9 Hz, 1H, 3-ArH), 5.58 (s, 2H, 6-CH>).

&c (125 MHz, DMSO-ds) 193.2 (1-C), 168.3 (8-C), 154.8 (2-C), 146.1 (5-C), 144.8 (9-C), 134.2
(4-C), 125.3 (3-C), 68.3 (6-C).

LCMS (Method B) Ry = 1.06 min, [M+H]+ 163.9 (80% purity), 0.82 min, [M+H]+ 163.9 (20%

purity).

General Procedure B for reductive amination

A solution of the appropriate aldehyde (0.06 — 4.85 mmol) and amine (0.06 — 4.85 mmol) in
a solvent with base (where appropriate) was stirred at RT for 30 min over 3A molecular
sieves. Sodium triacetoxyborohydride (0.17 — 5.33 mmol) was added and the reaction was
stirred at RT for 3 h. The reaction mixture was quenched with NaHCOs (sat. ag.) and the
organic phase was separated. The aqueous phase was extracted with DCM and the
combined organic phases were dried (MgS0O4) and concentrated in vacuo. The crude
product was purified by silica gel column chromatography. The appropriate fractions were
combined and concentrated in vacuo to give the desired product.

If additional purification was necessary, the solid was dissolved in DCM and Quadrapure®
AK was added. The reaction was stirred at RT for 16 h then filtered to remove the solid
supported beads. The filtrate was concentrated in vacuo to give the desired product.
Following General Procedure B, data are reported as: (a) name and amount of aldehyde,
(b) name and amount of amine, (c) name and volume of base (where appropriate),
(d) solvent and volume, (e) amount of sodium triacetoxyborohydride, (f) amount of
NaHCOs;, (g) volume of DCM in extraction, (h) chromatography gradient (where
appropriate), (i) additional purification conditions (where appropriate) and (j) isolated

product amount and yield.
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tert-butyl  N-[1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-piperidyl]carbamate
(36)
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Following General Procedure B: (a) 2-(7-methoxy-2-oxo-1,8-naphthyridin-1(2H)-
yl)acetaldehyde 24, 150 mg, 0.69 mmol, (b) 4-Boc-aminopiperidine 25, 138 mg, 0.69 mmol,
(d) bCM, 4 mL, (e) 160 mg, 0.75 mmol, (f) 5 mL, (g) 2 x 10 mL, (h) 0-100% EtOAc in
petroleum ether (bp. 40-60), (j) 215 mg, 0.53 mmol, 77% vyield; colourless oil which

crystallised on standing.

84 (500 MHz, CDCls) 7.72 (d, J = 8.3 Hz, 1H, 4-ArH), 7.56 (d, J = 9.4 Hz, 1H, 6-ArH), 6.61 (d, J =
8.3 Hz, 1H, 3-ArH), 6.57 (d, J = 9.4 Hz, 1H, 7-ArH), 4.68 — 4.60 (m, 2H, 2 x CH), 4.47 — 4.43
(m, 1H, CH), 4.02 (s, 3H, 1-CHs), 3.50 — 3.46 (m, 1H, CH), 3.08 — 3.04 (m, 2H, 2 x CH), 2.78 —
2.69 (m, 2H, 2 x CH), 2.32 — 2.27 (m, 2H, 2 x CH), 1.99 (s, 1H, CH), 1.97 — 1.89 (m, 2H, 2 x
CH), 1.44 (s, 9H, 3 x 17-CHs).

LCMS (Method A) Ry = 2.65 min, [M+H]+ 403.2 (84% purity), Rr = 3.13 min, [M+H]+ 619.2
(5% purity), Rr = 3.52 min, [M+H]+ 803.4 (11% purity).

General Procedure C for Boc deprotection of NBTI scaffold

To a solution of Boc protected NBTI scaffold (0.14 — 3.31 mmol) in MeOH was added HCI
(4N in dioxane). The reaction mixture was stirred RT for 16 h then concentrated in vacuo
and the resulting residue was azeotroped from MeOH twice. The residue was dissolved in
minimal MeOH, and diethyl ether was added, causing a solid to precipitate. The solid was
triturated twice with diethyl ether and dried under vacuum to give the desired product as
an HCl salt.

Following General Procedure C, data are reported as: (a) name and amount of substrate,
(b) volume of MeOH, (c) volume of HCI (4N in dioxane), (d) isolated product amount and

yield.
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[1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-piperidyllammonium
hydrochloride (37)

| NN | NN
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36 37

Following General Procedure C: (a) tert-butyl N-[1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-
yl)ethyl]-4-piperidyl]carbamate 36, 55 mg, 0.14 mmol, (b) 5 mL, (c) 0.5 mL, (d) 55 mg,
0.16 mmol, 119% yield; white solid.

Diethyl ether was observed in H NMR spectrum, and could not be removed from the
product under vacuum. It was presumed to be part of the crystal structure, owing to

> 100% vyield.

2-[[[1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-piperidyl]Jamino]methyl]-5H-
furo[3,4-b]pyridin-7-one (23)
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Following General Procedure B: (a) 7-oxo-5H-furo[3,4-b]pyridine-2-carbaldehyde 26, 25 mg,
0.15 mmol, (b) [1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-piperidyllammonium
hydrochloride 37, 52 mg, 0.15 mmol, (d) DCM, 0.5 mL, (e) 36 mg, 0.17 mmol,
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(h) 0-50% MeOH in DCM, (i) DCM, 4 mL, Quadrapure® AK, 210 mg, (j) 5 mg, 0.01 mmol, 7%

yield; yellow solid.
M.pt.: glass transition 173 - 174 °C, melting point 193 - 194 °C.

Vmax (KBr): 3444 (N-H stretch), 2929 (C-H stretch), 1770 (C=0 (y-lactone) stretch), 1651 (C=0
(amide) stretch), 1592, 1470, 1395 cm™.

61 (500 MHz, CDCl5) 7.89 (d, J = 7.9 Hz, 1H, 20-ArH), 7.75 - 7.70 (m, 2H, 4-ArH and 19-ArH),
7.58 (d, J =9.4 Hz, 1H, 6-ArH), 6.62 (d, J = 8.3 Hz, 1H, 3-ArH), 6.57 (d, J = 9.4 Hz, 1H, 7-ArH),
5.39 (s, 2H, 22-CH,), 4.72 (t, J = 7.6 Hz, 2H, 10-CH,), 4.13 (s, 2H, 17-CH.), 4.05 (s, 3H, 1-CHs),
3.22 - 3.15 (m, 2H, 12-CH* and 16-CH*), 2.84 (t, J = 7.6 Hz, 2H, 11-CH,), 2.71 — 2.67 (m, 1H,
14-CH), 2.45 — 2.31 (m, 2H, 12-CH* and 16-CH*), 2.05 — 2.00 (m, 2H, 13-CH* and 15-CH*),
1.66 —1.57 (m, 2H, 13-CH* and 15-CH*) *axial/equatorial protons could not be assigned.

8c (125 MHz, CDCls) 168.8 (23-C), 164.3 (2-C), 163.6 (18-C), 163.1 (8-C), 148.8 (9-C), 143.8
(24-C), 139.2 (4-C), 139.1 (21-C), 137.4 (6-C), 131.4 (20-C), 126.7 (19-C), 118.9 (7-C), 109.5
(5-C), 106.4 (3-C), 67.8 (22-C), 54.9 (11-C), 54.2 (1-C), 52.1 (12-C or 16-C), 52.0 (12-C or
16-C), 51.6 (17-C), 50.8 (14-C), 38.1 (10-C), 31.4 (13-C or 15-C), 29.7 (13-C or 15-C).

LCMS (Method A) Rr = 2.01 min, [M+H]+ 450.2 (100% purity).

HRMS: (Cx4H2sNsO4) [M+H]+ requires 450.2136, found [M+H]+ 450.2132. Nuclear
Overhauser effects observed between the protons indicated below. Due to the complexity
of the NOE signals seen for the piperidine ring, a simplified diagram illustrates the

connectivity seen without reporting piperidine-piperidine interactions.
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tert-butyl N-[1-[2-(6,7-difluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidyl]carbamate (39)
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Following General Procedure B: (a) 2-(6,7-difluoro-2-oxoquinoxalin-1(2H)-yl)acetaldehyde
38, 273 mg, 1.22 mmol, (b) 4-Boc-aminopiperidine 25, 250 mg, 1.25 mmol, (d) DCM, 8 mL,
(e) 288 mg, 1.36 mmol, (f) 3 mL, (g) 2 x 10 mL, (j) 470 mg, 1.15 mmol, 94% yield; yellow

solid.

84 (500 MHz, CDCls) 8.25 (s, 1H, 7-ArH), 7.69 (dd, *Jus = 10.0 Hz, “ur = 8.2 Hz, 1H, 4-ArH),
7.26 (dd, Jus = 11.7 Hz, “ue= 7.0 Hz, 1H, 1-ArH), 4.45 — 4.40 (m, 1H, NH), 4.28 (t, J = 7.0 Hz,
2H, 10-CH,), 3.50 — 3.44 (m, 1H, 14-CH), 2.94 — 2.86 (m, 2H, 12-CH* and 16-CH*), 2.66 (t, J =
7.0 Hz, 2H, 11-CH,), 2.26 — 2.22 (m, 2H, 12-CH* and 16-CH*), 1.97 — 1.90 (m, 2H, 13-CH*
and 15-CH*), 1.44 (s, 9H, 3 x 17-CHs), 1.39 — 1.36 (m, 2H, 13-CH* and 15-CH*)

*axial/equatorial protons could not be assigned.

LCMS (Method A) Ry = 2.84 min, [M+H]+ 409.3 (100% purity).
[1-[2-(6,7-difluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidyllammonium hydrochloride (40)
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T T
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Following General Procedure C: (a) tert-butyl N-[1-[2-(6,7-difluoro-2-oxo-quinoxalin-1-
yl)ethyl]-4-piperidyl]carbamate 39, 470 mg, 1.15 mmol, (b) 40 mL, (c) 4 mL, (d) 436 mg,
1.26 mmol, 110% yield; light brown solid.
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Diethyl ether was observed in H NMR spectrum, and could not be removed from the
product under vacuum. It was presumed to be part of the crystal structure, owing to

> 100% yield.

LCMS (Method A) Rr = 2.22 min, [M+H]+ 309.2 (100% purity).

2-[[[1-[2-(6,7-difluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidylJamino]methyl]-5H-
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furo[3,4-b]pyridin-7-one (41)
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Following General Procedure B: (a) 7-oxo-5H-furo[3,4-b]pyridine-2-carbaldehyde 26, 24 mg,
0.15 mmol, (b) [1-[2-(6,7-difluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidyllJammonium
chloride 40, 51 mg, 0.15 mmol, (d) THF, 1 mL, (e) 102 mg, 0.48 mmol, (f) 1 mL, (g) 2 x 10 mL
(h) 0-50% MeOH in DCM, (j) 18 mg, 0.04 mmol, 27% yield; orange solid.

M.pt.: 178 - 179 °C.

Vmax (KBr): 3340 (N-H stretch), 2935, 2779 (C-H stretch) 1777 (C=0 (y-lactone) stretch), 1645
(C=0 (amide) stretch), 1622, 1455, 1391, 1358, 1305, 1084, 995 cm™.

6x (500 MHz, CDCls) 8.25 (s, 1H, 7-ArH), 7.90 — 7.83 (m, 1H, 20-ArH), 7.74 — 7.65 (m, 2H,
4-ArH and 19-ArH), 7.34 — 7.27 (m, 1H, 1-ArH), 5.38 (s, 2H, 22-CH,), 4.29 (t, / = 7.0 Hz, 2H,
10-CH3), 4.10 (s, 2H, 17-CHy), 2.99 — 2.91 (m, 2H, 12-CH* and 16-CH*), 2.66 (t, J = 7.0 Hz, 2H,
11-CH,), 2.60 — 2.50 (m, 1H, 14-CH), 2.20 — 2.16 (m, 2H, 12-CH* and 16-CH*), 1.96 — 1.88
(m, 2H, 13-CH* and 15-CH*), 1.49 — 1.34 (m, 2H, 13-CH* and 15-CH*) *axial/equatorial

protons could not be assigned.
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8c (125 MHz, CDCls) 164.5 (23-C), 154.4 (8-C), 152.0 (dd, Ycr = 252.2 Hz, YJcr = 14.2 Hz, 3-C),
150.5 (7-C), 146.6 (dd, Ycr = 252.2 Hz, %cr = 14.2 Hz, 2-C) 143.8 (21-C and 24-C), 139.0
(18-C), 131.2 (20-C), 130.1 (dd, *Jcr = 9.1 Hz, “Jcr = 1.4 Hz, 9-C), 129.9 (dd, ¥Jcr = 9.1 Hgz,
*Jer = 2.5 Hz, 5-C) 126.6 (19-C), 118.1 (d, %Jcr = 19.5 Hz, 4-C), 102.9 (d, e = 23.7 Hz, 1-C),
67.7 (22-C), 54.9 (11-C), 54.6 (14-C), 52.8 (12-C and 16-C), 52.1 (17-C), 41.0 (10-C), 32.7
(13-Cand 15-C).

LCMS (Method A) Rr = 2.17 min, [M+H]+ 456.2 (100% purity).

HRMS: (C23H24NsOsF;) [M+H]+ requires 456.1842, found [M+H]+ 456.1839.

General Procedure D for lactone hydrolysis

To a solution of lactone containing compound (0.01 — 0.03 mmol) in solvent was
added lithium hydroxide monohydrate. The reaction mixture was stirred at RT for 16 h then
concentrated in vacuo to give the desired product.

Where necessary, further purification by reverse phase preparative-HPLC was undertaken,
and the appropriate fractions were concentrated using a Genevac to give the purified
product.

Following General Procedure D, data are reported as: (a) name and amount of starting
material, (b) volume of solvent, (c) amount of lithium hydroxide monohydrate, (d) isolated

as lithium salt/purified further, (e) isolated product amount and yield.
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3-(hydroxymethyl)-6-[[[1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-

piperidyl]Jamino]methyl]pyridine-2-carboxylic acid (42)

REDX08495

Following General Procedure D: (a) 2-[[[1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-
4-piperidyllamino]methyl]-5H-furo[3,4-b]pyridin-7-one 23, 10 mg, 0.02 mmol, (b) water,
2 mL, (c) 6 mg, 0.14 mmol, (d) purified via reverse phase preparative-HPLC, (e) 7 mg,
0.015 mmol, 67% yield; white solid.

84 (500 MHz, CDs0D) 7.87 (d, J = 8.5 Hz, 1H, 4-ArH), 7.85 (d, J = 7.9 Hz, 1H, 20-ArH), 7.75
(d, J = 9.4 Hz, 1H, 6-ArH), 7.32 (d, J = 7.9 Hz, 1H, 19-ArH), 6.64 (d, J = 8.5 Hz, 1H, 3-ArH), 6.46
(d, J = 9.4 Hz, 1H, 7-ArH), 4.73 (s, 2H, 22-CH,), 4.63 —4.58 (m, 2H, 10-CH,), 4.22 (s, 2H,
17-CH,), 3.96 (s, 3H, 1-CHs), 3.16 — 3.12 (m, 2H, 2 x piperidine-CH), 3.08 — 2.99 (m, 1H,
14-CH), 2.74 — 2.69 (m, 2H, 11-CH,), 2.20 — 2.10 (m, 2H, 2 x piperidine-CH), 2.10 — 2.01 (m,
2H, 2 x piperidine-CH), 1.62 — 1.52 (m, 2H, 2 x piperidine-CH). A DMSO impurity was
observed by *H NMR spectroscopy, which could not be removed by drying overnight, and
was presumably trapped in the crystal structure. This was presumed to have originated
from the preparative-HPLC, which uses a mixture of MeCN, H,O and DMSO to inject each

sample. Molar ratio of product:DMSO - 1:0.83.

LCMS (Method A) Ry = 1.27 min, [M+H]+ 468.1 (100% purity).
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6-[[[1-[2-(6,7-difluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidylJamino]methyl]-3-
(hydroxymethyl)pyridine-2-carboxylic acid (43)
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Following General Procedure D: (a) 2-[[[1-[2-(6,7-difluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-
piperidyllamino]methyl]-5H-furo[3,4-b]pyridin-7-one 41, 10 mg, 0.02 mmol, (b) water,
2 mL, (c) 5 mg, 0.12 mmol, (d) purified via reverse phase preparative-HPLC, (e) 8 mg,
0.017 mmol, 77% yield; white solid.

64 (500 MHz, CDsOD) 8.10 (s, 1H, 7-ArH), 7.79 (d, J = 7.9 Hz, 1H, 20-ArH), 7.68 (dd,
*Jur = 10.4 Hz, *Jur = 8.3 Hz, 1H, 4-ArH), 7.57 (dd, *Jur = 12.2 Hz, *Jur = 7.2 Hz, 1H, 1-ArH),
7.29 (d, J = 7.9 Hz, 1H, 19-ArH), 4.68 (s, 2H, 22-CH;), 4.30 (t, J = 6.8 Hz, 2H, 10-CH>), 4.03 (s,
2H, 17-CHy), 3.04 — 2.98 (m, 2H, 2 x piperidine-CH), 2.79 — 2.75 (m, 1H, 14-CH), 2.61 (t, J =
6.8 Hz, 2H, 11-CHy), 2.12 — 2.03 (m, 2H, 2 x piperidine-CH), 2.00 — 1.93 (m, 2H, 2 x
piperidine-CH), 1.51 — 1.40 (m, 2H, 2 x piperidine-CH). A DMSO impurity was observed by
'H NMR spectroscopy, which could not be removed by drying overnight, and was
presumably trapped in the crystal structure. This was presumed to have originated from the
preparative-HPLC, which uses a mixture of MeCN, H,O and DMSO to inject each sample.
Molar ratio of product:DMSO - 1:0.71.

LCMS (Method A) Ry = 1.32 min, [M+H]+ 474.3 (100% purity).
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2-methyl-7H-furo[3,4-b]pyridin-5-one (44)®
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Following the procedure of Boral et al.”® to a solution of 2-methylfuro[3,4-b]pyridine-5,7-
dione 30 (541 mg, 3.32 mmol) in THF (5 mL) at 15 °C was added sodium borohydride
(131 mg, 3.46 mmol) followed by acetic acid (glacial, 0.4 mL, 6.99 mmol) dropwise. The
reaction was stirred at 15 °C for 4 h and was concentrated in vacuo. The resulting residue
was treated with acetic acid (glacial, 1.2 mL, 20.98 mmol) and acetic anhydride (1.2 mL,
12.7 mmol) and the solution was stirred at 100 °C for 3 h, then cooled to RT and
concentrated in vacuo. The residue was partitioned between brine (10 mL) and DCM
(10 mL). The organic phase was extracted with brine (10 mL), dried (MgSQ,), concentrated
in vacuo and purified by silica gel column chromatography (gradient = 5-50% EtOAc in
petroleum ether (bp. 40-60)). The appropriate fractions were concentrated in vacuo to give
2-methyl-7H-furo[3,4-b]pyridin-5-one 44 (280 mg, 1.87 mmol, 57% vyield) as an off-white

crystalline solid.

84 (500 MHz, DMSO-ds) 8.31 — 8.22 (m, 1H, 4-ArH), 7.62 — 7.56 (m, 1H, 3-ArH), 5.46 (s, 2H,
8-CH,), 2.79 — 2.66 (m, 3H, 1-CH).

6¢ (125 MHz, DMSO-ds) 169.1 (C-6), 167.0 (2-C), 165.5 (9-C), 133.8 (4-C), 123.8 (3-C), 116.3
(5-C), 70.2 (8-C), 24.5 (1-C).

LCMS (Method B) Rr = 1.38 min, [M+H]+ 150.0 (100% purity).

HRMS: (CsHsNO;) [M+H]+ requires 150.0550, found [M+H]+ 150.0546.

5-ox0-7H-furo[3,4-b]pyridine-2-carbaldehyde (45)
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Following the procedure of Chen et al.,*® a solution of 2-methyl-7H-furo[3,4-b]pyridin-5-one
44 (59 mg, 0.40 mmol) and selenium dioxide (48 mg, 0.43 mmol) in 1,4-dioxane (0.5 mL)

was heated under nitrogen at 100 °C for 10 h in a Biotage Initiator microwave reactor. After
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cooling, the mixture was filtered and the filtrate was concentrated in vacuo. The crude
material was purified by silica gel column chromatography (gradient = 0-100% EtOAc in
petroleum ether (bp. 40-60)). The appropriate fractions were combined and concentrated
in vacuo to give 5-oxo-7H-furo[3,4-b]pyridine-2-carbaldehyde 45 (9 mg, 0.06 mmol, 14%

yield) as a yellow solid.

84 (500 MHz, DMSO-ds) 10.11 (s, 1H, 10-H), 8.54 (d, J = 7.9 Hz, 1H, 4-ArH), 8.10 (d, J =
7.9 Hz, 1H, 3-ArH), 5.57 (s, 2H, 8-CH,).
8¢ (125 MHz, DMSO-ds) 192.6 (1-C), 168.1 (2-C), 167.2 (6-C), 155.9 (9-C), 135.6 (4-C), 122.4

(5-C), 122.2 (3-C), 70.5 (8-C).

LCMS (Method B) Ry = 1.12 min, [M+H]+ 164.0 (93% purity), Rr = 1.53 min, [M+H]+ 150.0
(7% purity).

2-[[[1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-piperidyl]amino]methyl]-7H-
furo[3,4-b]pyridin-5-one (46)
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Following General Procedure B: (a) 5-oxo-7H-furo[3,4-b]pyridine-2-carbaldehyde 45, 9 mg,
0.06 mmol, (b) [1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-piperidyllammonium
chloride 37, 19 mg, 0.06 mmol, (d) THF, 1 mL, (e) 42 mg, 0.20 mmol, (f) 5 mL, (g) 2 x 10 mL,
(h) 0-50% MeOH in DCM, (j) 2 mg, 0.004 mmol, 8% yield; orange solid.

