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Abstract

Tuberculosis (TB) remains one of the world’s most lethal infectious diseases. The
emergence and increasing prevalence of drug-resistant strains of Mycobacterium
tuberculosis (M.tb) highlights the urgent need for new antitubercular medicines.
Decaprenylphosphoryl-B-D-ribose 2'-epimerase 1 (DprEl) and N-acetylglucosamine-1-
phosphate uridyltransferase (GImU) are two recently characterised carbohydrate-
processing enzymes essential for M.tb cell wall biosynthesis, both of which have promising
potential as targets for new TB therapies. This thesis describes efforts to identify inhibitors
of DprEl and GImU as possible new drug candidates for the treatment of TB, or as tool

compounds to help develop a wider understanding of these novel targets.

Chapters 1-3 introduce TB, physicochemical properties and their application in drug
discovery, and DprE1 respectively. Chapters 4-6 detail hit-to-lead investigations around two
compounds identified in a DprE1 high throughput screening (HTS) campaign. Hit validation
was performed first, then each hit was expanded into a lead series, delineating structure-
activity-relationships and identifying exemplars that displayed both high potency at DprE1
and against M.tb in vitro (with demonstrable engagement at DprE1). An overall aspiration
was to identify DprE1 inhibitors that had high potential to succeed as new medicines for TB;
as such, physicochemical properties were at the forefront of the molecular design strategy
in these Chapters. Chapter 7 details the design, synthesis and biological evaluation of DprE1l
inhibitors based on the natural substrate of the enzyme. This work focussed on
investigating whether such ribose-based structures could provide a hydrophilic start-point
from which to develop potent DprEl inhibitors. These substrate analogues were also used
as tool compounds to probe interactions between DprE1 and small molecule inhibitors, and

to provide insight into the nature of the enzyme-catalysed reaction.

Chapter 8 of this thesis introduces the second M.tb target, GImU. Chapter 9 outlines the
design and synthesis of a small set of GImU acetyltransferase inhibitors based on the
substrate of the enzyme. In the absence of any quality literature M.tb GImU inhibitors, this
work provided chemical matter to help establish the recently developed GSK M.tb GImU

acetyltransferase enzyme assay.

Finally, Chapter 10 reflects on the work presented in this thesis, and offers some

perspectives for the future of tuberculosis drug discovery.



Abbreviations

H#Ar
‘932-amine.HCl
pwave

9-BBN

Ac

AcCoA

ADME(T)

AFU

AG
Alloc
ATP
Bn
Boc
BTz
Bz
CD38
CFU
Chrom Log P / Dyy
Clint

CLND

cLog P
CMR

comMu

number of aromatic rings

(4-benzylpiperidin-1-yl)(piperidin-4-yl)methanone hydrochloride

microwave
9-borabicyclo[3.3.1]nonane
acetate

acetyl coenzyme A

absorption, distribution, metabolism, excretion, (toxicity)

arbitrary fluorescence units

arabinogalactan
allyloxycarbonyl

adenosine triphosphate
benzyl

tert-butoxycarbonyl
benzothiazinone antitubercular drug class
benzoyl

cluster of differentiation 38
colony forming units
Chromatographic Log P / Dy
intrinsic clearance

chemi-luminescent nitrogen detection method for solubility
measurement

calculated Log P
calculated molar refraction

(1-Cyano-2-ecthoxy-2-oxoethylidenaminooxy)dimethylamino-
morpholino-carbenium hexafluorophosphate



CYP cytochrome P450

d.e. diastereomeric excess

DABAL-Me; bis(trimethylaluminum)-1,4-diazabicyclo[2.2.2]octane adduct
DABCO 1,4-diazabicyclo[2.2.2]octane

DAP (meso)diaminopimelic acid

DCM dichloromethane

DIBAL-H diisobutylaluminium hydride

DIC N,N'-diisopropylcarbodiimide

DIPEA N,N-diisopropylethylamine

DMAP 4-dimethylaminopyridine

DMF dimethylformamide

DPA decaprenylphosphoryl-B-D-arabinose

dppf 1,1'-ferrocenediyl-bis(diphenylphosphine)

DPR decaprenylphosphoryl-B-D-ribose

DprE1 decaprenylphosphoryl-B-D-ribose 2'-epimerase 1
DPX ketone product of DprE1-mediated oxidation of DPR
e.e. enantiomeric excess

F% oral bioavailability

FAD flavin adenine dinucleotide (oxidised form)

FADH flavin adenine dinucleotide (reduced form)

FBDD fragment-based drug discovery

FDA Food and Drug Administration (US federal agency)
FPR farnesylphosphoryl-B-D-ribose

GGRP geranylgeranylphosphoryl--D-ribose

GIcN-1-P glucosamine-1-phosphate

GIcNACc N-acetylglucosamine



GIcNAc-1-P
GImU

GSK

h

HAC

HATU

HBA
HBD
hERG
HIV
HTS
HWE
ICso
InhA
Ky
LCMS
LDA
LE

LLEr

M.smeg
M.tb
MDR
MIC

MOA

N-acetylglucosamine-1-phosphate
N-acetylglucosamine-1-phosphate uridyltransferase
GlaxoSmithKline

human

heavy atom count (count of non-hydrogen atoms)

1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxid hexafluorophosphate

hydrogen bond acceptor

hydrogen bond donor

human Ether-a-go-go Related Gene (potassium ion channel)
human immunodeficiency virus
high-throughput screening
Horner-Wadsworth-Emmons reaction

half maximal inhibitory concentration
enoyl acyl carrier protein reductase
dissociation constant

liquid chromatography-mass spectrometry
lithium diisopropylamide

Ligand Efficiency

Astex Lipophilic Ligand Efficiency

mouse

meta

Mycobacterium smegmatis
Mycobacterium tuberculosis

multi drug-resistant

minimum inhibitory concentration

mechanism of action



MOE Molecular Operating Environment software

Ms mesyl (methanesulfonyl)

MS molecular sieves

MurNAc N-acetylmuramic acid

MurNGlyc N-glycolylmuramic acid

MW molecular weight

NAD" nicotinamide adenine dinucleotide (oxidised form)
NADH nicotinamide adenine dinucleotide (reduced form)
NMR nuclear magnetic resonance

NOE nuclear Overhauser effect

o ortho

OE over-expression

p para

PAINS pan-assay interference compounds

PAMPA parallel artificial membrane permeation assay
Papp apparent permeability

PBP penicillin binding protein

PD pharmacodynamics

PFI Property Forecast Index

PG peptidoglycan or protecting group

plCsq -log(half maximal inhibitory concentration)