84 (500 MHz, CDCls) 8.15 (d, J = 8.0 Hz, 1H, 20-ArH), 7.72 (d, J = 8.4 Hz, 1H, 4-ArH), 7.57 (d,
J=9.4 Hz, 1H, 6-ArH), 7.55 (d, J = 8.0 Hz, 1H, 19-ArH), 6.62 (d, J = 8.4 Hz, 1H, 3-ArH), 6.57 (d,
J = 9.4 Hz, 1H, 7-ArH), 5.31 (s, 2H, 23-CH,), 4.67 (t,J = 7.7 Hz, 2H, 10-CH,), 4.09 (s, 2H,
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17-CH,), 4.03 (s, 3H, 1-CHs), 3.16 — 3.07 (m, 2H, 12-CH* and 16-CH*), 2.80 — 2.71 (m, 2H,
11-CH,), 2.61 — 2.52 (m, 1H, 14-CH), 2.30 — 2.16 (m, 2H, 12-CH* and 16-CH*), 1.99 — 1.90
(m, 2H, 13-CH* and 15-CH*), 1.69-1.62 (m, 2H, 13-CH* and 15-CH*) *axial/equatorial

protons could not be assigned.

8¢ (125 MHz, CDCls) 167.9 (18-C), 167.4 (22-C), 165.3 (24-C), 164.2 (2-C), 163.5 (8-C), 148.8
(9-C), 139.3 (4-C), 137.2 (6-C), 134.3 (20-C), 122.6 (19-C), 119.0 (7-C), 118.5 (21-C), 109.6
(5-C), 106.1 (3-C), 70.5 (23-C), 55.2 (11-C), 54.7 (14-C), 54.0 (1-C), 52.6 (12-C and 16-C), 52.3
(17-C), 38.7 (10-C), 33.5 (13-C or 15-C), 31.3 (13-C or 15-C).

LCMS (Method A) Ry = 2.20 min, [M+H]+ 450.3 (100% purity).

2-[[[1-[2-(6,7-difluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidylJamino]methyl]-7H-
furo[3,4-b]pyridin-5-one (47)
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Following General Procedure B: (a) 5-oxo-7H-furo[3,4-b]pyridine-2-carbaldehyde 45, 17 mg,
0.10 mmol, (b) [1-[2-(6,7-difluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidyllJammonium
chloride 40, 19 mg, 0.06 mmol, (d) THF, 2 mL, (e) 72 mg, 0.34 mmol, (f) 5 mL, (g) 2 x 10 mL,
(h) 0-50% MeOH in DCM, (j) 17 mg, 0.04 mmol, 36% yield; yellow solid.

M.pt.: 146 - 147 °C.

Vmax (KBr): 3331 (N-H stretch), 2938, 2821 (C-H aliphatic stretch), 1769 (C=0 (y-lactone)
stretch), 1660 (C=0 (amide) stretch), 1596, 1455, 1390, 1354, 1305, 1050, 1002 cm™™.
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&u (500 MHz, CDsOD) 8.14 — 8.09 (m, 2H, 7-ArH and 20-ArH), 7.68 (dd, *Jur = 10.4 Hgz,
“Jur = 8.4 Hz, 1H, 4-ArH), 7.59 — 7.52 (m, 2H, 1-ArH and 19-ArH), 5.27 (s, 2H, 23-CH.), 4.30
(t, J=6.9 Hz, 2H, 10-CH), 3.98 (s, 2H, 17-CH;), 2.98 — 2.92 (m, 2H, 12-CH* and 16-CH*), 2.59
(t, J = 6.9 Hz, 2H, 11-CH,), 2.51 — 2.44 (m, 1H, 14-CH), 2.10 — 2.05 (m, 2H, 12-CH* and
16-CH*), 1.90 — 1.82 (m, 2H, 13-CH* and 15-CH*), 1.39 — 1.29 (m, 2H, 13-CH* and 15-CH*)

*axial/equatorial protons could not be assigned.

8¢ (125 MHz, CDs0D) 166.7 (22-C), 154.8 (8-C), 152.7 (24-C), 150.7 (d, Ycr = 232.5 Hz, 3-C),
145.6 (d, Ycr = 250.0 Hz, 2-C), 134.07 (20-C or 7-C), 134.06 (20-C or 7-C), 130.5 (18-C), 130.1
(9-C), 129.9 (5-C), 122.9 (19-C), 117.5 (4-C and 21-C), 103.8 (1-C), 70.7 (23-C), 54.2 (11-C),
54.1 (14-C), 52.8 (12-C or 16-C), 52.6 (12-C or 16-C), 50.7 (17-C), 40.1 (10-C), 31.22 (13-C or
15-C), 31.19 (13-C or 15-C).

LCMS (Method A) Ry = 2.23 min, [M+H]+ 456.2 (100% purity).

HRMS: (C23H24NsOsF;) [M+H]+ requires 456.1842, found [M+H]+ 456.1837.

General procedure E for Heck reaction

Following an adapted procedure from Blades et al.,* to a solution of halogenated starting
material (1.41 — 2.97 mmol) and Pd('BusP); in triethylamine in a sparged microwave vial was
added butyl prop-2-enoate. The vial was purged with sequential applications of vacuum
and nitrogen, and then heated at 155 °C for 20 min. The reaction mixture was cooled to RT,
filtered then concentrated in vacuo. The resulting crude product was purified by silica gel
column chromatography and the appropriate fractions were concentrated in vacuo to
give the desired product.

Following General Procedure E, data are reported as: (a) name and amount of halogenated
starting material, (b) amount of Pd(‘BusP),, (c) amount of triethylamine, (d) amount of butyl

prop-2-enoate, (e) chromatography gradient, (f) isolated product amount and yield.

Butyl (E)-3-(3-oxo-1H-isobenzofuran-5-yl)prop-2-enoate (61)

63 61
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Following General Procedure E: (a) 6-bromoisobenzofuran-1(3H)-one 63, 380 mg,
1.78 mmol, (b) 57 mg, 0.11 mmol, (c) 1.24 mL, 8.92 mmol, (d) 0.38 mL, 2.71 mmol,
(e) 0-100% EtOAc in petroleum ether (bp. 40-60), (f) 230 mg, 0.88 mmol, 50% yield; brown

solid.

84 (500 MHz, CDCl3) 8.08 (s, 1H, 10-ArH), 7.86 — 7.81 (m, 1H, 7-ArH or 8-ArH), 7.74 (d, J =
16.1 Hz, 1H, 6-CH), 7.56 — 7.50 (m, 1H, 7-ArH or 8-ArH), 6.55 (d, J = 16.1 Hz, 1H, 5-CH), 5.36
(s, 2H, 9-CHa), 4.23 (t, J = 6.7 Hz, 2H, 4-CH,), 1.75 — 1.66 (m, 2H, 3-CHa), 1.49 — 1.38 (m, 2H,
2-CHy), 0.98 (t, J = 7.4 Hz, 3H, 1-CHs).

LCMS (Method A) Rr = 2.69 min. No ionisation observed.

General procedure F for oxidative cleavage

Following an adapted procedure from Yamada et al.,” to a solution of osmium tetroxide
(4 wt% in H,0) and acrylate (0.54 — 1.62 mmol) in water and THF was added sodium
periodate under nitrogen. The reaction mixture was stirred at RT for 16 h then partitioned
between brine and DCM. The aqueous phase was washed with DCM and the combined
organic layers were dried (MgSQ.), filtered and concentrated in vacuo. The crude product
was purified by silica gel column chromatography and the appropriate fractions were
combined and concentrated in vacuo then triturated with diethyl ether to give the desired

product.

Following General Procedure F, data are reported as: (a) amount of osmium tetroxide,
(b) name and amount of acrylate, (c) volume of water, (d) volume of THF, (e) amount of
sodium periodate, (f) volume of brine in extraction, (g) volume of DCM in extraction,

(h) chromatography gradient, (i) isolated product amount and yield.

3-oxo0-1H-isobenzofuran-5-carbaldehyde (60)

BuO 0 o o}

61 60

Following General Procedure F: (a) 0.22 mL, 0.04 mmol, (b) butyl (E)-3-(3-oxo-1,3-
dihydroisobenzofuran-5-yl)acrylate 61, 230 mg, 0.88 mmol, (c) 2.5 mL, (d) 2.5 mL,
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(e) 567 mg, 2.65 mmol, (f) 2 mL, (g) 2 x 5 mL, (h) 0-100% DCM in petroleum ether
(bp. 40-60), (i) 140 mg, 0.86 mmol, 98% yield; brown solid.

&n (500 MHz, CDCls) 10.14 (s, 1H, 1-CH), 8.42 (d, “Juu = 1.5 Hz, 1H, 5-ArH), 8.25 (dd, J =
7.9 Hz, “Ju.u = 1.5 Hz, 1H, 2-ArH), 7.69 (d, J = 7.9 Hz, 1H, 3-ArH), 5.42 (s, 2H, 4-CH,).

LCMS (Method A) Rr = 1.10 min [M+H]- 161.0 (100% purity).

7-methoxy-1-[2-[4-[(3-0x0-1H-isobenzofuran-5-yl)methylamino]-1-piperidyl]ethyl]-1,8-
naphthyridin-2-one (59)
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Following General Procedure B: (a) 3-oxo-1H-isobenzofuran-5-carbaldehyde 60, 20 mg,
0.12 mmol, (b) [1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-piperidyllammonium
chloride 37, 40 mg, 0.12 mmol, (c) triethylamine, 19 plL, 0.14 mmol, (d) DCM, 0.5 mL,
(e) 75 mg, 0.35 mmol, (f) 2 mL, (g) 2 x 5 mL, (h) 0-50% MeOH in DCM, (j) 16 mg, 0.04 mmol,
30% vyield; white solid.

M.pt.: 147 - 149 °C.

Vmax (neat): 3438 (N-H stretch), 2935 (C-H stretch), 2810, 1761 (C=0 (y-lactone) stretch),
1654 (C=0 (amide) stretch), 1590, 1448, 1311, 1275, 1055, 999 cm™™.

84 (400 MHz, CDCl3) 7.95 — 7.90 (m, 1H, 25-ArH), 7.78 (dd, J = 7.9 Hz, “un = 1.5 Hz, 1H,
19-ArH), 7.74 (d, J = 8.4 Hz, 1H, 4-ArH), 7.59 (d, J = 9.5 Hz, 1H, 6-ArH), 7.49 (dd, J = 7.9 Hz,
5Jun = 0.9 Hz, 1H, 20-ArH), 6.64 (d, J = 8.4 Hz, 1H, 3-ArH), 6.58 (d, J = 9.5 Hz, 1H, 7-ArH), 5.32
(s, 2H, 22-CH,), 4.76 — 4.69 (m, 2H, 10-CH,), 4.06 (s, 3H, 1-CHs), 3.98 (s, 2H, 17-CH,), 3.23 —
3.16 (m, 2H, 12-CH* and 16-CH*), 2.89 — 2.83 (m, 2H, 11-CH,), 2.72 — 2.63 (m, 1H, 14-CH),
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2.44 — 2.33 (m, 2H, 12-CH* and 16-CH*), 2.08 — 2.01 (m, 2H, 13-CH* and 15-CH*) 1.69 -

1.58 (m, 2H, 13-CH* and 15-CH*) *axial/equatorial protons could not be assigned.

&c (125 MHz, CDCl3) 171.1 (23-C), 164.2 (2-C), 163.1 (8-C), 148.8 (9-C), 145.4 (24-C), 142.4
(18-C), 139.0 (19-C), 137.3 (6-C), 134.3 (4-C), 126.0 (21-C), 124.9 (25-C), 122.1 (20-C), 119.0
(7-C), 109.5 (5-C), 106.2 (3-C), 69.6 (22-C), 55.2 (11-C), 54.0 (1-C), 53.8 (14-C), 52.4 (12-C
and 16-C), 50.1 (17-C), 38.5 (10-C), 32.3 (13-C and 15-C).

LCMS (Method C) Ry = 0.95 mins, [M+H]+ 449.4 (100%).

HRMS: (Ca5H28N404) [M+H]+ requires 449.2183, found [M+H]+ 449.2180.

Butyl (E)-3-(1-oxo-3H-isobenzofuran-5-yl)prop-2-enoate (65)
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Following General Procedure E: (a) 5-bromoisobenzofuran-1(3H)-one 64, 300 mg,
1.41 mmol, (b) 45 mg, 0.09 mmol, (c) 0.98 mL, 7.04 mmol, (d) 0.30 mL, 2.08 mmol,
(e) 0-100% EtOAc in petroleum ether (bp. 40-60), (f) 140 mg, 0.54 mmol, 38% yield; brown
oil.

6+ (500 MHz, CDCls) 7.94 (d, J = 8.0 Hz, 1H, 8-ArH), 7.75 (d, J = 16.1 Hz, 1H, 6-CH), 7.69 (dd, J
= 8.0 Hz, “Jpn = 1.2 Hz, 1H, 7-ArH), 7.62 (d, *Ju = 1.2 Hz, 1H, 10-ArH), 6.57 (d, J = 16.1 Hz,
1H, 5-CH), 5.35 (s, 2H, 9-CH,), 4.24 (t, J = 6.7 Hz, 2H, 4-CH,), 1.74 — 1.66 (m, 2H, 2-CH,), 1.49
—1.40 (m, 2H, 2-CH,), 0.98 (t, J = 7.4 Hz, 3H, 1-CHs).

LCMS (Method A) Rr = 2.71 min. No ionisation observed.
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1-oxo-3H-isobenzofuran-5-carbaldehyde (66)
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Following General Procedure F: (a) 0.13 mlL, 0.02 mmol, (b) butyl (E)-3-(1-oxo-1,3-
dihydroisobenzofuran-5-yl)acrylate 65, 140 mg, 0.54 mmol, (c) 1.5 mL, (d) 1.5 mL,
(e) 345 mg, 1.61 mmol, (f) 2 mL, (g) 2 x 5 mL, (h) 0-100% DCM in petroleum ether
(bp. 40-60), (i) 83 mg, 0.51 mmol, 95% yield; brown solid.

84 (500 MHz, CDCls) 10.18 (s, 1H, 1-CH), 8.14 — 8.01 (m, 3H, 3 x ArH), 5.43 (s, 2H, 4-CH.).

LCMS (Method A) Ry = 1.70 mins, [M+H]+ 161.2 (100%).

7-methoxy-1-[2-[4-[(1-ox0-3H-isobenzofuran-5-yl)methylamino]-1-piperidyl]ethyl]-1,8-
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Following General Procedure B: (a) 1-oxo-3H-isobenzofuran-5-carbaldehyde 66, 20 mg,
0.12 mmol, (b) [1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-piperidyllammonium
chloride 37, 38 mg, 0.11 mmol, (c) triethylamine, 18 uL, 0.13 mmol, (d) DCM, 2 mL,
(e) 79 mg, 0.37 mmol, (f) 2 mL, (g) 2 x 5 mL, (h) 0-50% MeOH in DCM, (j) 14 mg, 0.03 mmol,

25% yield; white solid.
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M.pt.: 173 - 174 °C.

Vmax (neat): 3305 (N-H stretch), 2939 (C-H stretch), 2808, 1762 (C=0 (y-lactone) stretch),
1656 (C=0 (amide) stretch), 1592, 1493, 1356, 1275, 1045, 840 cm™.

6+ (500 MHz, CDCls) 7.86 (d, J = 7.9 Hz, 1H, 20-ArH), 7.73 (d, J = 8.3 Hz, 1H, 4-ArH), 7.57 (d,
J =9.3 Hz, 1H, 6-ArH), 7.52 (s, 1H, 25-ArH), 7.49 (d, J = 7.9 Hz, 1H, 19-ArH), 6.63 — 6.56 (m,
2H, 3-ArH and 7-ArH), 5.30 (s, 2H, 23-CH,), 4.69 — 4.64 (m, 2H, 10-CH,), 4.02 (s, 3H, 1-CH3),
3.96 (s, 2H, 17-CH,), 3.14 — 3.09 (m, 2H, 12-CH* and 16-CH*), 2.79 — 2.74 (m, 2H, 11-CH,),
2.61 —2.53 (m, 1H, 14-CH), 2.29 — 2.22 (m, 2H, 12-CH* and 16-CH*), 1.97 — 1.91 (m, 2H, 13-
CH* and 15-CH*), 1.53 — 1.42 (m, 2H, 13-CH* and 15-CH*) *axial/equatorial protons could

not be assigned.

8¢ (125 MHz, CDCls) 171.0 (22-C), 164.2 (2-C), 163.1 (8-C), 148.8 (9-C), 148.0 (18-C), 147.1
(21-C), 139.1 (4-C), 137.3 (6-C), 129.0 (19-C), 125.7 (20-C), 124.5 (24-C), 121.4 (25-C), 119.0
(7-C), 109.5 (5-C) 106.2 (3-C), 69.6 (23-C), 55.2 (11-C), 54.2 (14-C), 53.9 (1-C), 52.4 (12-C and
16-C), 50.5 (17-C), 38.6 (10-C), 32.4 (13-C and 15-C).

LCMS (Method A) Rr = 2.46 mins, [M+H]+ 449.29 (100% purity).
HRMS: (CasH2sN404) [M+H]+ requires 449.2183, found [M+H]+ 449.2181.
6,7-difluoro-1-[2-[4-[(3-0x0-1H-isobenzofuran-5-yl)methylamino]-1-

piperidyl]ethyl]quinoxalin-2-one (74)
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Following General Procedure B: (a) 3-oxo-1H-isobenzofuran-5-carbaldehyde 60, 10 mg,

0.07 mmol, (b) [1-[2-(6,7-difluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidyllJammonium
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chloride 40, 20 mg, 0.06 mmol, (c) triethylamine, 10 uL, 0.07 mmol, (d) THF, 1 mL,
(e) 39 mg, 0.19 mmol, (f) 2 mL, (g) 2 x 5 mL, (h) 0-50% MeOH in DCM, (j) 4 mg, 0.01 mmol,
14% vyield; off-white solid.

M.pt.: decomposition observed at 149 - 150 °C.

Vmax (neat): 3395 (N-H stretch), 2934 (C-H stretch), 2825, 1759 (C=0 (y-lactone) stretch),
1663 (C=0 (amide) stretch), 1600, 1561, 1451, 1385, 1361, 1308, 1054, 1002 cm™.

6+ (400 MHz, CDCls) 8.27 (s, 1H, 6-ArH), 7.92 (s, 1H, 24-ArH), 7.76 — 7.69 (m, 2H, 4-ArH and
18-ArH), 7.50 (d, J = 7.9 Hz, 1H, 19-ArH), 7.43 (dd, 3 = 11.6 Hz, “Yus = 6.9 Hz, 1H, 1-ArH),
5.34 (s, 2H, 21-CH,), 4.45 — 4.37 (m, 2H, 9-CH,), 3.99 (s, 2H, 16-CH,), 3.21 — 3.08 (m, 2H,
11-CH* and 15-CH*), 2.86 — 2.76 (m, 2H, 10-CH,), 2.76 — 2.66 (m, 1H, 13-CH), 2.09 — 1.96
(m, 2H, 12-CH* and 14-CH*), 1.68 — 1.54 (m, 2H, 12-CH* and 14-CH*)*axial/equatorial
protons could not be assigned. 2 x CH (11-CH* and 15-CH*) absent in NMR spectrum. Due
to shouldering, peak was presumed to be under water peak (approx. 2.4 ppm). Drying of
sample/TFA shake not performed due to lack of material, and the risk of loss during

transferring/manipulation.
LCMS (Method C) Ry = 1.01 mins, [M+H]+ 455.4 (100%).

HRMS: (C24H24F2N403) [M+H]+ requires 455.1889, found [M+H]+ 455.1886.

tert-butyl N-[1-[2-(7-fluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidyl]carbamate (70)
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Following General Procedure B: (a) 2-(7-fluoro-2-oxoquinoxalin-1(2H)-yl)acetaldehyde 68,
1 g, 4.85 mmol, (b) 4-Boc-aminopiperidine 25, 972 mg, 4.85 mmol, (d) THF, 40 mL,
(e) 1.13 g, 5.33 mmol, (f) 20 mL, (g) 2 x 30 mL, (h) 0-100% EtOAc in petroleum ether
(bp. 40-60), (j) 1.29 g, 3.31 mmol, 68% yield; orange solid.
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&1 (400 MHz, CDCl3) 8.24 (s, 1H, 5-ArH), 7.88 (dd, J = 8.8 Hz, *Jir = 6.0 Hz, 1H, 3-ArH), 7.17 -
7.05 (m, 2H, 8-ArH and 2-ArH), 4.44 (s, 1H, 16-NH), 4.32 (t, J = 7.1 Hz, 2H, 9-CH;), 3.53 - 3.48
(m, 1H, 13-CH), 3.00 — 2.89 (m, 2H, 2 x piperidine-CH), 2.69 (t, / = 7.1 Hz, 2H, 10-CH,), 2.33 -
2.21 (m, 2H, 2 x piperidine-CH), 2.02 — 1.90 (m, 2H, 2 x piperidine-CH), 1.49 — 1.40 (m, 11H,
2 x piperidine-CH and 3 x 17-CHjs).

LCMS (Method C) Rr = 1.18 mins, [M+H]+ 391.5 (100%).

[1-[2-(7-fluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidyllammonium chloride (72)

3

N\ 2 4 N\5
l ! l
F N~ ~0 F= % 7 N&°0
- -
10
B ——————
14
12
13
HN . NH, .
Boc 16 2 HCI
70 72

Following General Procedure C: (a) tert-butyl N-[1-[2-(7-fluoro-2-oxo-quinoxalin-1-yl)ethyl]-
4-piperidyl]lcarbamate 70, 1.29 g, 3.31 mmol, (b) 100 mL, (c) 4 mL 16 mmol,
(d) 1.26 g, 3.84 mmol, 116% crude yield; white solid.

Diethyl ether was observed in H NMR spectrum, and could not be removed from the
product under vacuum. It was presumed to be part of the crystal structure, owing to

> 100% yield.

LCMS (Method C) Rt = 0.49 mins, [M+H]+ 291.3 (100% purity).
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7-methoxy-1-[2-[4-[(3-ox0-1H-isobenzofuran-5-yl)methylamino]-1-piperidyl]ethyl]-1,8-

2 4 N5

1 1

F7 Y7 NGO

N 9

IS B o
F N0 N
14

13
HN

naphthyridin-2-one (75)

1 15
H H o _ 12@
N
Q o) O 16
17
.8 24
NH, .HCI ol e
(e
72 60 20\ &
21O
75
REDX10159

Following General Procedure B: (a) 3-oxo-1H-isobenzofuran-5-carbaldehyde 60, 20 mg,
0.12 mmol, (b) [1-[2-(7-fluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidyllJammonium chloride
72, 41 mg, 0.13 mmol, (c) triethylamine, 20 uL, 0.14 mmol, (d) THF, 2 mL, (e) 78 mg,
0.37 mmol, (f) 2 mL, (g) 2 x5 mL, (h) 0-50% MeOH in DCM, (j) 15 mg, 0.03 mmol, 28% vyield;

off-white solid.
M.pt.: 160 - 162 °C.