PK pharmacokinetics

PMB para-methoxy benzyl

PP; pyrophosphate (P,0,")

PPPR pentaprenylphosphoryl-B-D-ribose

pyr. pyridine

10



QSAR guantitative structure-activity relationship

Red-Al sodium bis(2-methoxyethoxy)aluminiumhydride
RFpICs, plCso derived from the RapidFire™ mass spectrometry assay
RT room temperature

SAR structure-activity relationship

SnAr nucleophilic aromatic substitution

SPR structure-property relationship

SSS sub-structure search

T.B.L. tight binding limit

TB tuberculosis

TBAF tetra-n-butylammonium fluoride

TBS tert-butyldimethylsilyl

TBSOTf tert-butyldimethylsilyl trifluoromethanesulfonate
TFA trifluoroacetic acid

THF tetrahydrofuran

THIQ tetrahydroisoquinoline

Tm melting temperature

TMSBr bromotrimethylsilane

TPSA topological polar surface area

UDP uridine diphosphate

UDP-GIcNAc uridine diphosphate N-acetylglucosamine
UDP-MurNAc uridine diphosphate N-acetylmuramic acid

uTP uridine triphosphate

WHO World Health Organisation

XDR extensively drug-resistant

11



Proteogenic amino acid abbreviations:

Full name Abbreviation
Alanine Ala
Arginine Arg
Asparagine Asn
Aspartic acid Asp
Cysteine Cys
Glutamic acid Glu
Glutamine GIn
Glycine Gly
Histidine His
Isoleucine lle
Leucine Leu
Lysine Lys
Methionine Met
Phenylalanine Phe
Proline Pro
Serine Ser
Threonine Thr
Tryptophan Trp
Tyrosine Tyr
Valine Val

12



Table of Contents

[ ]=Tol T 1 4T o FO OO TS U PV PPTOPPRPRRRP 3
ACKNOWIEAGEMENTS.......eiiiiiiie et e e et e e e ebae e e e et e e e e seabae e e eentaeeeennbaeeeeareeas 4
FAY o A [ T PPV PPPTOPPRPRRRIOt 6
ADDIEVIATIONS ... et e s b s nee e sareeeane 7
1. TUDEICUIOSIS........eeeeiieiee ettt st e st e e s e s b e s snte e sreeeaeas 18
1.1 Epidemiology, Pathogenesis and Treatment .........cccceeeeiieeiicciee e, 18
1.2 TUDErcUlOSiS DrUG DISCOVEIY ...uviiiiiiiieeieiiee ettt ettt e e eette e e e etae e e eeaae e s e are e e eenrae e e enaeeas 23
1.3 Targeting Mycobacterial Cell Wall Biosynthesis for Tuberculosis Chemotherapy ...... 24
1.4 THESIS OVEIVIEW ..eeieeeiiieeitie ettt ettt et e sttt e e st eesabe e sabeessbeeesabeeesneeesabeesbeeesaneeesnnes 27
2. Physicochemical Properties in Drug DiSCOVErY ...........ccceiiuiiiiiiiiieeeiiiieeeecieeeeseveeeesnveeas 28

2.1 What Are Physicochemical Properties and Why Are They Important For Drug

(D71 olo 1Y T SRR 28
2.2 A New Era of Property-Guided Drug DiSCOVEIY .......cuveirrcieieiriieeeesiieeeeeciieeeessvaeeeennes 30
2.3 Poor Physicochemical Properties Cause Attrition ........cccccvvvveeeeeeiecccinieeeee e, 31
2.4 Physicochemical and Structural Properties Most Pertinent to Drug Discovery.......... 32
D2 0 B o Yo o] a1 ol AV 2R 32
2.4.2 Number of Aromatic Rings and Molecular FIatness .........cccccveeeeecieeeecciiee e, 33
2.4.3 ACid/Base STreNGth.......cccuvi ittt e 33
2.4.4 SOIUDITITY ..ottt 34
2.4.5 Molecular WEISHT .....coouiiieiceee ettt e aree e e 34
2.5 The Impact of Physicochemical Properties on ADMET and Other Developability
Par@mMEEEIS. ... s 34
2.5.1 PermMEability .....cccoceiieeeeeee e e e e e e e eanaeas 35
2.5.2 INtriNSIC ClEArANCE . .ci ittt ettt st e 36
2.5.3 Cytochrome P450 INhibition .......ccccuviiiiciiiiiceec e 37
2.5.4 Cardiac lon Channel Blocking ACtiVity.......ccoovvueeeiiiieiiiiiiee e 37
2.5.5 PrOMUSCUITY .uuiiieieiieccccccce s e s e e e s e s e e s e e e e e e e e e e e e e e e e s e e e e e e e e eeeeeaeaeaeeeananas 37
2.6 The Use of Metrics and Predictive Tools in Modern Drug Discovery .........ccccocevveeenes 38
2.6.1 The Property FOrecast INdeX........cuuueeeeie it e e e ee e 38
2.6.2 Ligand Efficiency MELIICS ..ociivieiiciiiee ettt e et e e 39

13



2.7 Physicochemical Properties and Lead-Compound Profiles in Hit-to-Lead Drug

DT o0} V7= o RN 41
2.8 Physicochemical Properties in Tuberculosis Drug DesSigN........ccceeeevciieeeiicveeeeniieeeenanns 43
2.9 Application of Physicochemical Properties in this Thesis......ccccccovvcciiiveeeeeeiccccirieeennn. 43
3. Decaprenylphosphoryl-B-D-Ribose 2'-Epimerase 1 .............ccccoevveiiiicieniinciee e, 44
3.1 The Role of DprE1l in the Biosynthesis of Arabinogalactan...........ccccceeevcieeeeiciineeeenns 44
3.2 DprE1 as a Drug Target: Published INhibitors ..........cooeeieciiiiicciie e 46
I ] (ot AU o] T o o =5 PRSIt 49
3.4 RESEAICH GOQIS...ciiutiiiiieeiiee ettt ettt et et s e s e e s s b e sne e e s ne e e nanes 51
4. The GSK High-Throughput Screen Against DPrE1 .............cccooeviiviiieiinciiee e 52
4.1 Introduction to the HTS Screen and Hit Selection ...........ccoceieiieeniiiiniieniiceieeeeeee 52
4.2 Assays Used in the DPrEL HTS CamPaign.......cccccueeeieiiieeeeiiieeeecieeeeeciveeeecvaeeeesnaeee e 53
4.2.1 The FIUOIrE@SCENCE ASSAY .....vveiiieriiieeeiiieeeeitteeeeetteeeeetteeeeeeateeesebeeeeessteeeesseneasanes 53
4.2.2 The RAPIAFITE™ ASSAY ....v.vveeeeeeeeeeeeeeeeeeee et eet e s eeeeses e seeses s eeseseennens 53
4.2.3 The Diaphorase Fluorescence-Interference Assay.......cccccveeeiecieeeercieeeescieeesnnnns 54
4.2.4 Assay Tight Binding Concentration .........occveeiieciieie it 55
4.2.5 Minimum Inhibitory Concentration (MIC) ASSays........ccceeiveerceeesiieesiieeeiireesireeenns 55
4.2.6 X-Ray Crystallography ....coccuveee ittt ettt e e e e rae e e e e baee e e eanes 55
4.3 Research Goals and the Targeted Lead-Compound Profile for the DprE1 Programme
........................................................................................................................................... 56
5. Hit-to-Lead Work Around GSK'295.............coociiiiiiniieniteeiee ettt 57
5.10verview Of GSK 295 ..ottt 57
o o ] (=T Y 15 13U U RS TUT R TRRR 59
5.3 Design of “295//932 Cross-Over COMPOUNGS.........covveeeveeereeereeereeereeeeeeeeeeseesseesseesseeens 59
5.4 Synthesis of Crossover Compounds 5.3-5.8 ........ccooiiiiiiiiiiiiiiieie et 60
5.5 Biological & Physicochemical Evaluation of Analogues 5.3-5.8..........ccccecevveeeriieeeennns 65
5.6 In Vitro Profiling of 2-Amino Pyrimidine 5.3a and Pyrimidin-2(1H)-one 5.6a.............. 71
5.7 In Vivo Evaluation of Pyrimidin-2(1H)-0N€ 5.6Q..........ccccccvueieeeiiieeecciieeeeeireeeeeciveee s 73
5.8 Improving the Permeability and In Vitro Metabolic Stability of Pyrimidin-2(1H)-one
DB ettt r e s re e st et eer e e reesane e 75
5.8.1 Strategy to Improve the Permeability of 5.6@ ...........cccovcieiiiiiiiiiiee e, 75
5.8.2 Strategy to Improve the In Vitro Metabolic Stability of 5.6a............cccccevveeenneen. 76
5.8.3 Design of Pyrimidin-2(1H)-one Analogues 5.32a-€.........cccccceevvieeeeerieeeecviee e 76

14



5.8.4 Synthesis of Pyrimidin-2(1H)-one Analogues 5.323-€ ..........cccceveveeecieeesieescveeenene 77

5.8.5 Biological, Physicochemical and ADMET Evaluation of Pyrimidin-2(1H)-ones

I b - L - PSPPSR 79
5.9 CONCIUSIONS ..ottt ettt ettt sb e st et e sttt e ab e sab e e sbee e sabeesbeeesneeesareeenees 83
5.00 FULUINE WOTK ..ttt ettt sttt ettt st e s e e sab e s b e s smreesaneeesanes 84

6. Hit-to-Lead Work Around GSK'896............cccceeviiriiiiiiiieieeeeieesiee et 87
6.1 OVErvieW Of GSK BB ...........ooiiiiiiiiieiieiie ettt sttt e b e saee e 87

6.1.1 Medicinal Chemistry Profiling of GSK'896.............ccccceeiiiiiiicciee e, 88
6.2 PrOJECT AIMS ..ttt ettt ettt e e e e s e e et e e e e e s st bt e e e e e e e e e annraaeeeens 90
6.3 SAR Insights from Analysis of the HTS Data and Sub-Structure Searching of the GSK
@oT 0] oo 18] a o @'o] | 1Yot { o] o NP USRSt 90

6.3.1 SAR Data Evident in the DprEL HTS OULPUL......eeveieiieeiiiee e 91

6.3.2 Screening of Compounds Available in the GSK Collection..........ccccoveeeevieeennneen. 92
6.4 Design, Synthesis and SAR of New Analogues of GSK’896 .............cccccvveeeeeeericcnnnnenenn. 94

6.4.1 Generalised Retrosynthetic Disconnections of GSK’896 and Related Analogues 94

6.4.2 Fragmentation of the HTS Hit GSK'896.............ccceoeiiiiiiiiiie e 95
6.4.3 Variation of the Amino Acid Linker of GSK'896 ...........cc.cccceeniiiiiniiniieneenieneee 97
6.4.4 Variation of the Aminobenzodioxane Motif of GSK’896 ..............cccccecuerueeuennne. 104
6.4.5 Variation of the C-Terminal Aniline of GSK’896...........c.c.cccceenieniiniiniiineeeene 108
6.5 Aminobenzodioxane-Phenyl-Propanamides SAR OVEIVIEW ........cccecuveeeeivveeesiveeenn. 118
5.6 CONCIUSIONS ...einiviieiiieetie ettt et e ettt e sttt e st e st e st e e e s bt e e sbbeesabeesbeeesaseesabeesaseeesareesane 119
6.7 FULUIE WOTK ..ottt st sttt eane s 121

............................................................................................................................................. 122
8 o oY [Tl 2 TSP PPPPRSPRPPP 123
7.2 Design of Substrate Analogues 7.1-7.3 as Potential DprE1 Inhibitors.........ccccuue..... 124

7.2.1 Design of the C2-Modfied Ribose Cores for Series 7.1-7.3.........cccccovveeeecieeeenns 124
7.2.2 Selection of Substituents for Series 7.1-7.3........cccceriiriinieeneneee e 124
7.3 Synthesis of the 2-Methyl-1-Phosphoryl-B-D-Ribofuranoses 7.1...........ccccceeeeurneenn. 125
7.3.1 Synthetic Approaches Towards Ribosyl-1-Phosphates...........cccccevviiveeiicieeennns 125
7.3.2 Synthesis of ANAlOZUES 7.1@] ....ceviiiiiiiiiiiiee et 128
7.4 Synthesis of the 2,2-Difluororibophosphonates 7.2..........ccceevveeivcieeecciieee e, 133
7.4.1 Synthetic Approaches towards Ribosyl-1-Phosphonates ........ccccccoeecvviveeeeennnn. 133