Vmax (neat): 3406 (N-H stretch), 2938 (C-H stretch), 1760 (C=0 (y-lactone) stretch), 1662
(C=0 (amide) stretch), 1617, 1589, 1456, 1366, 1312, 1054, 999 cm.

84 (400 MHz, CDCls) 8.24 (s, 1H, 5-ArH), 7.91 (s, 1H, 24-ArH), 7.88 (dd, J = 8.9 Hz, *Jus =
6.0 Hz, 1H, 3-ArH), 7.72 (d, J = 7.9 Hz, 1H, 18-ArH), 7.47 (d, J = 7.9 Hz, 1H, 19-ArH), 7.17 (dd,
3Jur = 10.4 Hz, Yun= 2.5 Hz, 1H, 8-ArH), 7.09 (ddd, J = 8.9 Hz, ¥ = 7.9 Hz, “Jun = 2.5 Hz, 1H,
2-ArH), 5.33 (s, 2H, 21-CH,), 4.38 — 4.30 (m, 2H, 9-CH,), 3.95 (s, 2H, 16-CH,), 3.05 — 2.95 (m,
2H, 11-CH* and 15-CH*), 2.73 — 2.66 (m, 2H, 10-CH,), 2.61 — 2.52 (m, 1H, 13-CH), 2.26 —
2.17 (m, 2H, 11-CH* and 15-CH*), 1.97 — 1.91 (m, 2H, 12-CH* and 14-CH*), 1.52 — 1.39 (m,

2H, 12-CH* and 14-CH*) *axial/equatorial protons could not be assigned.

8c (101 MHz, CDCl3) 171.1 (22-C), 163.9 (d, Ycr = 252.5 Hz, 1-C), 154.7 (6-C), 149.0 (5-C),
145.4 (23-C), 142.4 (17-C), 134.2 (18-C), 132.6 (d, *Jcr = 11.1 Hz, 3-C), 130.4 (4-C and 7-C),
126.0 (20-C), 124.9 (24-C), 122.1 (19-C), 111.7 (d, YJcr = 24.2 Hz, 2-C), 101.1 (d, %Jcr =
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28.3 Hz, 8-C), 69.6 (21-C), 54.6 (10-C), 53.9 (13-C), 52.7 (11-C and 15-C), 50.1 (16-C), 40.4
(9-C), 32.5 (12-C and 14-C).

LCMS (Method C) Rr = 0.95 mins, [M+H]+ 437.4 (100%).

HRMS: (C24H25FN4O3) [M+H]+ requires 437.1983, found [M+H]+ 437.1983.

tert-butyl N-[1-[2-(7-fluoro-2-oxo0-1,5-naphthyridin-1-yl)ethyl]-4-piperidyl]carbamate (71)
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Following  General  Procedure B: (a) 2-(7-fluoro-2-oxo-1,5-naphthyridin-1(2H)-
yl)acetaldehyde 69, 800 mg, 3.88 mmol, (b) 4-Boc-aminopiperidine 25, 778 mg, 3.88 mmol,
(d) THF, 40 mL, (e) 904 mg, 4.27 mmol, (f) 20 mL, (g) 2 x 20 mL, (h) 0-100% EtOAc in
petroleum ether (bp. 40-60), (j) 1.17 g, 3.00 mmol, 77% yield; white solid.

84 (400 MHz, CDCls) 8.47 — 8.43 (m, 1H, 8-ArH), 7.91 (d, J = 9.8 Hz, 1H, 4-ArH), 7.58 — 7.50
(m, 1H, 2-ArH), 6.88 (d, J = 9.8 Hz, 1H, 5-ArH), 4.33 (t, J = 7.1 Hz, 2H, 9-CH,), 3.53 — 3.48 (m,
1H, 13-CH), 2.97 — 2.89 (m, 2H, 2 x piperidine-CH), 2.67 (t, J = 7.1 Hz, 2H, 10-CH,), 2.33 -
2.23 (m, 2H, 2 x piperidine-CH), 2.01 — 1.92 (m, 2H, 2 x piperidine-CH), 1.47 (s, 9H,
3 x 17-CH3), 1.45 - 1.35 (m, 2H, 2 x piperidine-CH).

LCMS (Method C) Rr = 1.13 mins, [M+H]+ 391.4 (100%).
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[1-[2-(7-fluoro-2-0x0-1,5-naphthyridin-1-yl)ethyl]-4-piperidyllJammonium chloride (73)

4
|N\ AN 2|N\3 X5
/ 1
F N~ 0 F 8/7 N8>0
H Hsa
10

—_—
N 1 N~15
12 14
13
HN . NH .HCI
Boc 16 2
71 73

Following General Procedure C: (a) tert-butyl N-[1-[2-(7-fluoro-2-oxo-1,5-naphthyridin-1-
yl)ethyl]-4-piperidyllcarbamate 71, 1.17 g, 3.00 mmol, (b) 80 mL, (c) 7.49 mL, 29.96 mmol,
(d) 1.26 g, 3.86 mmol, 129% crude vyield; light pink solid.

Diethyl ether was observed in H NMR spectrum, and could not be removed from the

product under vacuum. It was presumed to be part of the crystal structure, owing to

> 100% yield.

LCMS (Method C) Ry = 0.38 mins, [M+H]+ 291.3 (100% purity).

7-fluoro-1-[2-[4-[(3-ox0-1H-isobenzofuran-5-yl)methylamino]-1-piperidyl]ethyl]-1,5-

, 4
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]
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naphthyridin-2-one (76)
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Following General Procedure B: (a) 3-oxo-1H-isobenzofuran-5-carbaldehyde 60, 20 mg,
0.12 mmol, (b) [1-[2-(7-fluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidyllJammonium chloride
73, 41 mg, 0.13 mmol, (c) triethylamine, 21 uL, 0.15 mmol, (d) THF, 2 mL, (e) 78 mg,

Page | 193



0.37 mmol, (f) 2 mL, (g) 2 x 5 mL, (h) 0-50% MeOH in DCM, (j) 5 mg, 0.01 mmol, 9% vyield;

off-white solid.
M.pt.: 151 — 152 °C.

Vmax (neat): 3385 (N-H stretch), 2938 (C-H stretch), 2819, 1760 (C=0 (y-lactone) stretch),
1653 (C=0 (amide) stretch), 1588, 1456, 1389, 1318, 1052, 1002 cm™.

84 (400 MHz, CDCl5) 8.47 — 8.42 (m, 1H, 8-ArH), 7.95 — 7.87 (m, 2H, 4-ArH and 24-ArH), 7.71
(dd, J = 7.9 Hz, “un = 1.5 Hz, 1H, 18-ArH), 7.60 (d, ¥Jur = 9.9 Hz, 1H, 2-ArH), 7.47 (d, J =
7.9 Hz, 1H, 19-ArH), 6.88 (d, J = 9.9 Hz, 1H, 5-ArH), 5.33 (s, 2H, 21-CH,), 4.36 (t, J = 7.2 Hz,
2H, 9-CH,), 3.95 (s, 2H, 16-CH,), 3.06 — 3.00 (m, 2H, 11-CH* and 15-CH*), 2.69 (t, J = 7.2 Hz,
2H, 10-CH,), 2.62 — 2.50 (m, 1H, 13-CH), 2.28 — 2.20 (m, 2H, 11-CH* and 15-CH*), 1.97 —
1.93 (m, 2H, 12-CH* and 14-CH*), 1.50 — 1.43 (m, 2H, 12-CH* and 14-CH*) *axial/equatorial

protons could not be assigned.

8¢ (101 MHz, CDCl3) 171.2 (22-C), 161.3 (6-C), 159.4 (d, Ycr = 260.8 Hz, 1-C), 145.4 (23-C),
142.4 (17-C), 140.2 (4-C), 137.3 (7-C), 135.2 (3-C), 134.2 (18-C), 133.5 (d, Jcs = 31.5 Hz, 8-C),
126.0 (20-C), 124.9 (24-C), 124.3 (5-C), 122.1 (19-C), 108.5 (d, Jcr = 29.0 Hz, 2-C), 69.6
(21-C), 55.1 (10-C), 53.8 (13-C), 52.7 (11-C and 15-C), 50.2 (16-C), 41.0 (9-C), 32.5 (12-C and
14-C).

LCMS (Method C) Ry = 0.87 mins, [M+H]+ 437.4 (100%).

HRMS: (Ca4H25FN4O3) [M+H]+ requires 437.1983, found [M+H]+ 437.1982.
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Lithium 2-(hydroxymethyl)-5-[[[1-[2-(7-methoxy-2-ox0-1,8-naphthyridin-1-yl)ethyl]-4-
piperidyl]Jamino]methyl]benzoate (77)

L
N N
N

>
X

o

59

REDX10142

Following General Procedure D: (a) 7-methoxy-1-[2-[4-[(3-0x0-1H-isobenzofuran-5-
yl)methylamino]-1-piperidyl]ethyl]-1,8-naphthyridin-2-one 59, 5 mg, 0.01 mmol, (b) THF,
0.2 mL, water, 0.2 mL, (c) 111 uL, 0.1 M, 0.01 mmol, (d) isolated as lithium salt, (e) 4 mg,
0.009 mmol, 77% yield; white solid.

84 (400 MHz, DMSO-ds) 8.05 (d, J = 8.4 Hz, 1H, 4-ArH), 7.86 (d, J = 9.4 Hz, 1H, 6-ArH), 7.69
(s, 1H, 27-ArH), 7.16 (d, J = 7.7 Hz, 1H, 19-ArH), 7.07 (d, J = 7.7 Hz, 1H, 20-ArH), 6.73 (d,
J= 8.4 Hz, 1H, 3-ArH), 6.50 (d, J = 9.4 Hz, 1H, 7-ArH), 4.50 — 4.45 (m, 2H, 22-CH,), 4.39 (s, 2H,
17-CH,), 3.98 (s, 3H, 1-CHs), 3.73 — 3.68 (m, 2H, 10-CH,), 2.98 — 2.90 (m, 2H, 12-CH* and
16-CH*), 2.56 — 2.56 (m, 1H, 14-CH), 2.47 — 2.45 (m, 2H, 11-CH,), 2.07 — 2.03 (m, 2H, 12-CH*
and 16-CH*), 1.85 — 1.77 (m, 2H, 13-CH* and 15-CH*), 1.27 — 1.22 (m, 2H, 13-CH* and

15-CH*) *axial/equatorial protons could not be assigned.

LCMS (Method C) Rr = 0.96 min, [M+H]+ 467.5 (84% purity), Rr = 1.05 min, [M+H]+ 449.4
(16% purity). Minor peak relating to lactone observed in LCMS, but is absent in 'H NMR

spectrum.
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Lithium 5-[[[1-[2-(7-fluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidylJamino]methyl]-2-
(hydroxymethyl)benzoate (78)

A
C

HN

75

REDX10204

Following General Procedure D: (a) 7-methoxy-1-[2-[4-[(3-0x0-1H-isobenzofuran-5-
yl)methylamino]-1-piperidyl]ethyl]-1,8-naphthyridin-2-one 75, 4 mg, 0.01 mmol, (b) THF,
0.2 mL, water, 0.2 mL, (c) 0.1 M, 92 uL, 0.01 mmol, (d) isolated as lithium salt, (e) 2 mg,
0.004 mmol, 48% yield; white solid.

84 (400 MHz, CD;0D) 8.17 (s, 1H, 5-ArH), 7.91 (dd, J = 8.9 Hz, ¥ = 6.0 Hz, 1H, 3-ArH), 7.73
(d, ¥un = 1.7 Hz, 1H, 26-ArH), 7.46 (dd, 3Jur = 10.7 Hz, *Juy = 2.5 Hz, 1H, 8-ArH), 7.37 - 7.30
(m, 2H, 18-ArH and 19-ArH), 7.20 (ddd, J = 8.9 Hz, 3Ju¢ = 8.1 Hz, *Jyu = 2.5 Hz, 1H, 2-ArH),
4.69 (s, 2H, 21-CH,), 4.45 — 4.39 (m, 2H, 9-CH,), 3.81 (s, 2H, 16-CH,), 3.10 — 3.04 (m, 2H,
11-CH* and 15-CH*), 2.72 — 2.66 (m, 2H, 10-CH,), 2.57 — 2.48 (m, 1H, 13-CH), 2.20 — 2.10
(m, 2H, 11-CH* and 15-CH*), 1.99 — 1.91 (m, 2H, 12-CH* and 14-CH*), 1.51 — 1.39 (m, 2H,

12-CH* and 14-CH*) *axial/equatorial protons could not be assigned.

LCMS (Method C) Rt = 0.86 min, [M+H]+ 455.4 (100% purity).

Butyl (E)-3-(3-oxo-1H-isobenzofuran-4-yl)prop-2-enoate (81)

O
O 0
=
(0]
Cl o o
83 81
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Following General Procedure E: (a) 7-chloroisobenzofuran-1(3H)-one 83, 500 mg, 2.97
mmol, (b) 95 mg, 0.19 mmol, (c) 2.07 mL, 14.83 mmol, (d) 0.64 mL, 4.44 mmol, (e) 0-100%
EtOAc in petroleum ether (bp. 40-60), (f) 422 mg, 1.62 mmol, 55% yield; brown solid.

LCMS (Method C) Rt = 1.83 min, [M+H]+ 261.2 (100% purity).

3-oxo0-1H-isobenzofuran-4-carbaldehyde (80)
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Following General Procedure F: (a) 0.20 mlL, 0.03 mmol, (b) butyl (E)-3-(3-oxo-1H-
isobenzofuran-4-yl)prop-2-enoate 81, 422 mg, 1.62 mmol, (c) 5 mL, (d) 5 mL, (e) 1.04 g, 4.86
mmol, (f) 5 mL, (g) 2 x 5 mL, (h) 0-100% DCM in petroleum ether (bp. 40-60), (i) 202 mg,
1.25 mmol, 77% yield; off-white solid.

M.pt.: 125 - 127 °C.

Vmax (neat): 2876 (C-H stretch), 1744 (C=0 (y-lactone) stretch), 1693 (C=0 (aldehyde)
stretch), 1589, 1453, 1242, 1200, 1052 cm™.

84 (400 MHz, CDCls) 11.13 (s, 1H, 9-CH), 8.13 (dd, J = 7.6 Hz, “/un = 0.9 Hz, 1H, 1-ArH), 7.85
(dd, J = 7.6 Hz, YJun = 0.9 Hz, 1H, 3-ArH), 7.77 (t, J = 7.6 Hz, 1H, 2-ArH), 5.46 (s, 2H, 5-CH,).

6¢ (101 MHz, CDCl3) 188.9 (9-C), 169.8 (6-C), 147.4 (4-C), 134.7 (7-C), 134.3 (3-C), 127.3 (1-C
or 2-C), 127.2 (1-C or 2-C), 125.8 (8-C), 69.9 (5-C).

LCMS (Method C) Rt = 1.16 min [M+H]+ 163.1 (100% purity).

HRMS: (CsHgO3) [M+H]+ requires 163.0390, found [M+H]+ 163.0387.
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7-methoxy-1-[2-[4-[(3-ox0-1H-isobenzofuran-4-yl)methylamino]-1-piperidyl]ethyl]-1,8-
naphthyridin-2-one (84)

4 6
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Following General Procedure B: (a) 3-oxo-1H-isobenzofuran-4-carbaldehyde 80, 30 mg,
0.19 mmol, (b) [1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-piperidyllammonium
chloride 37, 60 mg, 0.18 mmol, (c) triethylamine, 30 uL, 0.22 mmol, (d) THF, 3 mL,
(e) 113 mg, 0.53 mmol, (f) 3 mL, (g) 2 x 10 mL, (h) 0-50% MeOH in DCM, (j) 22 mg,

0.05 mmol, 28% yield; yellow solid.
M.pt.: 96 - 98 °C.

Vmax (neat): 3414 (N-H stretch), 2949 (C-H stretch), 2824, 1750 (C=0 (y-lactone) stretch),
1650 (C=0 (amide) stretch), 1589, 1449, 1397, 1277, 1055, 999 cm™.

&1 (400 MHz, CDCl3) 7.73 (d, J = 8.4 Hz, 1H, 4-ArH), 7.67 — 7.62 (m, 1H, 25-ArH), 7.58 (d,
J=9.4 Hz, 1H, 6-ArH), 7.53 (d, J = 7.5 Hz, 1H, 26-ArH), 7.40 (d, J = 7.6 Hz, 1H, 24-ArH), 6.63
(d, J = 8.4 Hz, 1H, 3-ArH), 6.59 (d, J = 9.4 Hz, 1H, 7-ArH), 5.33 (s, 2H, 22-CH,), 4.74 — 4.65 (m,
2H, 10-CH.), 4.26 (s, 2H, 18-CH,), 4.04 (s, 3H, 1-CHs), 3.20 — 3.12 (m, 2H, 12-CH* and
16-CH*), 2.85 -2.76 (m, 2H, 11-CH,), 2.72 — 2.60 (m, 1H, 14-CH), 2.38 — 2.28 (m, 2H, 12-CH*
and 16-CH*), 1.97 (s, 2H, 13-CH* and 15-CH*), 1.61 — 1.55 (m, 2H, 13-CH* and 15-CH*)
*axial/equatorial protons could not be assigned.

6¢ (101 MHz, CDCls) 171.3 (21-C), 164.2 (2-C), 163.1 (8-C), 148.8 (9-C), 147.5 (23-C), 140.8
(19-C), 139.0 (4-C), 137.3 (6-C), 134.3 (25-C), 129.7 (26-C), 123.2 (20-C), 121.0 (24-C), 119.0
(7-C), 109.5 (5-C), 106.3 (3-C), 69.5 (22-C), 54.9 (11-C), 54.0 (1-C), 53.8 (14-C), 52.0 (12-C
and 16-C), 46.1 (18-C), 38.3 (10-C), 31.5 (13-C and 15-C).
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LCMS (Method C) Ry = 0.99 mins, [M+H]+ 449.4 (100%).

HRMS: (CasH28N404) [M+H]+ requires 449.2183, found [M+H]+ 449.2177.

7-fluoro-1-[2-[4-[(3-0x0-1H-isobenzofuran-4-yl)methylamino]-1-
piperidyl]ethyl]quinoxalin-2-one (85)
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Following General Procedure B: (a) 3-oxo-1H-isobenzofuran-4-carbaldehyde 80, 30 mg,
0.19 mmol, (b) [1-[2-(7-fluoro-2-oxo-quinoxalin-1-yl)ethyl]-4-piperidyllammonium chloride
72, 63 mg, 0.19 mmol, (c) triethylamine, 32 pL, 0.23 mmol, (d) THF, 3 mL, (e) 118 mg,
0.56 mmol, (f) 3 mL, (g) 2 x 10 mL, (h) 0-50% MeOH in DCM, (j) 24 mg, 0.06 mmol,
30% yield; brown solid.

M.pt.: 152 - 154 °C.

Vmax (neat): 3405 (N-H stretch), 2949 (C-H stretch), 2823, 1751 (C=0 (y-lactone) stretch),
1663 (C=0 (amide) stretch), 1617, 1589, 1452, 1366, 1316, 1052, 1003 cm™.

84 (400 MHz, CDCls) 8.23 (s, 1H, 5-ArH), 7.88 (dd, J = 8.9 Hz, “Jus = 6.0 Hz, 1H, 3-ArH), 7.67
(t, J = 7.5 Hz, 1H, 24-ArH), 7.57 (d, J = 7.5 Hz, 1H, 25-ArH), 7.43 (d, J = 7.5 Hz, 1H, 23-ArH),
7.25-7.19 (m, 1H, 8-ArH), 7.09 (ddd, J = 8.9 Hz, 3Jus = 7.9 Hz, Yun = 2.5 Hz, 1H, 2-ArH), 5.35
(s, 2H, 21-CH,), 4.41 — 4.36 (m, 2H, 9-CH,), 4.30 (s, 2H, 17-CH,), 3.14 — 3.05 (m, 2H, 11-CH*
and 15-CH*), 2.79 — 2.70 (m, 3H, 10-CH, and 13-CH), 2.32 (s, 2H, 11-CH* and 15-CH*), 2.06
- 2.01 (m, 2H, 12-CH* and 14-CH*), 1.73 — 1.62 (m, 2H, 12-CH* and 14-CH*)

*axial/equatorial protons could not be assigned.
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8c (101 MHz, CDCl3) 171.4 (20-C), 164.0 (d, YJecr = 202.0 Hz, 1-C), 154.6 (6-C), 148.83 (5-C),
147.6 (22-C), 139.4 (18-C), 134.4 (24-C), 134.2 (25-C), 132.6 (d, *Jcr = 8.1 Hz, 3-C), 130.4 (4-C
or 7-C), 130.1 (4-C or 7-C), 123.4 (19-C), 121.4 (23-C), 111.8 (d, %Jcr = 19.2 Hz, 2-C), 101.1
(d, Yer = 22.2 Hz, 8-C), 69.7 (21-C), 54.0 (10-C), 52.1 (11-C and 15-C), 50.8 (13-C), 45.9
(17-C), 39.9 (9-C), 30.8 (12-C and 14-C).

LCMS (Method C) Rt = 0.94 mins, [M+H]+ 437.4 (100%).
HRMS: (C24H25FN4O3) [M+H]+ requires 437.1983, found [M+H]+ 437.1981.

Lithium 2-(hydroxymethyl)-6-[[[1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-
piperidyllJamino]methyl]benzoate (86)
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Following General Procedure D: (a) 7-methoxy-1-[2-[4-[(3-0x0-1H-isobenzofuran-4-
yl)methylamino]-1-piperidyl]ethyl]-1,8-naphthyridin-2-one 84, 5 mg, 0.01 mmol, (b) THF,
0.2 mL, water, 0.2 mL, (c) 111 uL, 0.1 M, 0.01 mmol, (d) isolated as lithium salt, (e) 5 mg,
0.01 mmol, 97% vyield; white solid.

6n (400 MHz, CDs0D) 7.98 (d, J = 8.5 Hz, 1H, 4-ArH), 7.86 (d, J = 9.4 Hz, 1H, 6-ArH), 7.41 —
7.37 (m, 1H, ArH), 7.29 — 7.22 (m, 2H, 2 x ArH), 6.74 (d, J = 8.5 Hz, 1H, 3-ArH), 6.57 (d,
J=9.4 Hz, 1H, 7-ArH), 4.75 — 4.65 (m, 4H, 10-CH, and 18-CH), 4.07 (s, 3H, 1-CHs), 3.82 (s,
2H, 22-CH,), 3.18 — 3.10 (m, 2H, 11-CH,), 2.79 — 2.70 (m, 2H, 12-CH* and 16-CH*), 2.62 —
2.51 (m, 1H, 14-CH), 2.28 — 2.17 (m, 2H, 12-CH* and 16-CH*), 1.99 — 1.94 (m, 2H, 13-CH*
and 15-CH*), 1.56 — 1.42 (m, 2H, 13-CH* and 15-CH*) *axial/equatorial protons could not

be assigned.
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LCMS (Method C) Ry = 0.98 min, [M+H]+ 467.5 (97% purity), Rr = 1.07 min, [M+H]+ 449.5
(3% purity) Minor peak relating to lactone observed in LCMS, but is absent in *H NMR

spectrum.