15



7.4.2 Synthesis of ANAlogUES 7.2a-F......ccccviiiiiiiiieie e 135

7.5 Synthesis of the Acyclic Sugar-Phosphonates 7.3..........cccoveeiiiiieiiciiee e 136
7.6 Evaluation of the Substrate Analogues 7.1-7.3 as Inhibitors of DprE1l...................... 137
7.7 DprE1 Substrate Analogues as Tools for Chemical Biology ........cccevvvveviviiiiieiiinennnn. 140

7.7.1 Thermal Shift Experiments Show that Binding of Substrate Analogues 7.1g-j
Correlates with Prenyl Substituent Length and Geometric Isomerism ..........ccueeeeneee 141

7.7.2 Substrate Turnover is Not a Binding Pre-requisite for Small Molecule Inhibitors

that Bind to DprE1 Only in the Presence of Oxidisable Substrate.........cccccccvvveeeeeennnn. 144
7.8 CONCIUSIONS ..eeitieeiiieiiee ettt ste e ettt e st e st e e sabeesbeesabee e s bt e e sbeeesateesabeeesaseesaseesseeesareenane 146
7.9 FULUIE WOTK ..ttt ettt sttt ettt st e e st e e bt e e sate e s bt e e sabeesabeesaneeesareenane 147

8. N-Acetylglucosamine-1-Phosphate Uridyltransferase...............ccccccoeciiiiiiiiieiiccineeenns 149
8.1 Structure and Biosynthesis of Peptidoglycan ..........cccoviiiiciieeiiciee e, 149
8.2 Drugs Targeting Peptidoglycan BioSyNthesis .........ceeeecieieiccieee i 151
8.3 GImU Catalyses the Formation of UDP-GICNAC .......ccccvuviririvieeiniieeecieeeeeieee e 152

8.3.1 Structural Basis for M.tb GImU Acetyltransferase activity ........cccceevveiircieeennnns 154

8.3.2 Structural Basis for M.tb GImU Uridyltransferase activity.......ccccceevvveevicieeennnns 155

8.3.3 Reported Inhibitors of Bacterial and M.th GIMU..........cccveeveiiieeiciiieeeeieee e 156
8.4 RESEAICH AIMS ..ttt ettt sttt ettt e sb e s bt e sae e sane s b beenes 157

9. Glucosamine-1-Phosphate Analogues as Inhibitors of M.tb GImU Acetyltransferase

ACHIVITY .ot e e e st e e e e s s st b e e e e e e e e e st abaaeeeeeeesaanranee 158
0.0 ProJECT AMS oottt e e ettt e e e e e s sttt e e e e e e e s s s abtbeaeeeeesssaassbaeaeesesnnnnsnnes 158
9.2 Design of GIcN-1-P Analogues 9.1a-g as Potential Inhibitors of the GImU
AcCetyltransferase ACHIVITY .....ceiiciieei i 158
9.3 Synthesis of N-functionalised GIcN-1-P Analogues 9.1a-8........c.cccccevvvvreeeencieeeeeennnen. 161
9.3 Biological Evaluation of GICN-1-P Analogues 9.1a-8.......ccccccveeeeviiiieencieeeeccieee e 166
9.4 CONCIUSIONS .ttt ettt et ettt ettt e et e e st e e sbeesaeesatesabeebeennes 170
9.5 FULUIE WOTK ..ttt ettt ettt sbe e s bt e st st s beebeenes 170

10. Perspectives and Future Directions................oeeveeiiiiicciiiiieecc e 174

10.1 A Combined Phenotypic/Target-Based Approach to Tuberculosis Drug Discovery 174
10.2 Relationship Between Lipophilicity and Antimycobacterial Activity ......cc.ccceevveennee 176
10.3 Modified Carbohydrates as Scaffolds for Interrupting M.tb Cell Wall Biosynthesis 177

0 (o =T 4 T 0 1= 1 - | USRS 179
11.1 General EXPerimental ...t e a e e 179
11.2 Synthesis of Compounds in Chapter 5 ........ccoiiiieciiie e 183

16



11.3 Synthesis of Compounds in Chapter 6 ..........eeeeeeiiecciiiiieee e 205

11.4 Synthesis of Compounds in Chapter 7 .......occueeiieciiii e 242
11.5 Synthesis of Compounds in Chapter 9.......cccouviiiiciiie i 272
12, REFEIENCES .......oeeeeiieiee ettt ettt ettt e et e e st e e sbe e e sabeesabeesneeesareenane 287
S TR YT e 1T e [ PSPPI 301
Al. The GImU Acetyltransferase ASSay......cccciirciieeiiiiieeecriree e ceree st e s esree e vee e e 301
A2. Representative NIMR SPeCEra.....cciiiiiiiiiiiiiiiiieceteeeeeeeeeeeee s e e e e e e e s e eeeenees 301

17



1. Tuberculosis
1.1 Epidemiology, Pathogenesis and Treatment

Tuberculosis (TB) is one of the world’s most lethal infectious diseases, second only to the
human immunodeficiency virus (HIV).! The World Health Organisation (WHO) estimates 9
million people develop active TB every year, with an annual death toll of 1.5 million.? Whilst
a decline in TB prevalence was observed over the past century® (mostly in industrialized
nations), antibiotic resistance’ and the emergence of HIV> have led to a resurgent TB
pandemic that was declared a “global emergency” by the WHO.® New antitubercular

medicines are urgently needed to overcome these modern-day challenges.

. D

) N

Estimated new TB '\ ]

o cases (all forms) per " e~ \

100 000 population rmee® af °
per year B

[ ] o909 3
[ ] 10-19 \
[ 20-49
[ 50-124
[ 125-299 /},
[ 300-499
[

[:l No data
l:l Not applicable

Figure 1.1. Estimated worldwide TB incidence rates in 2013.2 Figure reproduced from the World Health

Organisation Global Tuberculosis Report 2014, with permission from the WHO.

TB is a communicable airborne disease caused by the pathogenic organism Mycobacterium
tuberculosis (M.tb). The infection primarily occurs in the lungs (pulmonary TB), resulting in
coughing and expectoration of blood and sputum, but can also infiltrate other sites
(extrapulmonary TB), such as lymph nodes, joints, and the nervous system.” Progression of

the disease often follows a relatively well-defined sequence,® as shown in Figure 1.2°
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Figure 1.2. The tuberculosis disease cycle. Fibrous cuffs form around the infected macrophages, forming
granulomas. The material within necrotises to form the caseum, which is released into the airways with M.tb
bacilli when the granulomas rupture.9 Figure reproduced from Science, 2010, 328 (5980), 852-856, with

permission from AAAS.

After inhalation of M.tb, the bacilli are engulfed by pulmonary macrophages in the airways
prompting a proinflammatory response that leads to the recruitment other immune cells,
such as neutrophils and lymphocytes. The aggregation of these cells around the infected
macrophages results in the formation of walled-off structures termed granulomas, which

can act to prevent spread of the infection. Most people are able to control the initial
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infection through this immune response and remain asymptomatic. It is estimated that one
third of the world’s population carries latent TB and only 5-10% of infected individuals
develop active TB.' If the immune system of the host becomes compromised (typically in
old-age or due to HIV co-infection), the granulomas weaken and rupture, releasing the
necrotising centre (termed the caseum) and infectious M.tb bacteria into the airways. This
leads to a productive cough which ultimately facilitates the spread of the disease. Death

occurs as a result of overwhelming bacterial burden or chronic respiratory failure.™

The current standard of care for drug-susceptible TB is a six month regimen of four
antibiotics that was introduced over 40 vyears ago. These so-called “first-line”
antituberculars comprise isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA) and
ethambutol (EMB) (Fig. 1.3a). All four drugs are administered together for the first two
months of treatment, followed by a further four months of isoniazid and rifampicin
treatment. Isoniazid exhibits a high early bactericidal activity and acts to quickly eradicate
the active replicators in the first two days of treatment, killing up to 95% of organisms
present.'” The bacteriostatic ethambutol is also important for inhibiting bacterial growth of
the active replicators during the early stages of chemotherapy.*® Rifampicin is particularly
effective at killing sporadically active M.tb bacilli, providing bactericidal activity after the
days where isoniazid is most active.”” Finally, pyrazinamide preferentially kills the non-
replicating bacilli of low metabolic activity."* The molecular targets of these drugs are

indicated in Figure 1.3a.
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(a) First-line antituberculars
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(c) Example Third-line antituberculars
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Figure 1.3. (a) First-line antituberculars. (b) Examples of second-line antituberculars. (c) Examples of third-line

antituberculars. The molecular target of each drug is indicated where known. MOA = mechanism of action.

When prosecuted as a course of directly-observed treatment in a hospital setting, this
quadruple drug therapy is highly effective at curing drug-susceptible TB (>95% cure rate)."
In countries with over-burdened resource-limited health systems however, direct
observation is often not possible and lack of patient compliance limits success of the

treatment. Ultimately this has led to the emergence of drug resistant strains of M.tb that
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are much more challenging to treat effectively. Multi drug-resistant (MDR) strains of M.tb
are defined as those that are resistant to at least isoniazid and rifampicin.* The WHO
estimated 480,000 new cases of MDR-TB occurred world-wide in 2013, representing 3.5%
of all reported TB cases that year.? Treatment of MDR-TB requires at least two years of
medication with less effective “second-line” antituberculars, such as fluoroquinolone and
aminoglycoside antibiotics (Fig. 1.3b). Extensively drug-resistant (XDR) isolates of M.tb have
recently emerged, which show additional resistance to the two main second-line drug
classes.” Treatment options for XDR-TB are thus seriously limited, requiring expensive,
poorly efficacious and poorly tolerable “third-line” drugs (Fig. 1.3c).’® One African study
describing XDR-TB, in which the majority of patients were co-infected with HIV, showed a

very high mortality rate (98%), with death occurring on average 16 days after diagnosis."’

The second major present-day challenge for the treatment of TB is that of HIV co-infection.”
The emergence of HIV had a significant impact on TB prevalence due to the inability of a
weakened immune system to suppress the onset of tuberculosis, either from nascent TB
infection or reactivation of latent TB. The WHO suggested that approximately 25% of TB
deaths in 2013 were of HIV-positive individuals.” Furthermore, TB is now the leading cause
of death amongst people living with HIV, causing a quarter of all HIV-related deaths.”® A
major issue with the treatment of co-infected individuals is that of drug-drug interactions
between antituberculars and antiretroviral therapies for HIV." First-line rifampicin is a
particularly potent inducer of cytochrome P450 3A4, the action of which markedly reduces
concentrations of the concomitantly administered antiretrovirals, such as protease inhibitor

indinavir.”

The discovery of novel medicines to treat TB is clearly of great importance in today’s global
health landscape. Despite this, only two new medicines have been approved since the
introduction of the quadruple drug regimen in the 1970’s (Fig. 1.4). Bedaquiline (an M.tb
ATP synthase inhibitor) was approved by the FDA in 2012 for the treatment of MDR-TB in
adults, encouragingly showing equipotent activity against both actively replicating and
dormant M.tb bacilli.*® Bedaquiline however, has a potential to induce cardiac arrhythmia;
an increased mortality rate was observed during Phase Il of clinical trials.”® The second new
medicine, delamanid,”* was conditionally approved by the European Medicine Agency in

2014 for the treatment of MDR-TB in adults,? and only limited information is known about
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possible adverse effects. Whilst bedaquiline and delamanid do provide treatment options

for MDR-TB infected individuals, the risks from taking these new drugs are high.

OCF,

ow{{ijr}fo C NQO

Bedaquiline Delamanid

ATP synthase inhibitor inhibits mycolic acid production;
exact MOA unclear

Figure 1.4 Bedaquiline and delamanid are the only new TB medicines to have been approved in over 40 years.

The above paragraphs highlight the main issues with the current treatment options for
drug-susceptible and drug-resistant TB: treatment duration is lengthy, and many of the
medicines have a poor safety profile. New TB drugs thus need to be highly efficacious and
safe, whilst acting to reduce the duration of treatment relative to the current standard of

care.
1.2 Tuberculosis Drug Discovery

Drug discovery for tuberculosis poses some significant challenges that are unique to the

disease.?*

One particular difficulty is that the vast and complex lipid-rich mycobacterial
cell wall (Sect. 1.3) presents a significant permeation barrier to small-molecule drugs. The
properties which impart permeability across the mycobacterial cell wall remain unclear, as
does the extent to which passage is governed by active or passive transport.”> Further to
this, mycobacteria possess a number of active efflux pumps that transport many

xenobiotics out of the cell.”