Butyl (E)-3-(1-oxoisochroman-7-yl)prop-2-enoate (88)

Br

87
Following General Procedure E: (a) 7-bromoisochroman-1-one 87, 500 mg, 2.20 mmol,
(b) 70 mg, 0.14 mmol, (c) 1.53 mL, 11.0 mmol, (d) 0.48 mL, 3.33 mmol, (e) 0-100% EtOAc in
petroleum ether (bp. 40-60), (f) 270 mg, 0.98 mmol, 45% yield; brown solid.

8u (400 MHz, CDCls) 8.29 (d, Yun = 1.8 Hz, 1H, 11-ArH), 7.71 (dd, J = 7.9 Hz, “Jus = 1.8 Hz,
1H, 7-ArH), 7.70 (d, J = 16.0 Hz, 1H, 6-CH), 7.33 (d, J = 7.9 Hz, 1H, 8-ArH), 6.54 (d,
J=16.0 Hz, 1H, 5-CH), 4.58 (t, J = 6.0 Hz, 2H, 10-CH,), 4.24 (t, J = 6.7 Hz, 2H, 4-CH,), 3.11 (t, J
= 6.0 Hz, 2H, 9-CH,), 1.78 — 1.65 (m, 2H, 3-CH,), 1.52 — 1.41 (m, 2H, 2-CH,), 0.99 (t,
J=7.4Hz, 3H, 1-CHs).

LCMS (Method C) Rt = 1.83 mins, [M+H]+ 275.2 (100%).

1-oxoisochromane-7-carbaldehyde (89)

BuO (0]

0
88 89

Following General Procedure F: (a) 0.12 mL, 0.02 mmol, (b) butyl (E)-3-(1-oxoisochroman-7-
yl)prop-2-enoate 88, 270 mg, 0.98 mmol, (c) 2.5 mL, (d) 2.5 mL, (e) 633 mg, 2.96 mmol,
(f) 5 mL, (g) 2 x 10 mL, (h) 0-100% DCM in petroleum ether (bp. 40-60), (i) 120 mg,
0.68 mmol, 69% vyield; white solid.

M.pt.: 135 - 137 °C.

Vmax (neat): 2973, 2918 (C-H stretch), 1717 (C=0 (lactone) stretch), 1683 (C=0 (aldehyde)
stretch), 1609, 1393, 1241, 1172, 1086 cm™.
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&n (400 MHz, CDCls) 10.09 (s, 1H, 1-CH), 8.61 (d, “Jun = 1.7 Hz, 1H, 10-ArH), 8.11 (dd, J =
7.9 Hz, “Jyn = 1.7 Hz, 1H, 3-ArH), 7.49 (dd, J = 7.9 Hz, 1H, 4-ArH), 4.66 — 4.58 (m, 2H, 7-CH>),
3.19 (t, J = 6.0 Hz, 2H, 6-CH>).

&¢ (101 MHz, CDCls) 190.7 (1-C), 163.9 (8-C), 145.7 (5-C), 136.1 (9-C), 133.2 (10-C), 132.7
(3-C), 128.4 (4-C), 126.3 (2-C), 66.9 (7-C), 28.2 (6-C).

LCMS (Method C) Rt = 1.17 mins, [M+H]+ 177.1 (100%).
HRMS: (C10Hs03) [M+H]+ requires 177.0546, found [M+H]+ 177.0545.

7-methoxy-1-[2-[4-[(1-oxoisochroman-7-yl)methylamino]-1-piperidyl]ethyl]-1,8-
naphthyridin-2-one (90)
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Following General Procedure B: (a) 1l-oxoisochromane-7-carbaldehyde 89, 26 mg, 0.15
mmol, (b) [1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-piperidyllammonium
chloride 37, 50 mg, 0.15 mmol, (c) triethylamine, 25 uL, 0.18 mmol, (d) THF, 2 mL,
(e) 94 mg, 0.44 mmol, (f) 3 mL, (g) 2 x 10 mL, (h) 0-50% MeOH in DCM, (j) 12 mg, 0.03

mmol, 18% yield; white solid.
M.pt.: 133 - 136 °C.

Vmax (neat): 3400 (N-H stretch), 2952 (C-H stretch), 2838, 1719 (C=0 (y-lactone) stretch),
1649 (C=0 (amide) stretch), 1609, 1397, 1278, 1275, 1055, 1032, 999 cm™™.

84 (400 MHz, CDCls) 8.07 (d, “Juw = 1.9 Hz, 1H, 26-ArH), 7.77 — 7.70 (m, 2H, 4-ArH and
19-ArH), 7.60 (d, J = 9.4 Hz, 1H, 6-ArH), 7.31 (d, J = 8.0 Hz, 1H, 20-ArH), 6.64 (d, J = 8.4 Hz,
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1H, 3-ArH), 6.59 (d, J = 9.4 Hz, 1H, 7-ArH), 4.79 — 4.69 (m, 2H, 10-CH,), 4.60 — 4.50 (m, 2H,
23-CHy), 4.05 (s, 3H, 1-CHs), 3.97 (s, 2H, 17-CHy), 3.33 — 3.23 (m, 2H, 12-CH* and 16-CH*),
3.07 (t, J = 6.0 Hz, 2H, 22-CH), 2.96 — 2.86 (m, 2H, 11-CH,), 2.86 — 2.78 (m, 1H, 14-CH), 2.51
—2.40 (m, 2H, 12-CH* and 16-CH*), 2.14 — 2.05 (m, 2H, 13-CH* and 15-CH*), 1.85-1.73 (m,

2H, 13-CH* and 15-CH*) *axial/equatorial protons could not be assigned.

8¢ (101 MHz, CDCls) 165.0 (24-C), 164.4 (2-C), 163.2 (8-C), 148.6 (9-C), 139.2 (19-C), 139.1
(18-C), 137.6 (6-C), 136.5 (21-C), 134.4 (4-C), 130.5 (26-C), 127.9 (20-C), 125.4 (25-C), 118.8
(7-C), 109.6 (5-C), 106.6 (3-C), 67.3 (23-C), 54.4 (1-C), 54.2 (11-C), 53.0 (14-C), 51.4 (12-C
and 16-C), 48.8 (17-C), 37.7 (10-C), 29.6 (13-C and 15-C), 27.6 (22-C).

LCMS (Method C) Rt = 1.02 mins, [M+H]+ 463.4 (100%).
HRMS: (C26H30N404) [M+H]+ requires 463.2340, found [M+H]+ 463.2332.

7-fluoro-1-[2-[4-[(1-oxoisochroman-7-yl)methylamino]-1-piperidyl]ethyl]-1,5-
naphthyridin-2-one (91)
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Following General Procedure B: (a) 1l-oxoisochromane-7-carbaldehyde 89, 25 mg, 0.14
mmol, (b) [1-[2-(7-fluoro-2-ox0-1,5-naphthyridin-1-yl)ethyl]-4-piperidyl]Jammonium
chloride 73, 45 mg, 0.14 mmol, (c) triethylamine, 23 uL, 0.17 mmol, (d) THF, 2 mL,
(e) 87 mg, 0.41 mmol, (f) 3 mL, (g) 2 x 10 mL, (h) 0-50% MeOH in DCM, (j) 30 mg,
0.07 mmol, 48% yield; white solid.

M.pt.: glass transition at 159 °C, decomposition at 184 °C.
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Vmax (neat): 3306 (N-H stretch), 2933 (C-H stretch), 2816, 1721 (C=0 (y-lactone) stretch),
1661 (C=0 (amide) stretch), 1590, 1563, 1388, 1314, 1217, 1179, 1126, 1091, 999 cm™.

84 (400 MHz, CDCls) 8.46 — 8.41 (m, 1H, 2-ArH), 8.06 (d, “ux = 1.9 Hz, 1H, 25-ArH), 7.91 (d,
J = 9.8 Hz, 1H, 4-ArH), 7.69 — 7.63 (m, 1H, 8-ArH), 7.58 (dd, J = 7.8 Hz, “un = 1.9 Hz, 1H,
18-ArH), 7.26 (d, J = 7.8 Hz, 1H, 19-ArH), 6.88 (d, J = 9.8 Hz, 1H, 5-ArH), 4.56 (t, J = 6.4 Hz,
2H, 22-CH,), 4.39 (t, J = 7.3 Hz, 2H, 9-CH,), 3.87 (s, 2H, 16-CH,), 3.09 — 3.00 (m, 4H, 11-CH*,
15-CH* and 21-CH,), 2.71 (t, J = 7.3 Hz, 2H, 10-CH,), 2.64 — 2.54 (m, 1H, 13-CH), 2.33 - 2.23
(m, 2H, 11-CH* and 15-CH*), 1.99 — 1.87 (m, 2H, 12-CH* and 14-CH*), 1.57 — 1.44 (m, 2H,

12-CH* and 14-CH*) *axial/equatorial protons could not be assigned.

8¢ (101 MHz, CDCls) 165.2 (23-C), 161.3 (6-C), 159.5 (d, Ycr = 273.7 Hz, 1-C), 140.2 (4-C and
17-C), 138.3 (20-C), 137.3 (7-C), 135.2 (3-C), 133.6 (18-C), 133.5 (d, Ycs = 24.2 Hz, 2-C),
129.8 (25-C), 127.5 (19-C), 125.3 (24-C), 124.3 (5-C), 108.5 (d, Ycr = 23.2 Hz, 8-C), 67.4
(22-C), 54.9 (10-C), 53.6 (13-C), 52.6 (11-C and 15-C), 50.1 (16-C), 40.8 (9-C), 32.1 (12-C and
14-C), 27.6 (21-C).

LCMS (Method C) Rt = 0.90 mins, [M+H]+ 451.4 (100% purity).

HRMS: (CasH27FN4O3) [M+H]+ requires 451.2140, found [M+H]+ 451.2137.

Lithium 5-[[[1-[2-(7-fluoro-2-0x0-1,5-naphthyridin-1-yl)ethyl]-4-piperidyl]amino]methyl]-
2-(2-hydroxyethyl)benzoate (92)

)
|
F = N

N

AN
H (@]
HN

REDX10403
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Following General Procedure D: (a) 7-fluoro-1-[2-[4-[(1-oxoisochroman-7-yl)methylamino]-
1-piperidyl]ethyl]-1,5-naphthyridin-2-one 92, 7.2 mg, 0.02 mmol, (b) THF, 0.2 mL, water,
0.2 mL, (c) 160 uL, 0.1 M, 0.02 mmol, (d) isolated as lithium salt, (e) 5 mg, 0.01 mmol, 67%

yield; white solid.

84 (400 MHz, CDsOD) 8.54 — 8.49 (m, 1H, 2-ArH), 8.04 — 7.95 (m, 2H, 4-ArH and 26-ArH),
7.55-7.31 (m, 1H, 8-ArH), 7.33 (dd, J = 7.9 Hz, “u = 2.0 Hz, 1H, 18-ArH), 7.27 (d, J = 7.9 Hz,
1H, 19-ArH), 6.89 (d, J = 9.8 Hz, 1H, 5-ArH), 4.45 (t, J = 7.0 Hz, 2H, 9-CH,), 3.95 (s, 2H,
16-CH,), 3.83 — 3.78 (m, 2H, 22-CH,), 3.16 — 3.05 (m, 4H, 11-CH*, 15-CH* and 21-CH.), 2.85
— 2.75 (m, 1H, 13-CH), 2.69 (t, J = 7.0 Hz, 2H, 10-CH,), 2.23 — 2.13 (m, 2H, 11-CH* and
15-CH*), 2.09 — 2.01 (m, 2H, 12-CH* and 14-CH*), 1.60 — 1.45 (m, 2H, 12-CH* and 14-CH*)

*axial/equatorial protons could not be assigned.

8¢ (101 MHz, CDCl) 169.8 (23-C), 161.3 (6-C), 159.5 (d, Ycr = 261.6 Hz, 1-C), 141.6 (17-C),
140.3 (4-C), 137.2 (7-C), 137.2 (20-C), 135.2 (3-C), 134.4 (18-C), 133.6 (d, Jcs = 25.3 Hz, 2-C),
125.7 (24-C), 125.0 (26-C), 124.2 (5-C), 120.8 (19-C), 108.6 (d, Jcs = 23.2 Hz, 8-C), 85.4
(22-C), 54.6 (10-C), 53.5 (13-C), 52.4 (11-C and 15-C), 50.0 (16-C), 40.5 (9-C), 31.8 (12-C and
14-C), 27.4 (21-C).

LCMS (Method C) Rt = 0.79 min, [M+H]+ 469.4 (100% purity).

Methyl 2-acetyl-5-chloro-benzoate (102)

BuO

OMe OMe

100 101 102

Following an adapted procedure from Springfield et al.,’® to a solution of methyl 2-bromo-
5-chlorobenzoate 100 (2 g, 8.02 mmol), tri-o-tolylphosphine (354 mg, 1.16 mmol) and
Pd(OAc), (54 mg, 0.24 mmol) in MeCN (10 mL) in a microwave vial was added
DIPEA (4.33 mL, 24.85 mmol) and butyl vinyl ether (2.07 mL, 16.03 mmol), and the vial was
sealed and purged with nitrogen. The reaction vessel was heated to 80 °C in a Biotage
Initiator microwave reactor for 2 h. The reaction mixture was cooled to RT and
concentrated in vacuo, and the resulting residue was azeotroped with toluene (3 mL) and

suspended in toluene (5 mL) for 16 h. The reaction mixture was filtered and the precipitate
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was washed with toluene (2 x 5 mL). The combined organic layers were cooled in an ice
bath under nitrogen, and phosphoric acid (85% wt%, 4.34 mL, 64.99 mmol) was added
dropwise over 20 min. The reaction was warmed to RT and stirred for 30 min, after which,
the acidic layer was separated and washed with toluene (3 x 5 mL). The combined organic
phases were washed with sodium bicarbonate solution (50% aq., 5 mL), then brine (5 mL),
then dried (MgSQ,), filtered and concentrated in vacuo to give methyl

2-acetyl-5-chloro-benzoate 102 (1.32 g, 6.21 mmol, 77% yield) as an orange oil.
84 (400 MHz, CDCls) 7.83 (d, *Juw = 2.1 Hz, 1H, 7-ArH), 7.56 (dd, J = 8.2 Hz, )y = 2.1 Hz, 1H,

5-ArH), 7.42 (d, J = 8.2 Hz, 1H, 4-ArH), 3.93 (s, 3H, 10-CHs), 2.55 (s, 3H, 1-CH).

LCMS (Method C) Rr = 1.60 mins, [M+H]+ 181.0 (91% purity), Rt = 1.24 mins, [M+H]+ 430.5
(2% purity), Rt = 2.24 mins, [M+H]+ 181.0, 153.0 (7% purity).

Lithium 2-acetyl-5-chloro-benzoate (103)

)
0O

OMe I

Cl

102 103
A solution of methyl 2-acetyl-5-chloro-benzoate 102 (500 mg, 2.35 mmol) and LiOH (56 mg,
2.35 mmol) dissolved in THF (2 mL) and H,O (2 mL) was stirred at RT for 1 h, after which,
the reaction mixture was concentrated in vacuo to give lithium 2-acetyl-5-chloro-benzoate

103 (467 mg, 2.28 mmol, 97% yield) as an orange oil.

54 (400 MHz, CDsOD) 7.67 (dd, .1 = 2.0 Hz, °Jun = 0.6 Hz, 1H, 7-ArH), 7.41 — 7.39 (m, 2H,
4-ArH and 5-ArH), 2.53 (s, 3H, 1-CHs).

LCMS (Method C) Rr = 1.36 mins, [M+H]- 197.1 (95% purity), Rt = 2.21 mins, [M+H]+ 181.1,
153.1 (5% purity).
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6-chloro-3-methyl-3H-isobenzofuran-1-one (104)

0]
0]

oLi* _—

Cl
103 104

Following an adapted procedure from Liithy et al,®” to a solution of 2-acetyl-5-chloro-
benzoic acid 103 (467 mg, 2.35 mmol) in sodium hydroxide (2 M, 1.18 mL, 2.35 mmol) was
added sodium borohydride (89 mg, 2.35 mmol) portion-wise. The reaction mixture was
heated to 100 °C for 30 min, and was then cooled to room temperature and acidified to
pH 1 with HCl (conc.). The biphasic system was loaded directly onto a pre-equilibrated
cartridge and purified by silica gel column chromatography (gradient = 0-100 EtOAc in
petroleum ether (bp. 40-60)). The appropriate fractions were combined then concentrated
in vacuo to give 6-chloro-3-methyl-3H-isobenzofuran-1-one 104 (310 mg, 1.70 mmol,

72% yield) as an orange oil.

84 (400 MHz, CDCls) 7.88 (d, “Jun = 1.9 Hz, 1H, 2-ArH), 7.67 (dd, J = 8.2 Hz, “)y.u = 1.9 Hz, 1H,
9-ArH), 7.41 (d, J = 8.1 Hz, 1H, 8-ArH), 5.58 (q, J = 6.7 Hz, 1H, 5-CH), 1.66 (d, J = 6.7 Hz, 3H,
6-CHs).

LCMS (Method C) Rt = 1.55 mins, [M+H]- 183.0 (100% purity).

Butyl (E)-3-(1-methyl-3-oxo-1H-isobenzofuran-5-yl)prop-2-enoate (94)

Cl

104
Following General Procedure E: (a) 6-chloro-3-methyl-3H-isobenzofuran-1-one 104, 310 mg,
1.70 mmol, (b) 52 mg, 0.10 mmol, (c) 1.18 mL, 8.47 mmol, (d) 0.37 mL, 2.57 mmol,
(e) 0-100% EtOAc in petroleum ether (bp. 40-60), (f) 385 mg, 1.40 mmol, 83% yield; brown
oil.
84 (400 MHz, CDCl3) 7.97 (s, 1H, 10-ArH), 7.74 (d, J = 8.0 Hz, 1H, 7-ArH), 7.67 (d, J = 16.0 Hz,
1H, 6-CH), 7.40 (d, J = 8.0 Hz, 1H, 8-ArH), 6.47 (d, J = 16.0 Hz, 1H, 5-CH), 5.52 (q, J = 6.8 Hz,
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1H, 9-ArH), 4.16 (t, J = 6.9 Hz, 2H, 4-CH,), 1.69 — 1.51 (m, 5H, 3-CH; and 10-CHs), 1.45-1.30
(m, 2H, 2-CH,), 0.90 (t, /= 7.4 Hz, 3H, 1-CHs).

LCMS (Method A) Rt = 2.69 min. No ionisation observed.

1-methyl-3-oxo0-1H-isobenzofuran-5-carbaldehyde (93)
0

BUO | O

9
@)
7
8

94 93

Following General Procedure F: (a) 0.38 mL, 0.06 mmol, (b) butyl (E)-3-(1-methyl-3-oxo-1H-
isobenzofuran-5-yl)prop-2-enoate 94, 385 mg, 1.49 mmol, (c) 3 mL, (d) 3 mL, (e) 956 mg,
4.47 mmol, (f) 5 mL, (g) 2 x 5 mL, (h) 0-100% DCM in petroleum ether (bp. 40-60),
(i) 136 mg, 0.77 mmol, 52% vyield; white solid.

M.pt.: 89 -90 °C.

Vmax (neat): 3043 (C-H (aliphatic) stretch), 1766 (C=0O (y-lactone) stretch), 1694 (C=0
(aldehyde) stretch), 1621, 1441, 1228, 1160, 1116, 1044 cm™.

84 (400 MHz, CDCls) 10.15 (s, 1H, 1-CH), 8.41 (s, 1H, 11-ArH), 8.26 (d, J = 7.9 Hz, 1H, 4-ArH),
7.64 (d, J = 7.9 Hz, 1H, 5-ArH), 5.68 (q, J = 6.8 Hz, 1H, 7-CH), 1.72 (d, J = 6.8 Hz, 3H, 8-CHs).

8¢ (101 MHz, CDCls) 190.4 (2-C), 169.0 (9-C), 156.4 (6-C), 137.6 (3-C), 134.1 (4-C), 128.1
(11-C), 127.1 (10-C), 122.6 (5-C), 77.9 (7-C), 20.2 (8-C).

LCMS (Method C) Rt = 1.25 mins, [M+H]+ 177.1.

HRMS: (C10Hs03) [M+H]+ requires 177.0546, found [M+H]+ 177.0545.
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7-methoxy-1-[2-[4-[(1-methyl-3-ox0-1H-isobenzofuran-5-yl)methylamino]-1-
piperidyl]ethyl]-1,8-naphthyridin-2-one (105)

XN

~ =

O/(Nj\/l\:\l\o
- 5
A oo
Q o 9

NH, .HCI

37 93

105
REDX10370

Following General Procedure B: (a) 1-methyl-3-oxo-1H-isobenzofuran-5-carbaldehyde 93,
26 mg, 015 mmol, (b) [1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-
piperidyllammonium chloride 37, 50 mg, 0.15 mmol, (c) triethylamine, 25 uL, 0.18 mmol,
(d) THF, 3 mL, (e) 94 mg, 0.44 mmol, (f) 3 mL, (g) 2 x 10 mL, (h) 0-50% MeOH in DCM,
(j) 7 mg, 0.015 mmol, 10% yield; white solid.

84 (400 MHz, CDCl3) 7.88 (s, 1H, 27-ArH), 7.79 — 7.70 (m, 2H, 4-ArH and 19-ArH), 7.61 (d,
J=9.4Hz, 1H, 6-ArH), 7.43 (d, J = 7.8 Hz, 1H, 20-ArH), 6.66 (d, J = 8.4 Hz, 1H, 3-ArH), 6.60 (d,
J = 9.4 Hz, 1H, 7-ArH), 5.58 (q, J = 6.7 Hz, 1H, 22-CH), 4.93 — 4.73 (m, 2H, 10-CH,), 4.09 (s,
3H, 1-CHs), 3.95 (s, 2H, 17-CH,), 3.37 — 3.21 (m, 2H, 12-CH* and 16-CH*), 3.05 — 2.90 (m, 2H,
11-CH,), 2.80 — 2.65 (m, 1H, 14-CH), 2.66 — 2.39 (m, 2H, 12-CH* and 16-CH*), 2.17 — 2.05
(m, 2H, 13-CH* and 15-CH*), 1.74 — 1.68 (m, 2H, 13-CH* and 15-CH*), 1.65 (d, J = 6.7 Hz,

3H, 23-CHs) *axial/equatorial protons could not be assigned.

LCMS (Method C) Ry = 1.07 mins, [M+H]+ 463.5 (100%).
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7-fluoro-1-[2-[4-[(1-methyl-3-ox0-1H-isobenzofuran-5-yl)methylamino]-1-piperidyl]ethyl]-
1,5-naphthyridin-2-one (106)

|N\ X

¢ o
N H
9 o 0

NH, .HCI

73 93

106
REDX10371

Following General Procedure B: (a) 1-methyl-3-oxo-1H-isobenzofuran-5-carbaldehyde 93,
27 mg, 0.15 mmol, (b) [1-[2-(7-fluoro-2-ox0-1,5-naphthyridin-1-yl)ethyl]-4-
piperidyllammonium chloride 73, 50 mg, 0.15 mmol, (c) triethylamine, 25 pL, 0.18 mmol,
(d) THF, 3 mL, (e) 94 mg, 0.44 mmol, (f) 3 mL, (g) 2 x 10 mL, (h) 0-50% MeOH in DCM,
(j) 12 mg, 0.027 mmol, 17% yield; white solid.

M.pt.: decomposition at 136 - 138 °C.

Vmax (Neat): 2962 (C-H stretch), 1746 (C=0 (y-lactone) stretch), 1659 (C=0 (amide) stretch),
1588, 1561, 1444, 1310, 1216, 1150, 1044 cm™.

84 (400 MHz, CDCl3) 8.48 — 8.43 (m, 1H, 2-ArH), 7.92 (d, J = 9.8 Hz, 1H, 4-ArH), 7.87 (s, 1H,
25-ArH), 7.70 (d, J = 7.7 Hz, 1H, 18-ArH), 7.69 — 7.64 (m, 1H, 8-ArH), 7.42 (d, J = 7.7 Hz, 1H,
19-ArH), 6.88 (d, J = 9.8 Hz, 1H, 5-ArH), 5.58 (q, J = 6.7 Hz, 1H, 21-CH), 4.40 (t, J = 7.4 Hz, 2H,
9-CH,), 3.94 (s, 2H, 16-CH,), 3.12 — 3.02 (m, 2H, 11-CH* and 15-CH*), 2.74 — 2.68 (m, 2H,
10-CH,), 2.66 — 2.56 (m, 1H, 13-CH), 2.37 — 2.30 (m, 2H, 11-CH* and 15-CH*), 2.02 — 1.94
(m, 2H, 12-CH* and 14-CH*), 1.65 (d, J = 6.7 Hz, 3H, 22-CHs), 1.57 — 1.44 (m, 2H, 12-CH* and

14-CH*) *axial/equatorial protons could not be assigned.

8¢ (125 MHz, CDCl3) 171.1 (23-C), 161.3 (6-C), 159.5 (d, Ycr = 260.6 Hz, 1-C), 150.1 (20-C),
142.1 (17-C), 140.3 (4-C), 137.2 (7-C), 135.1 (3-C), 134.3 (18-C), 133.5 (d, Ye = 25.3 Hz, 2-C),
126.1 (24-C), 124.9 (25-C), 124.3 (5-C), 121.6 (19-C), 108.6 (d, Ycr = 23.2 Hz, 8-C), 77.7
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(21-C), 54.8 (10-C), 53.8 (13-C), 52.5 (11-C and 15-C), 50.1 (16-C), 40.7 (9-C), 32.0 (12-C and
14-C), 20.5 (22-C).

LCMS (Method C) Rr = 0.93 mins, [M+H]+ 451.4 (100%).

HRMS: (CasH27FN4O3) [M+H]+ requires 451.2140, found [M+H]+ 451.2139.

Method for separation of enantiomers of REDX10371 (106)

NS HN 0 FNF HN ) ENE SN X0
HN HN HN
0 0 0
O ~ 0 (0]
106 107 108
REDX10371 (R)-REDX10371 (S)-REDX10371

Enantiomers of REDX10371 106 were separated via chiral preparative SFC, carried out on a
MG Il preparative SFC (SFC-1) using a ChiralPak AD (250 x 30 mm, 5 um) column. Samples
were dissolved in MeOH (25 mL) and injected onto the column portion-wise (4.2 mL
aliquots). Mobile phase: 45% EtOH (+0.1% ammonium hydroxide as a modifier) in
supercritical CO; for 12 min, flow rate = 50 mL/min. After separation, the fractions were

concentrated in vacuo, before being assessed for their enantiomeric excess by SFC.
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(R)-7-fluoro-1-(2-(4-(((1-methyl-3-oxo-1,3-dihydroisobenzofuran-5-
yl)methyl)amino)piperidin-1-yl)ethyl)-1,5-naphthyridin-2(1H)-one (107)

4
1

F 8/7 N6 ~O

-

10

15 N N1
12

14
13
HN 16
17

20 O

20" 21
107
(R)-REDX10371

8u (400 MHz, CDCls) 8.47 — 8.42 (m, 1H, 2-ArH), 7.91 (d, J = 9.8 Hz, 1H, 4-ArH), 7.87 (s, 1H,
25-ArH), 7.70 (d, J = 7.8 Hz, 1H, 18-ArH), 7.66 — 7.60 (m, 1H, 8-ArH), 7.41 (d, J = 7.8 Hz, 1H,
19-ArH), 6.88 (d, J = 9.8 Hz, 1H, 5-ArH), 5.57 (q, J = 6.7 Hz, 1H, 21-CH), 4.38 (t, J = 7.3 Hz, 2H,
9-CH,), 3.94 (s, 2H, 16-CH,), 3.08 — 3.00 (m, 2H, 11-CH* and 15-CH*), 2.72 — 2.66 (m, 2H,
10-CH,), 2.60 — 2.53 (m, 1H, 13-CH), 2.30 — 2.19 (m, 2H, 11-CH* and 15-CH*), 1.98 — 1.92
(m, 2H, 12-CH* and 14-CH*), 1.65 (d, J = 6.7 Hz, 3H, 22-CHs), 1.51 — 1.40 (m, 2H, 12-CH* and
14-CH*).

LCMS (Method C) Rt = 0.91 mins, [M+H]+ 451.3 (100%).
[a]3° +13.7 (conc. = 0.168 g/100 mL)
Chiral SFC (for method, see below) R = 4.18 min, [M+H]+ 451.2, %ee > 99%.

Enantiomeric excess was determined by analytical SFC, carried out on a Waters UPC2
analytical SFC (SFC-H) using a ChiralPak AD-3 (150 x 4.6 mm, 3 um) column. Mobile phase:
40% EtOH (+0.05% diethanolamine as a modifier) in supercritical CO, for 7 min, flow rate =

2.5 mL/min.
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(S)-7-fluoro-1-(2-(4-(((1-methyl-3-oxo-1,3-dihydroisobenzofuran-5-
yl)methyl)amino)piperidin-1-yl)ethyl)-1,5-naphthyridin-2(1H)-one (108)

4
1
F 8/7N60
Hg
10

108
(S)-REDX10371

84 (400 MHz, CDCls) 8.47 — 8.41 (m, 1H, 2-ArH), 7.91 (d, J = 9.8 Hz, 1H, 4-ArH), 7.87 (s, 1H,
25-ArH), 7.70 (d, J = 7.7 Hz, 1H, 18-ArH), 7.64 — 7.58 (m, 1H, 8-ArH), 7.41 (d, J = 7.7 Hz, 1H,
19-ArH), 6.88 (d, J = 9.8 Hz, 1H, 5-ArH), 5.57 (q, J = 6.7 Hz, 1H, 21-CH), 4.37 (t, J = 7.3 Hz, 2H,
9-CH,), 3.94 (s, 2H, 16-CH,), 3.04 — 2.97 (m, 2H, 11-CH* and 15-CH*), 2.73 — 2.64 (m, 2H,
10-CH,), 2.60 — 2.55 (m, 1H, 13-CH), 2.29 — 2.19 (m, 2H, 11-CH* and 15-CH*), 1.99 — 1.91
(m, 2H, 12-CH* and 14-CH*), 1.65 (d, J = 6.7 Hz, 3H, 22-CHs), 1.50 — 1.41 (m, 2H, 12-CH* and
14-CH*).

LCMS (Method C) Rt = 0.92 mins, [M+H]+ 451.2 (100%).
[a]3° -10.2 (conc. = 0.171 g/100 mL)
Chiral SFC (for method, see below) Ry = 8.21 min, [M+H]+ 451.2, %ee > 99%.

Enantiomeric excess was determined by analytical SFC, carried out on a Waters UPC2
analytical SFC (SFC-H) using a ChiralPak AD-3 (150 x 4.6 mm, 3 um) column. Mobile phase:
40% EtOH (+0.05% diethanolamine as a modifier) in supercritical CO, for 7 min, flow rate =

2.5 mL/min.
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Lithium 5-[[[1-[2-(7-fluoro-2-ox0-1,5-naphthyridin-1-yl)ethyl]-4-piperidyl]Jamino]methyl]-
2-(1-hydroxyethyl)benzoate (109)

0L
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F = N

N
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106 109
REDX10725

Following General Procedure D: (a) 7-fluoro-1-[2-[4-[(1-methyl-3-0x0-1H-isobenzofuran-5-
yl)methylamino]-1-piperidyl]ethyl]-1,5-naphthyridin-2-one 106, 11 mg, 0.02 mmol, (b) THF,
0.6 mL, water, 0.6 mL, (c) 240 pL, 0.1 M, 0.02 mmol, (d) isolated as lithium salt, (e) 10 mg,
0.02 mmol, 87% yield; white solid.

84 (400 MHz, CDsOD) 8.54 — 8.50 (m, 1H, 2-ArH), 8.04 — 7.95 (m, 2H, 4-ArH and 26-ArH),
7.56 — 7.50 (m, 1H, 8-ArH), 7.40 (d, J = 7.8 Hz, 1H, 19-ArH), 7.33 (dd, J = 7.8 Hz, “/u = 2.0 Hz,
1H, 18-ArH), 6.89 (d, J = 9.8 Hz, 1H, 5-ArH), 5.10 (q, J = 6.5 Hz, 1H, 21-CH), 4.45 (t, J = 7.0 Hz,
2H, 9-CH,), 3.79 (s, 2H, 16-CH,), 3.10 — 3.02 (m, 2H, 11-CH*, 15-CH*), 2.70 — 2.61 (m, 2H,
10-CH,), 2.58 — 2.47 (m, 1H, 13-CH), 2.21 — 2.10 (m, 2H, 11-CH* and 15-CH*), 1.98 — 1.92
(m, 2H, 12-CH* and 14-CH*), 1.51 (d, J = 6.5 Hz, 3H, 22-CH3), 1.47 — 1.40 (m, 2H, 12-CH* and

14-CH*) *axial/equatorial protons could not be assigned.

LCMS (Method C) Rt = 0.63 min, [M+H]+ 469.3 (100% purity).
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Lithium 5-[[[1-[2-(7-fluoro-2-ox0-1,5-naphthyridin-1-yl)ethyl]-4-piperidyl]Jamino]methyl]-
2-[(1R)-1-hydroxyethyl]benzoate (110)
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(R)-REDX10725

Following General Procedure D: (a) 7-fluoro-1-[2-[4-[[(1R)-1-methyl-3-ox0-1H-isobenzofuran
-5-yllmethylamino]-1-piperidyllethyl]-1,5-naphthyridin-2-one 107, 12 mg, 0.03 mmol,
(b) THF, 0.6 mL, water, 0.6 mL, (c) 260 uL, 0.1 M, 0.03 mmol, (d) isolated as lithium salt,
(e) 10 mg, 0.02 mmol, 80% yield; white solid.

84 (400 MHz, CDsOD) 8.55 — 8.51 (m, 1H, 2-ArH), 8.04 — 7.95 (m, 2H, 4-ArH and
26-ArH), 7.54 — 7.50 (m, 1H, 8-ArH), 7.40 (d, J = 7.8 Hz, 1H, 19-ArH), 7.33 (dd, J = 7.8 Hz,
4Jyn = 2.0 Hz, 1H, 18-ArH), 6.89 (d, J = 9.8 Hz, 1H, 5-ArH), 5.10 (q, J = 6.5 Hz, 1H, 21-CH), 4.45
(t, J = 7.0 Hz, 2H, 9-CH,), 3.79 (s, 2H, 16-CH,), 3.10 — 3.02 (m, 2H, 11-CH*, 15-CH*), 2.70 —
2.61 (m, 2H, 10-CH,), 2.58 — 2.47 (m, 1H, 13-CH), 2.21 — 2.10 (m, 2H, 11-CH* and 15-CH*),
1.98 — 1.92 (m, 2H, 12-CH* and 14-CH*), 1.51 (d, J = 6.5 Hz, 3H, 22-CHs), 1.47 — 1.40 (m, 2H,

12-CH* and 14-CH*) *axial/equatorial protons could not be assigned.

LCMS (Method C) Rt = 0.63 min, [M+H]+ 469.3 (100% purity).
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Lithium 5-[[[1-[2-(7-fluoro-2-ox0-1,5-naphthyridin-1-yl)ethyl]-4-piperidyl]Jamino]methyl]-
2-[(1S)-1-hydroxyethyl]benzoate (111)

L
|
F = N

N

NN
H (@]
HN

108 11
(S)-REDX10725

Following  General Procedure D: (a) 7-fluoro-1-[2-[4-[[(1S5)-1-methyl-3-0x0-1H-
isobenzofuran-5-yljmethylamino]-1-piperidyllethyl]-1,5-naphthyridin-2-one 108, 11 mg,
0.02 mmol, (b) THF, 0.6 mL, water, 0.6 mL, (c) 240 pL, 0.1 M, 0.02 mmol, (d) isolated as
lithium salt, (e) 11 mg, 0.02 mmol, 78% yield; white solid.

84 (400 MHz, CDsOD) 8.53 — 8.50 (m, 1H, 2-ArH), 8.04 — 7.95 (m, 2H, 4-ArH and 26-ArH),
7.55-7.51 (m, 1H, 8-ArH), 7.40 (d, J = 7.8 Hz, 1H, 19-ArH), 7.33 (dd, J = 7.8 Hz, “/u.n = 2.0 Hz,
1H, 18-ArH), 6.89 (d, J = 9.8 Hz, 1H, 5-ArH), 5.10 (q, J = 6.5 Hz, 1H, 21-CH), 4.45 (t, J = 7.0 Hz,
2H, 9-CHa), 3.79 (s, 2H, 16-CH,), 3.10 — 3.02 (m, 2H, 11-CH*, 15-CH*), 2.70 — 2.61 (m, 2H,
10-CH,), 2.58 — 2.47 (m, 1H, 13-CH), 2.21 — 2.10 (m, 2H, 11-CH* and 15-CH*), 1.98 — 1.92
(m, 2H, 12-CH* and 14-CH*), 1.51 (d, J = 6.5 Hz, 3H, 22-CHs), 1.47 — 1.40 (m, 2H, 12-CH* and

14-CH*) *axial/equatorial protons could not be assigned.

LCMS (Method C) Rt = 0.63 min, [M+H]+ 469.3 (100% purity).
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6-chloro-3,3-dimethyl-isobenzofuran-1-one (113)

0]
o HO o

OL* — » oLi*

Cl Cl
103 112 113

To an ice-cold solution of lithium 2-acetyl-5-chloro-benzoate 103 (550 mg, 2.77 mmol) in
dry THF (20 mL) in an ice bath was added MeMgBr (1 M in THF, 5.54 mL, 5.54 mmol)
dropwise over 15 min. The reaction mixture was stirred at RT for 1 h, followed by the
addition of MeMgBr (1 M in THF, 5.54 mL, 5.54 mmol) dropwise over 15 min. The reaction
mixture was stirred for 1 h then HCI (0.5 M, 4 mL) was added followed by EtOAc (10 mL).
The aqueous phase was separated and washed with EtOAc (3 x 5 mL), and the combined
organic phases were washed with brine (4 mL), dried (MgS0.), filtered and concentrated in
vacuo. The resulting residue was purified by silica gel column chromatography (gradient =
0-50% EtOAc in petroleum ether (bp. 40-60)). The appropriate fractions were combined and
concentrated in vacuo to give 6-chloro-3,3-dimethyl-isobenzofuran-1-one 113 (134 mg,

0.68 mmol, 25% yield) as a white crystalline solid.

84 (400 MHz, CDCls) 7.85 (d, “un = 2.0, °Jun = 0.6 Hz, 1H, 2-ArH), 7.65 (dd, J = 8.2 Hz,
“Jun = 2.0 Hz, 1H, 9-ArH), 7.37 (dd, J = 8.2 Hz, 5Ju = 0.6 Hz, 1H, 8-ArH), 1.68 (s, 6H, 6-CHs
and 6’-CHjs).

LCMS (Method C) Rt = 1.65 mins, [M+H]+ 197.0.

HRMS: (C10HsClO,) [M+H]+ requires 197.0364, found [M+H]+ 197.0363.

Butyl (E)-3-(1,1-dimethyl-3-oxo-isobenzofuran-5-yl)prop-2-enoate (114)

Cl

113 114

Following General Procedure E: (a) 6-chloro-3,3-dimethyl-isobenzofuran-1-one 113, 370 mg,

1.88 mmol, (b) 58 mg, 0.11 mmol, (c) 1.31 mL, 9.38 mmol, (d) 0.41 mL, 2.82 mmol,
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(e) 0-50% EtOAc in petroleum ether (bp. 40-60), (f) 280 mg, 0.97 mmol, 52% yield; orange

oil.

&n (400 MHz, CDCl3) 8.03 (m, “un = 1.5 Hz, °Jun = 0.7 Hz, 1H, 10-ArH), 7.82 (dd, J = 8.0 Hz,
“Juw = 1.5 Hz, 1H, 7-ArH), 7.75 (d, J = 16.0 Hz, 1H, 6-CH), 7.45 (dd, J = 8.0 Hz, °Ju.4 = 0.7 Hz,
1H, 8-ArH), 6.54 (d, / = 16.0 Hz, 1H, 5-CH), 4.25 (t, J = 6.7 Hz, 2H, 4-CH;), 1.76 — 1.70 (m, 2H,
3-CH.), 1.70 (s, 6H, 9-CHs and 9’-CHs), 1.53 — 1.40 (m, 2H, 2-CH,), 0.99 (t, J = 7.4 Hz, 3H,
1-CHs).

LCMS (Method C) Rr = 1.94 mins, [M+H]+ 289.3 (84% purity), Rt = 1.90 mins, [M+H]+ 289.3
(16% purity).

1,1-dimethyl-3-oxo-isobenzofuran-5-carbaldehyde (115)
0]

BuO o)

114

Following General Procedure F: (a) 0.25 mL, 0.04 mmol, (b) butyl (E)-3-(1,1-dimethyl-3-oxo-
isobenzofuran-5-yl)prop-2-enoate 114, 280 mg, 1.03 mmol, (c) 2 mL, (d) 2 mL, (e) 660 mg,
3.08 mmol, (f) 2 mL, (g) 2 x 5 mL, (i) 148 mg, 0.78 mmol, 76% yield; white solid.

M.pt.: 161 - 162 °C.

Vmax (neat) = 2990 (C-H stretch), 1762 (C=0 (y-lactone) stretch), 1695 (C=0 (aldehyde)
stretch), 1620, 1392, 1370, 1186, 1095 cm™.

81 (400 MHz, CDCls) 10.14 (s, 1H, 1-CH), 8.38 (dd, “Jus = 1.4 Hz, SJun = 0.7 Hz, 1H, 4-ArH),
8.25 (dd, J = 7.9 Hz, “Yun = 1.4 Hz, 1H, 11-ArH), 7.60 (dd, J = 7.9 Hz, SJyn = 0.7 Hz, 1H,
10-ArH), 1.73 (s, 6H, 8-CHs and 8’-CHs).

8¢ (101 MHz, CDCls) 190.4 (2-C), 168.3 (6-C), 160.2 (9-C), 137.5 (3-C), 134.2 (11-C), 128.3
(4-C), 126.6 (5-C), 121.8 (10-C), 85.7 (7-C), 27.2 (8-C and 8'-C).

LCMS (Method C) Rr = 1.36 mins, [M+H]+ 191.0 (91% purity), Rt = 1.25 mins, [M+H]+ 207.1
(9% purity).

HRMS: (C11H1003) [M+H]+ requires 191.0703, found [M+H]+ 191.0702.
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1-[2-[4-[(1,1-dimethyl-3-0x0-isobenzofuran-5-yl)methylamino]-1-piperidyl]ethyl]-7-
methoxy-1,8-naphthyridin-2-one (116)

XN

N~ =

O/(Nj\/NlO
- 0
Q o ©

NH, _HCI

37 115

116
REDX10387

Following General Procedure B: (a) 1,1-dimethyl-3-oxo-isobenzofuran-5-carbaldehyde 115,
28 mg, 0.15 mmol, (b) [1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-
piperidyllammonium chloride 37, 50 mg, 0.15 mmol, (c) triethylamine, 25 uL, 0.18 mmol,
(d) THF, 3 mL, (e) 94 mg, 0.44 mmol, (f) 3 mL, (g) 2 x 10 mL, (h) 0-50% MeOH in DCM,
(j) 4 mg, 0.008 mmol, 6% yield; white solid.

M.pt.: decomposition at 199 - 200 °C.

Vmax (neat): 3395 (N-H stretch), 2976, 2934 (C-H stretch), 1753 (C=0 (y-lactone) stretch),
1656 (C=0 (amide) stretch), 1592, 1494, 1448, 1395, 1355, 1276, 1127, 1040 cm™.