The combination of these characteristics ultimately leads to
poor and unpredictable translation of potency from target-based enzymatic assays to cell-
based assays. A molecule that is highly potent against a particular M.tb enzyme will not be
successful if it is unable to access the target via passage across the cell wall. As a result,
antitubercular drug discovery programmes have classically adopted a phenotypic whole-cell
screening approach, which facilitates the identification of chemotypes inherently capable of
crossing the mycobacterial cell wall (or at least capable of accessing the target which they

26,27

engage). Notably, all current TB drugs were discovered using cell-based screening
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assays. The archetypal phenotypic assay used in TB drug discovery involves determination
of a minimum inhibitory concentration (MIC), defined as the “concentration of an agent
that inhibits the growth of 99% of a standardized inoculum of a laboratory strain of M.tb”,*

typically M.tb H37Rv.

The main disadvantage of a phenotypic approach can be the difficulty associated with
optimising hits without knowledge of the molecular target, and so without the benefit of
structure-based drug design®® (although recent advance in M.tb genomics and proteomics
can aid the “de-orphaning” of such hits®). An alternative protocol for the identification of
new TB drugs is a target-based approach, made possible largely by the transcription of the
M.tb genome in 1998.% This method benefits from the possibility of using structure-based
drug discovery to guide optimisation of physicochemical property and potency parameters
of the hits. The major disadvantage however, remains the poor translation of potency
between enzyme and whole-cell activity, and failure to capitalize on target-based drug

discovery for tuberculosis is well documented in the literature.?”*

1.3 Targeting Mycobacterial Cell Wall Biosynthesis for

Tuberculosis Chemotherapy

Targeting mycobacterial cell wall metabolism has represented an important strategy for TB
chemotherapy. Firstly, the cell wall is essential for the survival, growth and virulence of the
bacteria. Secondly, many of the enzymes involved in the biosynthetic pathways do not have
human homologues, negating any issues of mechanism-based toxicity to the host. Indeed,

several of the antitubercular drugs currently in use target cell wall metabolism (vide infra).

The composition of the mycobacterial cell wall is unique, and comprises three covalently

linked constituents (Fig. 1.5), which from the cell membrane to the exterior surface are:

e the peptidoglycan layer (PG; Sect. 8.1), a heavily cross-linked polymer that provides
a rigid layer enabling the cell to withstand osmotic pressure, as well as a scaffold for
other extra-cellular structures;

e the arabinogalactan layer (AG; Sect. 3.1), a viscous hydrophilic polysaccharide
consisting of a galacto-furanose domain and three arabino-furanose domains, the
function of which is to act as a covalent tether between the PG and the mycolic acid

layer;
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e the mycolic acid layer, a monolayer of lipophilic acyl chains that acts as a highly
impermeable outer layer, and facilitates intercalation of a variety of non-covalently

bound acyl lipids that form the outermost layer, termed the capsule.
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Figure 1.5. Schematic of the mycobacterial cell wall, which comprises a peptidoglycan (PG) layer, an
arabinogalactan (AG) layer and a mycolic acid layer. These components are flanked by the cell membrane and
the outermost layer, the capsule. Collectively, these structures are termed the cell envelope. Current TB drugs

that are known to inhibit cell wall metabolism are indicated (see Fig. 1.3 for structures).

Of the TB drugs in regular therapeutic use, four are known to target cell wall biosynthesis
(Fig. 1.5). The primary target of isoniazid is the mycolic acid synthesis pathway. Isoniazid is a
pro-drug that requires activation by KatG (M.tb catalase peroxidase), generating the
isonicotinic acyl radical (Scheme 1.1).%" This radical reacts with the NADH cofactor of M.tb
enoyl acyl carrier protein reductase (InhA) to afford isonicotinic acyl NADH, which is a
potent inhibitor of InhA.*! Inhibition of InhA interrupts the process required to elongate

growing fatty acids that yields the mycolic acids of the cell wall.*! Second-line ethionamide
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is structurally related to isoniazid (Fig. 1.3b), and is also a pro-drug (activated by EtaA, an

M.tb monooxygenase) that inhibits InhA similarly to isoniazid.*

NH, H
(@)
||
o N 3
“NH, O R
| X KatG | X NAD radical
NG NG InhA
Isoniazid isonicotinic acyl isonicotinic acyl
radical NADH

Scheme 1.1. The formation of the InhA inhibitor isonicotinic acyl NADH, from the pro-drug isoniazid.*" The

isonicotinic acyl radical likely reacts with the NAD= radical form of the NADH cofactor of InhA!

Ethambutol interferes with AG biosynthesis by inhibiting arabinosyl transferases encoded
for by the embB, embA and embC genes, which are responsible for the polymerisation of
arabinose into the arabinan of the AG layer” (and the lipopolysaccharides
lipoarabinomannan, LAM, and mannose-capped lipoarabinomannan, ManLam, found in the

capsule®).

Finally, cycloserine interrupts PG synthesis by targeting two enzymes: alanine racemase
(Alr) and D-alanine:D-alanine ligase (Ddl).>* In the first two committed steps of bacterial PG
synthesis, Alr converts L-alanine to D-alanine, which then acts as a substrate for Ddl to give
D-alanyl-D-alanine, which plays a key role in the cross-linking step of PG construction.

Inhibition by cycloserine thus acts to prevent transpeptidation of PG monomers.

Whilst there are numerous enzymes involved in M.tb cell wall synthesis, only very few have
been targeted for TB chemotherapy. In fact, the exact roles of many of the enzymes
implicated in M.tb cell wall biosynthetic pathways are yet to be elucidated.”?* These
enzymes, if proven essential to mycobacterial viability, represent an extensive repository of
uninvestigated molecular targets for novel TB drugs. Two such enzymes, whose structure
and function in M.tb cell wall biosynthesis have recently been elucidated, are
decaprenylphosphoryl-B-D-ribose ~ 2'-epimerase 1 (DprE1; Chapt. 3) and
N-acetylglucosamine-1-phosphate uridyltransferase (GImU; Chapt. 8). DprE1 and GImU are
both essential enzymes implicated in AG and PG biosynthesis respectively, and represent

promising novel TB drug targets.
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1.4 Thesis Overview

In this thesis, efforts to identify potential drug candidates and tool compounds for the M.tb
targets DprE1 and GImU are described. These targets are introduced in Chapters 3 and 8
respectively. The enzyme biochemistries, their roles in M.tb cell wall biosynthesis, and

previously disclosed inhibitors are discussed.