8k (400 MHz, CDCl3) 7.86 (dd, “u-n = 1.5 Hz, °Juw = 0.7 Hz, 1H, 27-ArH), 7.79 (dd, J = 7.8 Hz,
“Juw = 1.5 Hz, 1H, 19-ArH), 7.74 (d, J = 8.4 Hz, 1H, 4-ArH), 7.59 (d, J = 9.4 Hz, 1H, 6-ArH), 7.40
(dd, J = 7.8 Hz, SJuy = 0.7 Hz, 1H, 20-ArH), 6.63 (d, J = 8.4 Hz, 1H, 3-ArH), 6.57 (d, J = 9.4 Hz,
1H, 7-ArH), 4.77 — 4.68 (m, 2H, 10-CH,), 4.05 (s, 3H, 1-CHs), 3.98 (s, 2H, 17-CH,), 3.25 — 3.20
(m, 2H, 12-CH* and 16-CH*), 2.91 — 2.82 (m, 2H, 11-CH,), 2.77 — 2.67 (m, 1H, 14-CH), 2.45 —
2.39 (m, 2H, 12-CH* and 16-CH*), 2.12 — 2.03 (m, 2H, 13-CH* and 15-CH*), 1.74 — 1.66 (m,
2H, 13-CH* and 15-CH*), 1.65 (s, 6H, 23-CHs and 23’-CH3) *axial/equatorial protons could

not be assigned.

8¢ (101 MHz, CDCls) 169.7 (25-C), 164.3 (2-C), 163.1 (8-C), 154.3 (21-C), 148.7 (9-C), 140.0
(18-C), 139.1 (4-C), 137.5 (6-C), 134.8 (19-C), 125.7 (26-C), 125.4 (27-C), 121.0 (20-C), 118.9
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(7-C), 109.5 (5-C), 106.4 (3-C), 85.5 (22-C), 54.9 (11-C), 54.2 (1-C), 53.3 (14-C), 51.9 (12-C
and 16-C), 49.4 (17-C), 38.1 (10-C), 30.9 (13-C and 15-C), 27.3 (23-C and 23’-C).

LCMS (Method C) Rt = 1.11 mins, [M+H]+ 477.5 (100% purity).
HRMS: (C27H32N404) [M+H]+ requires 477.2496, found [M+H]+ 477.2485.

1-[2-[4-[(1,1-dimethyl-3-0x0-isobenzofuran-5-yl)methylamino]-1-piperidyl]ethyl]-7-
fluoro-1,5-naphthyridin-2-one (117)

|N\ X

FL)\/NIO
- g
Q o o

NH, .HCI

73 115

117
REDX10388

Following General Procedure B: (a) 1,1-dimethyl-3-oxo-isobenzofuran-5-carbaldehyde 115,
28 mg, 0.15 mmol, (b) [1-[2-(7-methoxy-2-0x0-1,8-naphthyridin-1-yl)ethyl]-4-
piperidyllammonium chloride 73, 48 mg, 0.15 mmol, (c) triethylamine, 25 uL, 0.18 mmol,
(d) THF, 3 mL, (e) 94 mg, 0.44 mmol, (f) 3 mL, (g) 2 x 10 mL, (h) 0-50% MeOH in DCM,
(j) 6 mg, 0.013 mmol, 9% yield; white solid.

M.pt.: decomposition at 189 - 191 °C.

Vmax (neat): 2980 (C-H stretch), 2930, 1747 (C=0 (y-lactone) stretch), 1656 (C=0 (amide)
stretch), 1589, 1562, 1455, 1388, 1324, 1217, 1130, 1046 cm™.

84 (400 MHz, CDCl;) 8.46 — 8.42 (m, 1H, 2-ArH), 7.91 (d, J = 9.8 Hz, 1H, 4-ArH), 7.83 (s, 1H,
25-ArH), 7.73 — 7.62 (m, 2H, 8-ArH and 18-ArH), 7.38 (d, J = 7.8 Hz, 1H, 19-ArH), 6.88 (d, J =
9.8 Hz, 1H, 5-ArH), 4.40 (t, J = 7.4 Hz, 2H, 9-CH), 3.94 (s, 2H, 16-CH,), 3.12 — 3.04 (m, 2H,
11-CH* and 15-CH*), 2.77 — 2.68 (m, 2H, 10-CH,), 2.68 — 2.57 (m, 1H, 13-CH), 2.36 — 2.26
(m, 2H, 11-CH* and 15-CH*), 2.03 — 1.94 (m, 2H, 12-CH* and 14-CH*), 1.67 (s, 6H, 22-CHs
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and 22’-CHs), 1.55 — 1.49 (m, 2H, 12-CH* and 14-CH*) *axial/equatorial protons could not

be assigned.

8¢ (101 MHz, CDCl3) 169.8 (23-C), 161.3 (6-C), 159.5 (d, YJecr = 261.6 Hz, 1-C), 154.0 (20-C),
141.6 (17-C), 140.3 (4-C), 137.2 (d, *Jcr = 6.1 Hz, 7-C), 135.2 (3-C), 134.4 (18-C), 133.6 (d,
%Jer = 25.3 Hz, 2-C), 125.7 (24-C), 125.0 (25-C), 124.2 (5-C), 120.8 (19-C), 108.6 (d, %Jcr =
23.2 Hz, 8-C), 85.4 (21-C), 54.6 (10-C), 53.5 (13-C), 52.4 (11-C and 15-C), 50.0 (16-C), 40.5
(9-C), 31.8 (12-C and 14-C), 27.4 (22-C and 22’-C).

LCMS (Method C) Rr = 1.01 mins, [M+H]+ 465.5 (100%).

HRMS: (Ca6H29FN4O3) [M+H]+ requires 465.2296, found [M+H]+ 465.2289.
3.11.3 Additional methods and protocols

3.11.31 Molecular dynamics

Each compound to be assessed was individually docked within the crystal structure of the
relevant enzyme (paraoxonase — PDB: 3SRG,”® DNA gyrase subunit A — PDB: 2XCS?®), using
the binding mode observed in the X-ray crystal structure as the basis for a knowledge-based
alignment. The enzymatic cell unit was then computationally saturated with water
molecules (non-bonded cut-off of 10 A), preparing the system for molecular dynamics
through a default relaxation process (including a minimisation step, followed by 4 short
molecular dynamics simulations (3 x 12 ps, 1 x 24 ps)). The entire dynamic system
(approximately 45,000 atoms for paraoxonase, approximately 232,000 atoms for gyrase A)
was then modelled (10 ns for paraoxonase, 8 ns for gyrase A) at a temperature of 300K
using OPLS_2005 as a force field® in Desmond v2.3.% Constant temperature (300K) and
pressure (1 atm) were maintained using the Berendsen coupling algorithm, in accordance

with procedures for constant-temperature, constant-pressure (NPT) ensembles.

The movement of each atom within the system was simulated, including all solvent
molecules, and a "snapshot" of the system was taken at regular intervals, resulting in over
2000 frames of the dynamic enzymatic system. The resulting trajectories for each system
was then analysed using Maestro (v10.6), monitoring how key interactions developed over

the course of the experiment.
3.11.3.2 Human plasma stability

Human plasma samples (either diluted 1:1 with phosphate buffer, or used without dilution)

were incubated (Thermomixer, 37 °C, 700 rpm) and spiked with test compound (1 uM, 1%
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final DMSO concentration). Aliquots (25 pL) were removed at a series of time points (24 h
assay with phosphate buffer: 0 min, 5 min, 30 min, 1 h, 2 h, 3 h, 5 h, 23 hand 24 h; 2 h
assay without buffer: 0 min, 5 min, 10 min, 15 min, 30 min, 45 min, 1 h, 2 h) and quenched
into ice cold acetonitrile containing propranolol as an internal standard. After completion of
the assay, the samples were centrifuged (4000 rpm, 10 min, 4 °C) and the supernatant was

analysed by HPLC.
3.11.3.3 Human S9 lung fraction stability

Human S9 lung fraction samples (either diluted to 0.5 mg/mL with phosphate buffer, or
used without dilution at 5 mg/mL) were incubated (Thermomixer, 37 °C, 700 rpm) with
NADPH solution (2.5 pL, 100 mM, phosphate buffer). Test compound was spiked into the
sample (1 uM, 1% final DMSO concentration). Aliquots (25 uL) were removed at a series of
time points (24 h assay with phosphate buffer: 0 min, 5 min, 30 min, 1 h, 2 h, 3h,5h, 23 h
and 24 h; 2 h assay without buffer: 0 min, 5 min, 10 min, 15 min, 30 min, 45 min, 1 h, 2 h)
and quenched into ice cold acetonitrile containing propranolol as an internal standard.
After completion of the assay, the samples were centrifuged (4000 rpm, 10 min, 4 °C) and

the supernatant was analysed by HPLC.
3.11.3.4 Paraoxonase 1 stability

Human PON1 (QQ isoform) was diluted in phosphate buffered saline (1:5) and aliquots
(293 pL) were incubated (Thermomixer, 37 °C, 700 rpm) and spiked with test compound in
MeOH (7 pL, 400 uM). The assay incubations were performed in duplicate (n = 2), with a
control incubation included which contained no PON1 (i.e. 300 uL PBS). Aliquots (25 pL)
were removed at a series of time points (0 min, 20 min, 40 min, 1 h, 2 h,3 h,4 h,5 h, 6 h)
and quenched into ice cold acetonitrile containing propranolol as an internal standard.
After completion of the assay, the samples were centrifuged (4000 rpm, 30 min, 4 °C) and

the supernatant was analysed by HPLC.
3.11.3.5 MIC determination

MICs were determined by the broth microdilution or agar dilution procedure according to
the CLSI guidelines.’® For broth microdilution, the test compound was subjected to 2-fold
serial dilution in a 96-well microtitre plate, giving a typical final concentration range of
0.25 — 128 pg/mL and a maximum final concentration of 1% DMSO. For agar dilution, the
test compound was subjected to 2-fold serial dilution in a 24-well plate, giving a typical final

compound concentration range of 0.03 — 128 pg/mL and a maximum final solvent
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concentration of 1% DMSO. Strains were grown in cation-adjusted Mueller—Hinton broth
(CA-MHB) or agar (CA-MHA) with or without 5% lysed horse blood at 37 °C in an ambient
atmosphere, in haemophilus testing medium broth at 37 °C in an ambient atmosphere, or
in gonococcal broth or agar supplemented with Vitox at 37 °C in an atmosphere containing
5% CO,. The MIC was determined as the lowest concentration of compound that inhibits
visible growth following a 16 — 24 h incubation period. Results presented are representative

of at least two experiments.
3.11.3.6 HepG2 cytotoxicity determination

HepG2 cells (ATCC HB-8065) were seeded at a density of 20,000 cells per well and
incubated for 24 h at 37 °C in an atmosphere of 5% CO,. Cells were then exposed to a
doubling dilution series of the test compound. After 24 h of incubation, the viability of the
cells was determined using CellTiter-Glow® (Promega, WI, USA), according to the
manufacturer’s instructions. Each experiment was carried out in duplicate and the results
reported as the average concentration of test compound inhibiting 50% of cell viability

(CCso).
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4 Inhibitors of GyrB/ParE

4.1 Revisiting alternative binding sites of DNA gyrase

Fluoroquinolones have been shown to bind to subunit A and subunit C of DNA gyrase and
topoisomerase |V, respectively. As has been previously discussed, the selective targeting of
alternative binding sites on DNA gyrase that elicit the same phenotypic response is a

potentially lucrative area of antibacterial research (Section 1.6).

Throughout Chapter 2 and Chapter 3, inhibition of the NBTI binding site on subunit A
(Figure 1) exemplified a currently underutilised method of overcoming commonly
encountered antibacterial drug resistance. This approach allowed a series of soft drug
inhibitors to be developed, which maintained potency against drug resistant strains of
S. aureus. To date, however, therapies that target alternative binding sites of DNA gyrase

remain clinically unused.

Inhibition of the ATPase binding site on gyrase B (Figure 1) has been highlighted as a
potential method of disrupting DNA gyrase function, causing bacterial cell death. However,
although they have been well studied within the literature and have had historical clinical

use, no inhibitors of the ATPase binding site are currently therapeutically utilised.

As a result, a second branch of in-house research evolved, aiming to target drug resistant

bacteria by focusing on inhibition of the ATPase binding site of DNA gyrase subunit B.

Adenosine

triphosphate Subunit B
(ATP) binding site

Subunit A

Fluoroquinolone (FQ) Novel bacterial (type II)

binding site topoisomerase (NBTI)

binding site
Revisiting the binding sites of DNA gyrase.

Figure 1
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411 The ATPase binding site

For illustrative purposes, key interactions between the ATPase site on DNA gyrase and a

- —— T
- "y 9
S

HN ')

known inhibitor are shown in Figure 2.

)
W\

e ; J
772\ I
L. . "\
X-ray crystal structure (PDB: 4K40) of Trius Therapeutics tricyclic core compound 1
crystallised with E. coli gyrase B active site.! Figure generated using Maestro (v10.6).

Figure 2

As reported by Tari et al.,' the Trius Therapeutics series, exemplified by compound 1,
exhibited several key interactions with the active site (Figure 2). The tricyclic core made
three strong binding interactions with Asp75, two directly (aniline and pyrrole N-H) and one
via a highly conserved water molecule (pyrimidine nitrogen, water highlighted in red).
These polar interactions were maintained throughout many different series of compounds,
and provided a method of comparing a variety of inhibitor scaffolds. The fluorine atom was
observed to fill a small lipophilic pocket and resulted in broad-spectrum activity for the
series in question. The cyclic amine appendage contributed to the potency of the series by
either making a direct hydrogen-bond with Asn48, or through a conserved water network
to Asp75. Furthermore, the pyrimidine ring was observed to sit directly under the plane of
the cationic amine in Arg78, suggesting a m-cation interaction further increased the
molecules affinity for the active site. Additionally, a water-mediated interaction was
observed between a nitrogen in the pyrimidine ring and a distant arginine (not shown in
Figure 2). A lipophilic shelf was created at the bottom of the active site with 11e80. The
importance of the lipophilicity of the floor of the active site was reinforced by the loss of

activity when bulky polar groups were used as replacements for the cyclic amine.?

Inhibitors of this binding site have been shown to be potent antibacterial agents, and, in

some cases, have shown superior activity against mycobacteria such as M. tuberculosis.
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4.2 Introduction to tuberculosis

Tuberculosis (TB) is the disease caused when M. tuberculosis colonises within the body,
primarily in the pulmonary alveoli.> The resulting disease has been reported by the World
Health Organisation to be among the top killer infectious diseases worldwide, with
9.6 million people contracting the disease in 2014 and 1.5 million dying as a result of
infection.* Furthermore, approximately one third of the world's population has latent
(asymptomatic) TB, with 10% of this subset at risk of becoming symptomatic within their
lifetime.* Symptoms of the disease include coughing, fever, chest pains, weight loss and

haemoptysis (coughing up of blood from the respiratory tract).
4.2.1 Current anti-tuberculosis therapy

Current tuberculosis treatment is intensive and complex, consisting of a cocktail of four
antimicrobial drugs (isoniazid 2, pyrazinamide 3, ethambutol 4 and rifampicin 5, Figure 3)

which must be carefully administered daily for six months.®

0 0 HO
_NH N H
N N 2 [ \j)\NHZ \)\N/\/N
N ” N f
2 3 4 OH

Isoniazid Pyrazinamide Ethambutol

Rifampicin

Figure 3

The treatment for tuberculosis infections has been carefully considered, with multiple
biological pathways being simultaneously targeted. Isoniazid 2 is a known inhibitor of
mycolic acid biosynthesis.® As mycolic acids are key components of the mycobacterial cell
wall, inhibition results in a defective cell wall, and, ultimately, cell death. Unfortunately,

little is known about the mechanism of action of pyrazinamide 3, and it has been suggested
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that it is in fact a prodrug, forming pyrazinoic acid which can then accumulate within the
mycobacterial cell.” Ethambutol 4 is able to inhibit cell wall synthesis through inhibition of
arabinosyl transferase, paralleling the therapeutic effect seen from isoniazid treatment.®
The final component of the multidrug therapy is rifampicin 5, an inhibitor of RNA
polymerase. Without the ability to synthesise RNA, the mycobacterium is unable to form

proteins, resulting in cell death.®

The prolonged and complicated multidrug nature of the current tuberculosis treatment
results in very poor patient compliance, undoubtedly resulting in high levels of resistant
mycobacteria being generated from dosing regimens being poorly adhered to. Resistance
to current tuberculosis therapies is increasing, with multidrug-resistant TB (MDR-TB), i.e. TB
that fails to respond to treatment from first-line antibiotics, being observed in every
country where TB is found. Furthermore, cases of extensively drug-resistant tuberculosis
(XDR-TB; i.e. TB that is resistant to treatment from isoniazid, rifampicin and any
fluoroquinolone, and at least one of three injectable second-line antibiotics; amikacin,
kanamycin or capreomycin) are growing, indicating particular strains of the mycobacteria

are becoming increasingly resistant to second-line anti-TB drugs.*

As a result of the complex treatment regimens and the emergence of increasingly resistant
strains of tuberculosis, there is an urgent necessity for novel anti-mycobacterial
pharmaceuticals. In order to improve patient compliance, an ideal therapy should be
shorter than is currently available (< 6 months), and the daily pill burden should be
reduced. A new therapy should be active against MDR-TB and XDR-TB, and should have
very low toxicity, in accordance with the likely prolonged dosing regimens.®> Research into
the area of novel DNA gyrase subunit B inhibitors has been extensive, with a variety of
original series being disclosed in the literature. In order to assess the competitor landscape
prior to the commencement of the research project, a review of the existing work in the

area was performed.
4.3 Case histories

4.3.1 Naturally occurring inhibitors

The research area of inhibitors which target the ATPase site on GyrB/ParE topoisomerase
type Il enzymes is highly competitive. In the 60 years since the first inhibitor, novobiocin 6,
was discovered, many pharmaceutical companies have developed their own series of

compounds, with the primary goal of producing a novel therapy for bacterial infections.
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Initial insight into the potentially lucrative area of GyrB/ParE inhibitors was exemplified
through the discovery of naturally occurring aminocoumarin antibacterial agents,
novobiocin 6% ° and clorobiocin 7 (Figure 4).1° These first generation antibiotics were found
through a screening programme and were used extensively before the investigation of their

mechanism of action was undertaken.!

Novobiocin 6 with site of possible tautomerism highlighted.

Cl
0o 0._0 o
oK = HJ\@\)\
o OH OH

" "NH

7
Naturally occurring antibiotic clorobiocin 7.
Figure 4

Novobiocin 6 and clorobiocin 7 are naturally produced by the Streptomyces species of
bacteria and have been shown to have similar binding modes. Both inhibitors partially
overlapped with the ATPase domain, with the L-noviose sugar portion interacting with
Asp73, while the coumarin ring bound to the Arg136 residue.? Binding to the GyrB/ParE
ATPase sites on DNA gyrase/topoisomerase IV prevented ATP hydrolysis, causing enzymatic
failure and bacterial cell death. Although tautomerism between the 4-hydroxycoumarin and
2-hydroxychromone was possible (Figure 4), structural determination of the major active

tautomer has been unsuccessful.® It can be hypothesised that, regardless of the most
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stable tautomeric form in solution, the presence of the target protein will have a
substantial influence on the tautomeric ratio, forcing the lowest energy tautomeric form
required for binding. In 1964, novobiocin 6 was successfully marketed by Pharmacia and
Upjohn as Albamycin® and was found to be particularly potent against S. aureus pathogens
(minimum inhibitory concentration (MIC) < 0.12 ug/mL), allowing effective treatment of
methicillin-resistant S. aureus (MRSA) infections.’* However, fears around the cytotoxicity
of novobiocin 6, particularly through cross inhibition of eukaryotic Hsp90, an important
protein involved in aiding the folding of other proteins, led to its withdrawal from the
market.® Although this resulted in a fall in the use of aminocoumarin based inhibitors for
treating bacterial infections, the repurposing of novobiocin 6 for the treatment of cancer is
ongoing.® Moreover, current research in aminocoumarin antibiotics is still proceeding, with

the current focus on avoiding antibiotic resistance and lowering cytotoxicity.!

More recently, a new structural class of naturally occurring GyrB/ParE inhibitors has been
discovered. Kibdelomycin 8 (Figure 5), a naturally occurring antibiotic isolated from
Actinobacterium kibdelosporangium, was reported in 2011 by Merck and has been shown
to exhibit similar potencies to novobiocin 6 and clorobiocin 7, particularly against gram-

positive pathogens such as S. aureus and E. faecalis.”’

Kibdelomycin 8.

Figure 5

Furthermore, kibdelomycin 8 has been shown to have a very low frequency of resistance
(< 5 x 1019, and no cross-resistance to existing inhibitors, highlighting the utility of
targeting a novel binding site.)” However, in common with other naturally occurring
antibiotics, toxicity may still be an issue for this series, although no data has yet been

published in this regard. The publication of this novel, naturally occurring antibacterial class
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of compounds highlighted the discovery of new drug scaffolds, and demonstrated that
these scaffolds can be derived from naturally occurring antibiotics. Nevertheless, due to
increasing pressure from antibiotic resistance, novel synthetic small molecule antibiotics

are in demand more than ever before.
4.3.2 The Vertex Pharmaceuticals series

In comparison to the naturally occurring inhibitors, a wave of interest in fully synthetic
GyrB/ParE inhibitors was initially generated by work published by Vertex Pharmaceuticals.
After performing a high throughput screen of almost 30,000 molecules, a benzimidazole
class of compounds, of which compound 9 (Figure 6) is an example, was discovered.®®
This compound acted as an inhibitor of the ATPase region of GyrB, with a modest potency
of 2 UM against the S. aureus DNA gyrase enzyme. However, the potency of the hit was
limited against whole-cell S. aureus, with an MIC of > 16 ug/mL, even in the absence of
human serum.*®
\/O\H/HYN

-~

9
Benzimidazole 9.
Figure 6

Although the initial hit had low antibacterial activity, the compound provided a starting
point for the optimisation of the series, which soon yielded very potent inhibitors, such as

optimised benzimidazole 10 (Figure 7).

10

Optimised benzimidazole 10.

Figure 7
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Benzimidazole 10 was shown to have potencies against S. aureus DNA gyrase of 0.014 uM.
This translated into low MICs of 0.031 pg/mL and 0.5 pg/mL for S. aureus in the absence of
human serum and in the presence of human serum, respectively. It was observed that the
co-planarity of the pyridyl group in benzimidazole 10 resulted in a beneficial increase in
potency, and, more importantly, a compound less affected by the addition of human
serum. This observation was supported by quantum mechanical rotational barrier
calculations, suggesting the internal hydrogen bonding of the fluoro-pyridyl substituent to
the imidazole induced a pre-organisation for the binding site (Figure 7). The compound in
question was able to successfully dual target both DNA gyrase and topoisomerase IV (topo
IV), resulting in a low frequency of resistance, and was shown to be potent in in vivo rodent
models of infection. Furthermore, improved physiochemical properties compared to
benzimidazole 9 reduced the ADME liabilities of the series. However, a recent paper
released by Vertex Pharmaceuticals has revealed that benzimidazole 10 suffered from
unfortunate CYP inhibition, a short half-life and generally poor physicochemical
properties.’® Further assessment of the inhibitor showed a reactive metabolite was
covalently binding to liver proteins, causing a potential safety liability.'® A successful round
of optimisation, employing a “metabolic shift strategy”, was performed, resulting in

tetrahydrofuran-substituted benzimidazole 11 (Figure 8).%°

Tetrahydrofuran-substituted benzimidazole 11.
Figure 8

By replacing the pyrimidine substituent with a tetrahydrofuran ring, the researchers were
able to circumvent the formation of dangerous metabolites by forcing metabolism to occur
away from the urea, where the initial reactive metabolites were being formed. This strategy
was shown to be successful through in vivo testing, which resulted in a very low probability
of covalently labelled liver proteins. Additionally, compound 11 retained antibacterial
activity, with MICs against S. aureus and E. faecalis of 0.016 pg/mL, resulting in its selection

as a preclinical candidate.®
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4.3.3 The Evotec Ltd. series

Research in the area of fused bicyclic ATPase inhibitors continued with work published by
Evotec Ltd. in 2009, which sought to replace the benzimidazole scaffold (previously used by
Vertex Pharmaceuticals) with a novel pharmacophore.?° The triazolopyridine template was
chosen to develop the structure-activity relationship of the series, which, in turn, produced

optimised compound 12 (Figure 9) below.

Triazolopyridine 12.
Figure 9

The researchers managed to increase the potency of their series from a modest MIC against
S. aureus of 32 ug/mL for their initial hit, to a reasonable potency of 2 pug/mL. The MICs
achieved by Evotec Ltd. provided proof that alternative scaffolds to those published by
Vertex Pharmaceuticals were also tolerated in the ATPase site on GyrB/ParE. Furthermore,
their lead triazolopyridine 12 was shown to be non-cytotoxic in a cellular health assay, with
a hepG2 CCso of > 64 pg/mL, prompting further work on the series, specifically aimed
towards optimising the pharmacokinetic properties and potency towards gram-positive
pathogens.?® The results published by Evotec Ltd. showed a non-toxic bioisostere of the
Vertex Pharmaceutical benzimidazole series could inhibit the ATPase site in GyrB/ParE. This
provided evidence to support the hypothesis of Vertex Pharmaceuticals, that a novel
antibacterial therapy could be developed which did not rely on the fluoroquinolone binding

site.
4.3.4 The Pfizer series

From the modest results achieved by smaller companies, larger pharmaceutical
organisations, such as Pfizer, began working in the area. They, again, used the
benzimidazole scaffold as a starting point, with structural novelty derived from

manipulation of the central core to create an imidazolopyridine 13 (Figure 10).2
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13

Imidazolopyridine 13.
Figure 10

The ability of the Pfizer scientists to manipulate the central region of their small molecule
inhibitor reinforced the bioisosterism of this core. Furthermore, their series proved more
potent than many of the competitors in the area, with MICs of 0.5 pg/mL against S. aureus
and MRSA, and an even greater potency against S. pneumoniae of 0.125 pg/mL.
Interestingly, optimisation around the methyl vector of the pyrimidine revealed that
substituents that were polar in nature, or that forced a three-dimensional geometry, were
not tolerated and resulted in a reduced activity. This observation was consistent with the
reported binding mode, where a lipophilic shelf, formed by 11e80, was present along the
lower half of the molecule, disfavouring bulky polar substrates. Imidazolopyridine 13 was
selected for additional studies; however, the results of these findings have not yet been
published. Further work continued around the same series, by replacement of the pyridine

substituent in imidazolopyridine 13 to give pyridone 14 (Figure 11).2
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Pyridone 14.
Figure 11

Fortunately, substitution with the pyridone resulted in an increase in antibacterial activity,
with pyridone 14 having an approximate 2-fold boost in potency, giving MICs against

S. aureus and S. pneumoniae of 0.125 and 0.06 pug/mL respectively. Unfortunately, work on
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the pyridone series was terminated as the researchers could not achieve the desired equal
balance between GyrB and ParE activity. Instead, a preference for GyrB activity resulted,

with an enzymatic potency of 0.097 uM, compared to ParE inhibition of 1.02 uM.?

Although failure to balance GyrB and ParE activity would present a liability to a dual
targeting approach, it could be hypothesised that the high potencies of this series may lend
themselves to application for a different disease target. For example, M. tuberculosis has
only a single topoisomerase |IA enzyme; DNA gyrase, and no topoisomerase IV
(Section 1.5).12 Thus, this series of inhibitors may provide a good starting point for the
design of a novel tuberculosis treatment, specifically targeting DNA gyrase. However, as the
cell walls of mycobacterium vary drastically from the traditional gram-positive and gram-
negative cell wall structure, major optimisation of physiochemical properties, including
logD74, would have to take place before M. tuberculosis antibacterial activity could be

expected.
4.3.5 The AstraZeneca series

AstraZeneca took a different approach to discovering a unique class of ATPase inhibitors.?
They observed similarities between the H-bond donor/H-bond acceptor motif of previous
GyrB/ParE inhibitors and their own in-house kinase inhibitor programme, and sought a
method to transfer knowledge between these projects. Therefore, a virtual library of kinase
inhibitor fragments were screened against the DNA gyrase binding site, which resulted in

the discovery of azaindole 15 (Figure 12).
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Fragment hit azaindole 15 and cinnamic acid 16.
Figure 12

Azaindole 15 was found to have a 5-phenyl substituent in the required vector to access a
second, activity-boosting, interaction. The trans-cinnamic acid 16 (Figure 12) was therefore
synthesised in order to exploit an additional salt bridge interaction with nearby Arg140. This
remarkably simple structure was found to have an ICs against S. pneumoniae ParE of

7.7 UM, highlighting the key interactions required for binding to the protein. However, as
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expected, the MICs of this probe compound were > 200 uM due to the non-optimised
physiochemical properties, no doubt resulting in high efflux and poor membrane
permeability. Seeking to increase the potency of their series, the authors looked to
introduce a third “hinge-binding” interaction, as had been used for previous urea motifs. An
amide substituent was added to establish this interaction, and nitrogen rich heterocycles

were substituted on the 4-position in order to interact with the lipophilic shelf.?

Azaindole 17 and X-ray crystal structure of azaindole 17 in S. pneumoniae ParE. Used with

permission from Manchester et al.*
Figure 13

Thus, optimised azaindole 17 (Figure 13) showed spectacular potency, with an ICso against
S. pneumoniae ParE of 5 nM. Rationale for this high activity was postulated from the X-ray
crystal structure (Figure 13), showing high charge and shape complementarity for the
bound complex. However, the antibacterial activity of the compound was much poorer,
with an MIC against S. aureus of > 11 pug/mL. This was attributed to poor physicochemical
properties and highlighted the exceptional importance of these properties in antibacterial
drug design. It was hypothesised that the low logDs4 (-0.99) of azaindole 17 resulted in
minimal permeability of the drug in crossing cellular membranes. This theory was
supported by increasing the logD74, by replacing the pyridine acid substituent on the
5-position with a cyano moiety, increasing the logD74 to 2.6. A drop in activity against the
isolated enzyme was observed, in accordance with the removal of a key binding interaction,
however, antibacterial MICs improved dramatically to 1.3 pug/mL against S. aureus. Fine
tuning of the physicochemical properties, while optimising key interactions, resulted in
potent inhibitor 18 (Figure 14) with MICs of 0.05 and 0.1 pug/mL against S. aureus and MRSA

respectively.
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18

Optimised azaindole 18.
Figure 14
The work carried out by AstraZeneca proved that a novel inhibitor of the ATPase site of
GyrB/ParE could be successfully discovered through a fragment-based screen. Investigation
of this series is reportedly ongoing, with future work being directed at optimisation of
physiochemical properties, possibly focussing on lowering the toxicity and increasing the

therapeutic window of the lead compound.??
4.3.6 The Trius Therapeutics series

Of particular relevance to the proposed research is the work performed by Trius
Therapeutics. In a similar manner to AstraZeneca, a fragment-based crystallographic screen
was used to identify a bioisostere to the previously reported cores, ensuring conservation
of the adjacent hydrogen-bond donor-acceptor hinge region.?? The screen yielded a
pyrrolopyrimidine template 19 (Figure 15), which possessed the desired vectors to allow

optimisation to proceed.
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Pyrrolopyrimidine core 19.
Figure 15

Each vector was optimised in turn, allowing the fine-tuning of interactions within the active

site, resulting in an extremely potent pyrrolopyrimidine 20 (Figure 16).%
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Optimised pyrrolopyrimidine 20.
Figure 16

Pyrrolopyrimidine 20 was found to have potencies against E. faecalis GyrB and ParE of
< 1 nM, which translated into MICs of £ 2 pg/mL against a wide range of gram-positive and
gram-negative pathogens such as S. aureus, S pneumoniae and E. coli. However, potencies
fell against the harder to target gram-negative strains, with MICs of 32 pg/mL against
P. aeruginosa and 64 ug/mL against K. pneumoniae.?” ** Although the potencies of this
series were encouraging, no toxicity data in the form of hERG or hepG2 measurements
were reported, highlighting the early stage of this published work. Research by Trius
Therapeutics within the area of pyrrolopyrimidines is reportedly ongoing, however no
further publications have been released to date. However, it was reported that failure to
successfully improve potency while maintaining low lipophilicity and molecular weight
meant that an alternative scaffold became increasingly attractive.! As a result, a second
series of compounds has since been disclosed by Trius Therapeutics.” 2* Building on the
success of the pyrrolopyrimidine series, an alternative vector was used to expand into a
lipophilic pocket, resulting in compound 21 (Figure 17), with a tricyclic core, aimed at

treating multi-drug resistant gram-negative infections.
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Tricyclic core hit 21.

Figure 17
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Compound 21 was well tolerated in the active site, giving sub-micromolar potencies against
E. coli and E. faecalis GyrB and ParE enzymes.! Furthermore, the ability to build off ring A
allowed the authors to further optimise the key binding interactions. Subsequent
elaboration of the tricyclic core revealed that an aminomethyl substituent at the 8-position
could strengthen the existing interactions with the protein by adding an extra H-bond
donor. Additionally, it was observed that substitution of a fluorine atom at the 6-position
resulted in broad-spectrum activity against GyrB and ParE. Optimisation of the pyrrolidine
substituent revealed diamines at the 4-position were found to be the most permeable and
least effluxed due to having an optimal distribution of charged and neutral states at

physiological pH.! A combination of all optimised vectors gave inhibitor 1 (Figure 18).
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Optimised Trius Therapeutics inhibitor! 1.

Figure 18

The authors reported exceptional activities for this compound, where it was found to be
more potent against many of the tested bacteria than ciprofloxacin and vancomycin, both
common clinically used antibiotics. The benefits of the tricyclic core were exemplified with
MICs of less than 0.01 pg/mL for common gram-positive pathogens (S. aureus and
E. faecalis), dropping off to an acceptable < 1 pug/mL for most gram-negative bacteria.
Furthermore, a low frequency of resistance (< 1.9 x 10'1?) reflected positively on the ability

of the optimised inhibitor 1 to dual target against DNA gyrase and topoisomerase IV.!

Unfortunately, no further publications have emerged from Trius Therapeutics in the area of
GyrB inhibitors with a tricyclic core. This may be due to the fact that work is ongoing, or
because the firm was acquired by Cubist Pharmaceuticals in July 2013, who were then
purchased by Merck & Co. in 2015, resulting in a possible restructuring of priorities.
Regardless, although low toxicity was hypothesised for the novel core,! no toxicity data has
been published for the Trius Therapeutics series. However, recent unpublished in-house

data suggested that, in general, compounds containing the tricyclic core were highly toxic
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against the hepG2 cell line (CCso < 10 pg/mL). This presented a major liability, which must

be overcome for the series to progress.

As the authors were attempting to achieve broad-spectrum gram-negative activity, several
alterations could be made to deliver an effective treatment against other pathogens, such
as M. tuberculosis. For example, it could be hypothesised that the fluorine in the 6-position
that was required for broad-spectrum gram-negative activity could be removed when

targeting a single M. tuberculosis GyrB enzyme.

Furthermore, the optimisation of logD;4 and other physiochemical properties that was
undertaken by the authors at Trius Therapeutics could, arguably, not confer high
M. tuberculosis activity. As the cell wall structure of mycobacteria (such as M. tuberculosis)
differs greatly from gram-positive and gram-negative cells, optimisation would have to be

revisited with respect to the new disease target.

Table 1 summarises the key compounds of each series discussed in Section 4.3, along with

their activity and current status.
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Case histories - summary

Naturally occurring
inhibitors
(e.g. novobiocin)®
S. aureus MIC £0.12 pg/mL

Withdrawn by FDA for
cytotoxicity®®

Vertex Pharmaceuticals

S. qureus MIC = 0.016 pg/mL*®
Preclinical candidate selected®?

Evotec Ltd.

S. aureus MIC = 2 pg/mL*

hepG2 CCsp > 64 pug/mL?°

Pharmacokinetic optimisation
ongoing (unpublished)?®

Pfizer

S. aureus MIC = 0.5 pg/mL?
Further work ongoing
(unpublished)?

AstraZeneca

S. aureus MIC = 0.05 pg/mL*
Optimisation of physiochemical
properties ongoing?

Trius Therapeutics

S. aureus MIC < 10 ng/mL?
Low frequency of resistance
(<1.9x101?!
hepG2 CCs of similar analogues
<10 pg/mL*

Table 1
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4.4 Proposed work

The proposed work was guided by the following results, obtained in-house before the

beginning of the research programme. Building on the success of the work published by

Trius Therapeutics,! Redx Pharma saw an opportunity to optimise the tricyclic core series by

exploring uncharted chemical space around this scaffold. This was initially achieved by

attempting to optimise the heterocyclic substituent, resulting in ether linked analogues

similar in structure to those previously disclosed by Trius Therapeutics. Remarkably, it was

discovered that amide derivatives of the tricyclic core had not been reported by Trius

Therapeutics, and the synthesis of these analogues was therefore performed in-house. It

was hypothesised that replacing the ether linkage with an amide may provide a new vector

through which optimisation could occur. Several heterocyclic amides were synthesised,

with varying antibacterial properties.
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MIC (S. aureus) = 8 ug/mL
MIC (M. smegmatis) = 0.25 pg/mL

NH-
REDX04740 25
MIC (S. aureus) = 1 pg/mL
MIC (M. smegmatis) = 0.015 pg/mL

REDX03863-01 REDX04735-01 REDX04738-01 REDX04851-01 REDX04801-01 REDXQ4957-03 REDX04975-01

Redx No.

S. aureus activity for compounds synthesised before the beginning of the research

programme. Highlighted (green) are compounds with MIC (M. smegmatis) < 0.25 pg/mL.

Figure 19

Prior to the commencement of the research programme, only twelve target compounds

had been synthesised in the series (Figure 19). Of these compounds, three were assessed
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against M. smegmatis, showing exceptional potency. Unfortunately, due to changing
priorities and limited resources, Redx Pharma chose to abandon the series. However, of
particular interest were two isomeric compounds, REDX04736 23 and REDX04739 24

(Figure 20), which differed only in the attachment point to the oxazole substituent.

NH “NH
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J "{ HN\\Q_/ 7 l\{ HN\XQ_—/
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¢ ¢

>
P

NH, NH>
23 24
REDX04736 REDX04739

REDX04736 23 and REDX04739 24.
Figure 20

REDX04736 23 and REDX04739 24 were synthesised from the route reported by McGarry
et al. (Section 4.7). The antibacterial properties of these compounds against broad
spectrum gram-positive and gram-negative pathogens were modest, with variable activities
in accordance with the differing cellular structures (Table 2). However, the antibacterial
activities against M. smegmatis (MIC = 0.12 pg/mL for REDX04736 23, MIC = 0.25 pg/mL for
REDX04739 24) were encouraging. M. smegmatis is widely used as a surrogate strain for

M. tuberculosis, and therefore high activity against M. tuberculosis was predicted.?®

It was observed that the potency against M. tuberculosis (H37Rv) paralleled the high
activity against M. smegmatis (ATCC19420), opening up a potentially lucrative area of

research in treating tuberculosis infections.
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REDX04736 23 | REDX04739 24
P. aeruginosa ATCC27853 128 32
. E. coli ATCC25922 0.5 4
€ | H.influenzae ATCC49247 1 1
®| S aureus ATCC29213 8 8
5 E. faecalis ATCC29212 0.06 1
s S. pneumoniae ATCC49619 0.12 1
M. smegmatis ATCC19420 0.12 0.25
M. tuberculosis H37Rv <0.06 <0.03
hERG inhibition - 30% (at 33 uM)
hepG2 (CCso, pg/mL) 10.1 > 16

Key for relevant biological

and physiochemical results

MICs (ug/mL) <1 | 2-16 | =232
hERG inhibition (% at 33 uM) <20% >20%
hepG2 (CCsp, pug/mL) >16 <16

Antibacterial and physiochemical profiles for REDX04736 23 and REDX04739 24.

Table 2

As cytotoxicity data was never disclosed by Trius Therapeutics, a key compound from the

tricyclic core series (REDX03863 26, Figure 21) was synthesised in-house and was found to

be cytotoxic in a hepG2 cell viability assay. Furthermore, the majority of compounds

synthesised in-house before the commencement of the project were also cytotoxic.

Although REDX04736 23 and REDX04739 24 were seen to have similar antibacterial and

physiochemical properties, the contrast between the two isomers became apparent when

assessing each compound's cellular toxicity (Figure 21).
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hepG2 toxicity for REDX04736 23, REDX04739 24 and REDX03863 26.

Figure 21

REDX04736 23 was found to be highly cytotoxic (hepG2 CCso = 10.1 pg/mL). In contrast,

REDX04739 24 showed no sign of cytotoxicity (hepG2 CCso > 16 pg/mL). However, the low

solubility of REDX04739 24 prevented higher concentrations than 16 pg/mL to be achieved,

precluding further toxicity data from being collected. Nevertheless, the results indicated an

unusual difference in cellular toxicity between the isomers, with a clear toxic response

being observed for REDX04736 23 compared to REDX04739 24 (Figure 22).

REDX04736 23

50 4

Viability (%)

-1 0 1

log[compound] (ug/mL)

REDX04739 24

140 4

Viability (%)
8

,o8888

log[compound] (ug/mL)

hepG2 curves (red) for REDX04736 23, REDX04739 24 against chlorpromazine (blue).

Figure 22
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4.5 Objectives
At the beginning of the research project, the following objectives were set:

1. Synthesise analogues of REDX04739 24 with alternate amine substituents
(Figure 23). Monitoring the effects on antibacterial activity may aid development of
a structure-activity relationship surrounding the optimal logD;.4 and pKa required
for M. tuberculosis activity.

2. Synthesise analogues of REDX04739 24 with alternate oxazole amide moieties
(Figure 23). Matched pair analysis may aid elucidation of toxicity trends,
determining if the toxicity difference observed between REDX04736 23 and

REDX04739 24 was a singularity or a property of the series.

“NH o~
H [O:_N, Objective 2 ]
N HN
F / \ \ﬁo
N
Q Objective 1
NH»

REDX04739 24, with areas for analogue synthesis highlighted.
Figure 23

3. Obtain relevant data to support optimisation, including antibacterial activity,
hepG2 cell viability and hERG inhibition, where appropriate.
4. Where appropriate, aid rationalisation of experimentally observed trends through

computational modelling.
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4.6 Introduction to publication

In the following section (Section 4.7), the progress achieved throughout this part of the
research programme is summarised by inclusion of the following peer-reviewed publication
(McGarry et al., Bioorg. Med. Chem. Lett. 2018, 28, 2998-3003). All compounds reported in
Section 4.7 (except compounds 8 and 2aa — 2ad) were synthesised as part of the current
research programme, in order to investigate the impact that the structural modification of
the amide and pyrrolidine appendages had on the activity and cytotoxicity of the series. For
convenience, compounds reported in Section 4.7 have been given alternative numbering

(Table 3), to allow further discussion of results within this report.

Compound numbering Alternative compound
in publication numbering
2aa REDX04740 25
2ab REDX03863 26
2ac REDX04736 23
2ad REDX04739 24
2bc REDX07942 27
2bd REDX07774 28
2be REDX07966 29
2cd REDX08027 30
2ce REDX08049 31
2cf REDX08066 32
2cg REDX09133 33
2ch REDX09147 34
2dd REDX08191 35
2de REDX08230 36
2df REDX08271 37
2di REDX08365 38

Compound numbering for publication and research programme.

Table 3
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4.7

McGarry et al., Bioorg. Med. Chem. Lett. 2018, 2998-3003
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According to the World Health Organization (WHO), approximately 1.7 million deaths per year are caused by
tuberculosis infections. Furthermore, it has been predicted that, by 2050, antibacterial resistance will be the
cause of approximately 10 million deaths annually if the issue is not tackled. As a result, novel approaches to
treating broad-spectrum bacterial infections are of vital importance. During the course of our wider efforts to
discover unique methods of targeting multidrug-resistant (MDR) pathogens, we identified a novel series of
amide-linked pyrimido[4,5-blindol-8-amine inhibitors of bacterial type II topoisomerases. Compounds from the

series were highly potent against gram-positive bacteria and mycobacteria, with excellent potency being re-
tained against a panel of relevant Mycobacterium tuberculosis drug-resistant clinical isolates.

Antibiotic resistance is rapidly becoming prevalent in both a clinical
and a community setting. Alarmingly, it is predicted that failure to
address this issue could lead to approximately 10 million deaths per
year by 2050." A recent report by the WHO identified tuberculosis (TB)
as a global priority for research and development due to its status as the
number one global infectious disease killer, causing 1.7 million deaths
per year.” A further 12 priority pathogens were identified, consisting of
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacteriaceae,
Enterococcus faecium, Staphylococcus aureus, Helicobacter pylori, Campy-
lobacter spp, Salmonellae, Neisseria gonorrhoeae, Streptococcus pneumo-
niae, Haemophilus influenzae and Shigella spp.

Antibiotics such as fluoroquinolones have had great clinical success,
however, bacteria have evolved resistance to entire classes of anti-
biotics. Overexpression of efflux pumps, target-specific mutations,
modifications to the bacterial cell wall and the generation of drug-in-
activating enzymes can all contribute to bacterial resistance.” Conse-
quently, research into chemical series’ with the ability to target drug-
resistant bacteria are of utmost importance. One method of overcoming
site-specific mutation resistance is to target alternative binding sites
which are capable of inducing the same phenotypic response.