Chapters 4-6 document the work undertaken to confirm two hits discovered in a GSK DprE1
high-throughput screening campaign, and the subsequent efforts performed to develop
these hits into lead series. The overall goal was to identify DprE1 lead molecule inhibitors
that had high potential to succeed as new medicines for TB. Consequently, physicochemical
properties were at the forefront of the molecular design strategy in this body of work
(Chapter 2 introduces the concepts of physicochemical property-guided drug design).
Furthermore, Chapter 7 describes work to identify inhibitors of DprE1 based on the ribose
substrate of the enzyme, affording tool molecules to facilitate chemical biology
experiments that provided insight into the characteristic behaviour of DprE1. Chapter 9 of
this thesis describes the identification of GImU inhibitors based on the glucosamine-1-
phosphate substrate of this enzyme. Finally, Chapter 10 reflects on the work presented in

this thesis, and offers some perspectives for the future of tuberculosis drug discovery.
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2. Physicochemical Properties in Drug Discovery

Over the past decade, medicinal chemists have become increasingly aware of the
relationship between the likelihood of experimental molecules becoming drugs, and the
physicochemical properties of the molecules themselves. Today, it is understood that for a
molecule to succeed as a drug, it is imperative to identify candidates that are both
efficacious and in good property space. The following Sections introduce the contemporary

concepts behind this understanding.

2.1 What Are Physicochemical Properties and Why Are They

Important For Drug Discovery?

How a molecule behaves within a biological system is fundamental to the science of drug
discovery. Prior to engaging with the targeted site (e.g. an enzyme), a drug molecule has
many biological environments and obstacles to navigate. For example, the compound in
guestion must be soluble in the aqueous intestinal fluid (assuming oral administration), be
capable of crossing the gastrointestinal tract and entering the blood stream, and must not
be rapidly metabolised, amongst many other factors (Fig. 2.1a). Physicochemical properties
are important in drug discovery because they define the intrinsic behavioural
characteristics of a molecule within the surrounding biological environment, influencing
how a molecule responds to these biological hurdles. Importantly, physicochemical
properties are determined by the structure of the molecules themselves, so medicinal
chemists are able to modulate behaviour of a molecule within a biological system through

structural modification (Fig. 2.1b).
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Figure 2.1. (a) The route of a drug from oral administration to the targeted site. The red arrows indicate factors
that reduce the amount of drug that reaches the target. Figure adapted from “On Medicinal Chemistry”.36 (b)
The interrelation between the structure and physicochemical properties of a molecule with its behaviour in a

biological system.

The drug discovery process places many selection criteria on the experimental molecules
being pursued as medicines. It is recognised that most molecules that successfully reach the
market possess favourable physicochemical properties: “drug-like” properties broadly
define the average property space in which the successful drugs reside. Lipinski and co-
workers®” were amongst the first to comment on this with the advent of the “Rule of Five”,
illustrating that good drug absorption is more likely when restraints were placed on the

size, lipophilicity, and hydrogen bonding character of molecules (Table 2.1).
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Table 2.1. Lipinski’s Rule of 5.7 The rule refers to the likelihood of a drug molecule exhibiting good oral

bioavailability. It predicts poor absorption and permeation when two or more parameters are out of range.

Structural feature Limit
Molecular Weight <500 Da
cLog P <5
Hydrogen Bond Donors <5
Hydrogen Bond Acceptors <10

Following Lipinski’s seminal work,” efforts to define drug-like property space have
investigated many descriptors that influence a molecule’s ADMET profile (absorption,
distribution, metabolism, excretion and toxicity). These analyses have also examined the
trends between certain physicochemical properties and clinical successes or failures. This
has led to a contemporary picture of drug-like physicochemical properties that is much
more stringent than Lipinski’s Rule of 5. One such publication by Gleeson® demonstrated
that molecules are more likely to have favourable ADMET profiles when cLogP < 4 and
molecular weight <400. An analysis by Hughes and co-workers reported that a reduced
likelihood of in vivo toxic events was found for less lipophilic and more polar compounds,
with cLog P < 3 and topological polar surface area (TPSA) > 75.% Leeson and Springthorpe
showed that promiscuity (defined as the number of off-target hits at >30% inhibition, at a

concentration of 10 pM) was less likely when cLog P < 3 and more likely when cLog P > 4.%°
2.2 A New Era of Property-Guided Drug Discovery

The desire to identify highly potent compounds has always been a key driver in drug
discovery campaigns. Classically, chemistry teams have optimised compounds by
determining Structure-Activity-Relationships (SAR), focussing heavily on modifications that
deliver an increase in biological activity. However, the physicochemical properties
associated with tractable potency gains, namely increased lipophilicity and molecular
weight, are diametrically opposed to those required for favourable ADMET profiles.** Hann
suggested that this obsession with high potency is detrimental to the “health” of
experimental molecules, leading to excessively large and lipophilic molecules, for which he

coined the term “molecular obesity”.** Whilst this pursuit of potency may result in the
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identification of good ligands for the target (probe molecules), it is unlikely to yield
successful drugs. The challenge is often to find the compromising “sweet spot”, in which
potency is maintained whilst properties are controlled such that favourable ADMET and

PK/PD profiles are achieved.®

This realisation has led to a paradigm shift into a new era of property-based drug design.**
Today, a much greater emphasis is placed on the concomitant optimisation of potency and
physicochemical properties in SAR and SPR (Structure-Property-Relationship) delineation.
This holistic approach thus ought to ensure the identification of potent molecules that also
exist in good drug-like property space (Fig. 2.2). Whilst some marketed drugs do occupy the
extremes about the normal distribution,® it would appear that experimental molecules are
more likely to become successful medicines when they possess drug-like physicochemical

properties.

Properties

-

| Activity Optimization > ngﬂgs

v

Potency

Figure 2.2. Optimisation of potency alone whilst ignoring physicochemical properties is likely to yield active
compounds which exist in sub-optimal property space. Simultaneous optimisation of potency and properties

will likely lead to the identification of potent, drug-like molecules.
2.3 Poor Physicochemical Properties Cause Attrition

A recent analysis alleged that only 4-7% of drug candidate molecules succeed as marketed
drugs.*® This represents a considerable loss of invested time and money that is not
sustainable. Some of the major causative factors associated with attrition are biology
related failures, such as lack of efficacy at the target, and mechanism-based toxicity.