DNA gyrase and topoisomerase IV are two examples of highly
homologous bacterial type IIA topoisomerases which have the ability to

* Corresponding author.
E-mail address: d.mcgarry@redxpharma.com (D.H. McGarry).
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0960-894X/ © 2018 Elsevier Ltd. All rights reserved.

break, reorganise and religate DNA strands.’ Without recourse to these
enzymes, bacteria are not able to appropriately manipulate the to-
pology of their DNA, resulting in eventual cellular death. Fluor-
oquinolones target the DNA binding site of topoisomerases in order to
elicit their therapeutic effect, however, recent publications have fo-
cused on inhibition at an alternative site (the ATPase sites on GyrB/
ParE on DNA gyrase/topoisomerase IV respectively) in order to cir-
cumvent resistance mechanisms. In the 60 years since the first GyrB/
ParE inhibitor, novobiocin 1 (Fig. 1), was discovered, many chemical
series have been developed through fragment-based screening, high-
throughput screening and scaffold hopping.” "

Herein we describe the discovery and structure-activity relationship
(SAR) of a novel series of amide-linked pyrimido[4,5-b]indol-8-amine
inhibitors of bacterial type II topoisomerase, which were identified
using computational analysis of published GyrB inhibitors and an an-
tibacterial library screen. It was observed in many of the previously
published crystal structures of GyrB that a flexible loop adjacent to the
ATPase site was poorly ordered, and usually omitted from the deposited
coordinates (green arrow, Fig. 2a). Due to the absence of the resolved
loop in many structures, proposed interactions in this area have been
poorly modelled computationally. However, when an X-ray crystal
structure in which this loop was resolved (PDB: 3G7E, green) was
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LG

1
Fig. 1. Novobiocin 1.

overlayed with a range of inhibitors, an unexplored vector near Aspl 06
was revealed (blue arrow). It was postulated that establishing initial
SAR along this vector could serve to both probe the computational
model and allow elaboration of a novel Inhibitor serdes. Investigation of
the SAR in this way could afford improvements to a variety of PK
properties, by highlighting a region of the scaffold from which further
optimisation could progress. In combination with these structural stu-
dies, an In-house compound library screen identified hit compound 2aa
(Fig. 2b, Table 1), where the substituent probing the Aspl06 vector is
attached vie o novel amide linker, This discovery prompted further
investigation of the novel amide-linked pyrimido(4,5-b]indol-8-amine
scaffold as a means of challenging the SAR in this reglon.

Utilising the previously reported intermediate 3" (Scheme 1) al-
lowed the synthesis of final compounds 2aa-2di to proceed efficiently
via a reproducible, reliable route, from which a range of analogues
could be generated, Disulfone 3 was identified as an Important inter-
mediate, since several points of diversity could be explored from this
compound. Substitution with a variety of 3substituted pyrrolidines
yielded compounds 4, with the relative structural configuration estab-
lished through an observed Nuclear Overhauser effect between the
pyrrolidine substituent and the pyrimidine core (Scheme 1),

Aromatic nueleophilic substitution of 4 with sodium cyanide then
afforded key intermediate 5 (Scheme 1), which could be elaborated
through nitrile reduction, unmasking primary amines of the form 6,
Amide coupling with an appropriate carboxylic acld followed by de-
protection yielded amides of the form 2aa-2di (Table 1), The carboxylic
acids were selected on the basis of thelr commercial availlability and
similarity to those previously reported in the literature,

Final compounds 2aa-2di were tested against a panel of anti-
bacterial strains {(Table 1), including gram-positive pathogens (E. fae-
calis and S aureus), gram-negative pathogens (K coli) and mycobacteria

Diporganic & Medicinal Chentsry Letters 28 (2018) 29983003

(M. smegmatis and M. tuberculosis).

Incarparation of an oxazole moiety at the amide (2ac and 2ad),
provided potency against M. smegmatis and M. tuberculosis (Yable 1),
Interestingly, a potency increase against gram-positive bacterin and
mycobacteria was observed upon N,N-dimethylation of the 3-amino-
pyrmrolidine, consistent with the hypothesised increase in permeability
upon removal of the H-bond donating ability of the primary/secondary
amine. Encournged by the improved potency of the oxazole subseries,
the SAR was further challenged through subsequent methylation of the
oxazole ring, Oxazole methylation tended to increase the potency for a
series, however, the position of optimal methylation was variable,
Computational methods (See Computarional Analysis section, below)
were utilised to aid rationalisation of these results. In order to further
profile the serles, a selection of compounds were tested against a
broader panel of gram-positive and gram-negative bacteria, and as
sessment of thelr in Wiero eytotoxicity was undertaken (Table 2),

Representative compounds were found to partially retain sctivity
against a broader spectrum of bacteria, with no toxic effects observed in
o HepG2 mammalian cytotoxicity assay for the majority of the tested
compounds. Importantly, examples from the series were found to be
more potent against M. tberculosis than novoblocin 1. Target engage-
ment was confirmed by testing for the ability of the inhibitor to prevent
DNA supercoiling, and through (ts capacity to Inhibit ATP hydrolysis
(Table 3). Inhibition of human topoisomerase Il decatenation high-
lighted the high bacterial selectivity of the series (Table 3).

As a result of the high potency against M. tuberculosis, representative
compounds from our novel series were tested against a panel of bac-
terial strains bearing mechanisms that rendered them resistant to
clinically utilised antibloties, All the resistant strains used were derived
from M. wberculosts H37Rv, and carvfed resistance mechanisms as
outlined in Table 4,

Gratifyingly, the Redx Pharma series was observed to maintain
potency against the tested resistant isolates, highlighting a benefit in
the current series compared to the clinically-relevant compounds
moxifloxacin, lsoniazid, rifampicin and novoblocin,

Computational analysis
Compound 2¢f, the result of 2-methylation of the oxazole in 2ed,

was found to be 5-fold higher in potency against M. smegmatis com-
pared to the undecorated analogue. Although it was hypothesised that

Fig. 2. (n) Proposed vector (blue arrow), from which the inhibitor could be expanded in the side-chain pocket, towards Aspl 06, Figure generated from overlaying
structures of 3G7E,"" 4K40"" and 507C." " The flexible loop of residues, which are omitted in all structures but present In 3G7E, is highlighted (n green, The
approximate space-fill surface for the majority of published inhibitos (s shown in black. (b) Hypothesised amidedinked pyrimido[4, 58] indol 8-amine compounds
that could utilise o previously underexplored vector (blue arrow), Both figures generated using Macstro Version 10,6014,

2999
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Table 1
In vitro antibacterial activity of novobiocin 1 and amide-linked pyrimido(4,5-blindol-8-amine inhibitors,
R
“NH w= | NH, | b= [NHMe|] c¢= | NMe: | d= | CHNH.
i R2
\ o~ o N-_"'?\
HN R2 1
F / L n= Y. k\/k b= - §~,k c= (‘Q/o
SN I
{ [s) (] o
o - 7
. € > - . x/
o {
4 [ »
- - Y . .. i= ~ =
8 n)\ h N u i N OMe
° o o o
MIC (ugmL)*
Compomd Rr1 RrR2 K Sa e Ms Mt
Novobocmn 1 - - A (ref V) 006 Ol 1 4 (ref %)
8 n H 8 8 8 ND ND,
2an ] a 0.25 32 B ND ND.
2ab " b 0.12 8 4 ND N.D.
2ac " < 0.06 8 128 012 N.D.
2nd ] d 1 8 Rl 025 0.2s
e b C 0.25 16 16 0s 012
2bd b d 0.5 8 4 05 0,03
e b ¢ 0.25 Al R 0.06 0.03
2cd 3 d No1Is 0% 0.2s 0,06 0.06
2ece c ¢ 0.03 1 2 0,06 0.06
2! 3 f 0018 1 1 0,002 N.D,
ey 3 3 012 0.25 05 0.06 0.03
2h ¢ h 0.5 1 ] 028 0.28
204 d d 0.12 Al 1 0.06 0.0%
2de d ¢ 058 8 8 003 0.015
2dr d f 0.28 8 R 012 0.015
201 d i 1 8 32 0.06 N.D.

* Ef (E. faecalis ATCC 29212), Sa (S. aureus ATCC 29213), Ec (E cali ATCC 25922), Ms (M. smegmatis ATCC

19420), Mt (M, tuberculosis HI7Rv), N.D. (not determined ),

- Boo
N
en 0 N Ban
9'=o_’ F /—\>“§°o_’ F
0 C N o
NOE Q
observed
RY
4

R1 HCI

NMoj or CH;NH,

Where R' = NH;, NHMs,

\N'.“ Scheme 1. Use of disulfone 3 to introduce
stuctural  diversity, Reagents and condi-
7 tions: (i) substituted pyrolidine, K,CO,,
Lhase 7y EOH, 45°C, 50min, MW, 61-89% (i)
.>"°N NaCN, DMF, 100°C, 16h, 60-8%% (iii)
Raney nickel, H,, EtOH, n, 16 h, 68-97%
(iv) ArCOOH, EDCI, EtyN, DCM, rt, 16h,
13-67% (v) HCI (4N in dioxane), MeOH, 11,
R1 16h, 14-99%,
s
Im
\N.h
A N
PN W 'Q> NHy
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Table 2
Extended in vitro antibacterial activity and cytotoxicity of novobiocin 1 and a
selected amidelinked pyrimido[4,5-blindol-8-amine inhibitors.

Compound MIC (pg/mL)* HepG2

{IGo
Ab Pa Hi Se Sp pg/mL)®
Novobiocin1 ND. >64 0.5 [Ref™) 0086 05(Rel.”) >32
(Ref.’ ™) (ReL™)

2ac 16 128 1 1 012 10.82

2ad 8 32 1 1 1 > 16

2bd >64 >064 K 2 2 >32

2cd 1 > 64 4 012 012 > 16

* Ab (A. baumannii NCTC 13420), Pa (P. eeruginosa ATCC 27853), Hi (H.
influenzae ATCC 49247), Se (S. epidermidis ATCC 12228), Sp (S. pneumoniae
ATCC 49619) bHep G2 cells incubated for 24 h at 37 "C in 5% CO- and viability
determined using CellTiter-Glo® (Promega, WI, USA). N.D. {not determined).

Table 3
Target engagement of novobiocin 1 and selected amide-linked pyrimido[4,5-b]
indol-8-amine inhibitors. N.D. (not determined).

Compound M. tuberculasis M. abercidosis Human topoisomerase
gyrase supercoiling  gyrase ATPase 1T decazenation
inhibition (¥Csa. inhibition (ICsq, inhibition (% inhibiticn
uA) uM) at 100 pM)

Novobiocin 1 D.085 0.020 ND.

2ac 0006 0.025 58%

2ad 0010 0.059 21.2%

Table 4

In vitro antibacterial activity of clinically used antibiotics and amide-linked
pyrimido[4,5-blindol-8-amine inhibitors against resistant isolates.

Compound Ms Mt MIC (pg/mL)y
FQRI (GyrA INHRI1 RIF-R1
DO4N {truncated (RpoB S522L
substitution) at155of  substittion)
KaG)
Moxifloxacin (FQ) 003 ND. 39 0.04 0.04
Isoniazid (INH) 4 ND. 0.05 >27 0.014
Rifampicin (RIF) 16 ND. 0.019 0013 30
Novobiocin 1 1 4 (Ref.’™) 7.35 67 135
2ac 012 ND. 0.014 0013 0.012
2ad 025 035 0.09 0.09 0.09

* Ms (M. smegnatis ATCC 19420), Mt (M. wbercudosis H37Rv), FQ-R1
{fluoroguinolone-resistant), INH-R1 (isoniazid-resistant), RIF-R1 (rifampicin-
resistant). N.D. (not determined). Data collected in May 2015.

the addition of the methyl group may result in improved permeability
through increasing lipophilicity, computational simulations were used
to determine if the potency increase was due to a specific interaction.

Bioorganic & Medicinal Chemigry Letters 28 (2018) 2998-3003
@
\su. ’
\ N .
7
0

b)

a) a
&
&

Fig. 4. Interaction maps for structures relating to (a) 9ce and (b) 9cf.

Molecular dynamics calculations were performed using Desmond
v2.3'7 (see Experimental section, below) on two hypothetical analogues
relating to 2ce and 2cf (9ce and 9cf, Fig. 3). As the most structurally
similar analogue with an X-ray crystal structure (PDB: 4K40"") utilised
a bicydic amine in the amine pocket, this was kept consistent
throughout the simulations to ensure differences in binding could be
rationalised primarily through alterations to the heterocycle inhabiting
the side-chain pocket.

The simulation showed that the protein-ligand interactions were
stable, and key interactions were consistent with those observed in the
X-ray crystal structure of similar GyrB inhibitors, providing confidence
in the computational method. The most important binding interactions
were found to be hydrogen bonds between the three nitrogen atoms on
the tricyclic core and Asp73 and its coordinated water. Furthermore, a
strong association of the oxazole ring with Arg76 was concordant with
a a-cation interaction, consistent with published observations.'” As the
core of the molecule remained unchanged throughout the simulations,
focus was placed on how the heterocyclic amide may effect binding.
The resulting interaction maps for the oxazole substituents are shown in
Fig. 4, with relative interaction probabilities annotated alongside. For
example, an interaction probability of 61% related to the interaction
being observed to occur during 61% of the simulation.

Similar residues were observed to be involved in each compound’s
binding interactions near the amide substituent, however, the extent of
the binding was variable. Arg136 formed a hydrogen bond with the
amide carbonyl in both simulations. However, in 9cf, this interaction
seemed more stable, with a higher interaction probability (up to 94%
compared to up to 49% in 9ce). This improved interaction in 9¢f was
hypothesised to be a result of the oxazole-methyl group in 9ce causing a
steric clash with Argl36 in the active site, discouraging binding

SNH SNH i °/_\\“
H H 3
. HN A 2 I-N—§Ar ;n Sce
F 74 3 —«o ------- N F 74 P or
=\
o
& " « O
NMa, C¥:
2ce and 2cf 9ceand 9 cf 2cf or 9cf
structures used for simulations

Fig. 3. 9ce, and 9cf were wsed for the computational analysis, as analogues of 2ce and 2¢f respectively.

3001
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Fig. 5, (a) Potential clash of Arg136 with 9ce, which would be alleviated in 9¢f
(b) MD frame of 9¢f highlighting the possible water-mediated interaction made
with Asp106,

(Fig. 5a). Movement of the methyl group to the 2-position of the ox-
azole could alleviate this clash, decreasing the overall energy of the
system, and contributing to an increase the potency of the ligand,

Interestingly, an additonal potency driving interaction may be
picked up by 9¢f to Aspl106, which resides on the flexible loop com-
monly omitted from the majority of deposited X-ray crystal structures.
The nitrogen atom in the oxazole ring of 9¢f may be in a more appro-
printe orientation to bind via a water-mediated interaction to Aspl06
{Fiy 5h). The existence of this interaction may reflect the increase in M,
smegmarls potency observed between compounds 2ce and 2¢f. Fur-
thermore, elaboration along the vector towards Aspl06 may provide
additional potency-driving Interactions to optimise the series.

In summary, utilising computational analysis of previously pub-
lished crystal structures of GyrB inhibitors in DNA gyrase allowed the
development of the current antibacterial series, focussing on improving
the activity and spectrum of susceptible bacterin, A combination of
expanding into an identified area of the active site, and alteration of
permeability through removal of H-bond donors, has successfully
yielded antibacterial compounds with potent activity against gram-
positive bacterin and mycobacterin, Furthermore, the potential of the
series has been exemplified through the ability of the compounds to
maintain activity against o range of drug-resistant M. tuberculosis

Boorganic & Medicinal Chemigry Letters 28 (2018) 2998-3003

clinical isolates, Subsequent alterations of the amide-linked hetero-
cycles have demonstrated steric bulk can not only be tolerated in this
aren of the protein, but additional potency increasing interactions could
be designed Into the inhibitors through Interaction with Asp106, which
resides on the flexible loop.

Experimental
Molecular dynamics

Protein structures were prepared using Maestros  Protein
Preparation Wizard (PrepWizard), following the procedure outlined by
Sastry et al."" Unfortunately, the X-ray crystal structure of 4K40"" (£
Jfaecalis) was not complete, and the flexible loop of residues that resided
near the pyrimidine substituent were omitted, resulting in the use of a
complete crystal structure, 3G7E" (E coli), instead. The suitability of
the proteins to be interchanged was assessed by determining that 68%
of residues within the active site were identical. Of the non-identical
residues, mutation was commonly observed to be a result of a small
change (e.g. VAL to ILE), Each mutated residue was assessed for its
contribution to binding, resulting in 95% similarity of the active sites of
4K40 and 3G7E, and could therefore used interchangeably during the
computational studies, Furthermore, both sequences were seen (o be
highly similar to 3ZM7 (M. mberculosis), allowing comparisons in
binding to be drawn from simulations of 3G7E, Each compound was
docked using a knowledge-based alignment and the protein-ligand
complex was solvated and simulated for 8 ns at a temperature of 300 K
using the OPLS_2005 force field'” in Desmond v2.3."" The system tra-
jectories were then analysed using Maestro v10,6.014"", monitoring
how key interactions evolved over the course of the experiment.
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4.8 Conclusions

The publication in Section 4.7 described a combined computational/experimental approach
to enhancing the antibacterial activity of a series of GyrB/ParE inhibitors. Although not the
focus of this published work, trends in hepG2 cell cytotoxicity were also investigated within

this series of compounds (Table 4).

Pyrrolidine
SIS RS I R
NH, HN_ N \NHZ
Né\O REDX04736 23 | REDX07942 27 - -

T

N

10.82 16 -32 - -

REDX0473924 | REDX07774 28 | REDX08027 30 | REDX08191 35

@)
P
P4

\

Oxazole
T

>16 >32 > 16 -

>

REDX07966 29 | REDX08049 31 | REDX08230 36

P4

I

2-4 4-8 >8

REDX08066 32 | REDX08271 37

p

pzd

r

’ - - >8 -

hepG2 cytotoxicity results for oxazole analogues (CCso, pg/mL).
Table 4

The results generated throughout the research project highlighted the progress made, and
provided additional data to support the hypothesised trend in oxazole cytotoxicity, as
observed between REDX04736 23 and REDX04739 24. Unfortunately, due to the poor
solubility of the substrates, accurate values for hepG2 cytotoxicity could not be determined
before the compounds precipitated during the assay conditions. Although absolute values
were unable to be recorded, a general trend was observed, consistent with the
hypothesised low toxicity of the 5-substituted oxazoles. This unusual apparent non-
cytotoxicity may provide a means for optimisation of the compound, progressing towards a
potentially successful drug. Furthermore, if the observed trends parallel the toxicity of
other literature chemical series, a similar approach could be used to alleviate any toxicity

issues seen for competitor compounds.
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Gratifyingly, improved antibacterial potency and, in particular, gram-negative activity, was

achieved in optimising REDX04739 24 to yield REDX08027 30 (Figure 24).

~
NH
H o N
N __
=N
Q
/N\
24 30
REDX04739 REDX08027
MIC (S. aureus) = 8 pg/mL > MIC (S. qureus) = 0.015 pg/mL
MIC (E. coli) = 4 pg/mL > MIC (E. coli) = 0.25 pg/mL

Improvement of potency achieved through analogue synthesis.
Figure 24

It was hypothesised that an improvement of physiochemical properties may be responsible
for the increased potency of the series, allowing more efficient permeability across the
bacterial membrane. Although superior potencies were achieved for the optimised

compound, further work in this area would be required.
4.9 Future work

As a result of a combined experimental and computational effort, a potential method of
increasing the antibacterial potency of the series was identified. Bicyclic analogues of
REDX08027 30 were highlighted as potential targets due to their ability to extend into an
under-explored area of the binding site. In particular, azaindole 39 was suggested to be

capable of binding to Asp106, resulting in increased affinity for the active site.

~

PN

Azaindole 39 which may result in binding to Asp106.

Figure 25
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Synthesis of azaindole 39 would allow assessment of the antibacterial activity to be
subsequently performed. The nitrogen in the azaindole system was hypothesised to make
an internal H-bond with the amide NH, tethering its conformation and forcing the pyrrole
substituent into the appropriate vector for binding to Aspl106. Furthermore, masking of
H-bond donor/acceptor pairs is a known strategy to increase permeability, which may

afford a further increase in antibacterial activity.

The success of the bicyclic amide replacement in increasing the activity of the compound
would be regarded as indicative of the utility of the computational modelling of DNA gyrase
subunit B. If the replacement was successful, the computational modelling would therefore

be validated further.

However, as a result of the data collected throughout the research programme, increasing
antibacterial activity was not considered a priority. Instead, future optimisation should be
focussed on improving the physiochemical properties of the series. Solubility was deemed
the most critical property to improve, which would allow for a more accurate assessment of

toxicity trends to be performed.

It was envisioned that a key step in improving the solubility of the series would be by
removing hydrogen-bond partners in the structure, alleviating the suspected high crystal
packing of the compound. Therefore, future synthetic efforts should be focussed upon
modifying the potential number of intermolecular hydrogen bonds (Figure 26).

a
7 b

~, .H 7
N !_|’
J@QN{ -
N .
74 \ ’
F d
‘N>jHN i
N (X
0
g) A
N
“NH,

37
REDX08271

Potential positions of modification to lower crystal packing ability.
Figure 26

Performing the suggested structural modifications to REDX08271 37 may potentially reduce

the ability of the scaffold to form internal H-bonds. Although this may increase solubility by
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lowering the crystal packing ability of the structure, many of the positions capable of
removing H-bond acceptor/donor pairs also play an integral part in the binding of the
compound to the active site. A carefully considered approach should utilise computational
modelling and efficient synthetic methods to maximise the likelihood of successfully
increasing solubility while maintaining activity. Due to the integral nature of the tricyclic
core, it could be envisioned that removal of the amide carbonyl (Figure 26, position c) may
result in the disruption of internal H-bonding, while having minimal effect on the

antibacterial potency of the series.
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Appendices

Summary of synthesised compounds from Chapter 2

5-membered (undecorated) 6-substituted pyridyl lactone series
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5.2 Summary of synthesised compounds from Chapter 3

5-membered (undecorated) 6-substituted phenyl lactone series
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6-membered (undecorated) 6-substituted phenyl lactone series
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5-membered (methylated) 6-substituted phenyl lactone series
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5-membered (dimethylated) 6-substituted phenyl lactone series
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5.3 Summary of synthesised compounds from Chapter 4

N-methylated aminopyrrolidine series
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Methylamino aminopyrrolidine series
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