Attrition due to these failures is likely to be reduced by accumulating the strongest possible
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evidence for proof of the biological mechanism to enhance target validation. However,
much of the attrition results due to compound-related failures, such as the possession of
undesirable DMPK, ADME and safety profiles, and off-target toxicity. Specifically, these are
shortcomings engendered largely by the physicochemical properties of the compounds
themselves: drug candidates with sub-optimal physicochemical property profiles are at an
elevated risk of attrition. Therefore, to reduce the risk of attrition, and to maximise the
chances of success, striving to achieve good physicochemical properties is integral to

contemporary drug design.

2.4 Physicochemical and Structural Properties Most Pertinent to

Drug Discovery

The physicochemical and structural properties most pertinent to contemporary drug
discovery are lipophilicity, molecular size, acid/base strength (pK,), solubility and number of

aromatic rings.
2.4.1 Lipophilicity

Arguably the single most important physicochemical property is lipophilicity, as potency
and most ADMET, pharmacokinetic (PK) and pharmacodynamic (PD) parameters can be
related to lipophilicity in some way.*’ Lipophilicity describes the propensity for a molecule
to reside in a hydrophobic environment rather than an aqueous one, whilst hydrophilicity
refers to the reverse preference. To varying degrees, both lipophilic and hydrophilic
character is required to achieve favourable ADMET and PK/PD profiles. For example,
solubility in aqueous media is enhanced by hydrophilicity, whilst passive diffusion requires
lipophilicity to facilitate permeation from the aqueous intestinal fluid into the lipophilic cell

membrane.

Classically, lipophilicity is quantified by Log P and Log D,4, which describe the ratio of
concentrations of a compound partitioned between octanol and water (Log P) or an
aqueous buffer (Log D,u). Log P expresses the intrinsic lipophilicity, measuring the
lipophilicity of neutral molecules, and is constant for any particular molecule.*® Log [DJY
expresses the effective lipophilicity, representing the lipophilicity of all present species
partitioned between the octanol and aqueous buffer phases (charged and neutral). Log D,y

is not a constant and depends on the pH and the pK, values of the ionisable centres.®®
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Whilst Log P and Log D,y measurements are obtained via a “shake flask” method,* the GSK
standard for lipophilicity measurement employs reversed phase chromatography.*
Chromatographic Log P and chromatographic Log D,y (Chrom Log P and Chrom Log Dy
respectively) measurements are used routinely at GSK (and throughout this thesis). These
chromatographic measurements provide improved accuracy over a broader lipophilicity

range relative to conventional shake-flask methods, irrespective of solubility class.>

The effect of lipophilicity has been the subject of many a review, and excessive lipophilicity
has been linked to attrition.”> Waring suggested that the optimum lipophilicity range in
which favourable ADMET parameters are likely is ~ 1 < Log D < 3.*” However, Corwin Hansch
(1987) perhaps offered the best advice: “drugs should be made as hydrophilic as possible

without loss of efficacy”.>

2.4.2 Number of Aromatic Rings and Molecular Flatness

Ritchie and MacDonald identified that the simple count of aromatic rings profoundly
influences ADMET parameters such as solubility, hERG activity and CYP inhitibition.”* They
reported that the fewer aromatic rings present, the greater the likelihood of favourable
ADMET profiles. A second publication by the same authors detailed that the incorporation
of heteroaromatics is generally less detrimental than that of carboaromatics due to the
reduced lipophilicity of the former.> They concluded that the number of aromatic rings
should be kept to a minimum regardless of type. Lovering et al. provided an alternative
view, identifying that a low proportion of sp’ centres in drug candidates correlated with a
less favourable prognosis during development, demonstrating links with poor solubility,

promiscuity and CYP inhibition.>®*’

2.4.3 Acid/Base Strength

The vast majority of marketed drugs contain an ionisable centre; approximately 75% are
basic, 20% are acidic and only 5% are non-ionizable.”® lonic charge has a considerable
influence on the polarity of molecules, and can both positively and negatively impact on
ADMET parameters. For example, whilst charge improves aqueous solubility, it hinders
permeability®® and increases risk of high serum protein binding (acids)®® and hERG activity

(bases).®!
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2.4.4 Solubility

Aqueous solubility is a desirable attribute for a drug candidate, as a free aqueous fraction of
the compound is necessary for interaction with the target. Furthermore, solubility is a
prerequisite to intestinal absorption, the first of the biological hurdles on the oral
administration route (Fig. 2.1a). Poor solubility will likely result in low systemic exposure
and poor oral bioavailability. As mentioned above, aqueous solubility is intrinsically
influenced by lipophilicity and aromatic ring count (or molecular planarity).>* Hydrophilic
molecules are more likely to be water-soluble than more lipophilic congeners, and flat,
highly aromatic molecules are likely to be poorly soluble due to large energetic barriers to
solvation. For ionisable compounds, aqueous solubility is also determined by the extent of
ionization, which itself is influenced by pK, and pH. This is particularly pertinent to oral
absorption as the pHs of the various biological environments encountered after oral
administration change on transit through the gastrointestinal tract. For example, the pH of

the (fasted) stomach is 1-2.5; the pH of the duodenum is 6.1-7.4.%
2.4.5 Molecular Weight

Wenlock et al. reported that the mean molecular weight of oral drug candidates decreases
at each stage of development, converging to the average molecular weight of marketed
oral drugs (345 Da).>> The analysis suggested a greater likelihood of overall success when
the molecular weight is similar to that of marketed drugs, which is much lower than the
500 Da suggested by Lipinski.” The link between excessive molecular weight and preclinical
demise may originate from the associated general rise in lipophilicity as mass is added, or
that larger molecules are more likely to contain metabolic soft-spots or toxic

pharmacophores.*

2.5 The Impact of Physicochemical Properties on ADMET and

Other Developability Parameters

ADMET experiments are in vitro predictive models that indicate how molecules are likely to
behave in vivo. Optimizing molecules against ADMET parameters thus increases the chance
of favourable in vivo behaviour. The following paragraphs introduce some key ADMET
assays and concepts which are widely employed in drug discovery programmes, and how

certain physicochemical properties influence their outcomes.
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2.5.1 Permeability

Permeability describes the rate at which a molecule travels through a membrane. Passage
across biological membranes is necessary for many processes prior to target engagement,
such as absorption in the gastrointestinal tract and penetration into cells. Whilst some
authors argue that permeation is wholly protein-mediated,® it is likely that both active
transport and passive diffusion mechanisms are operative.”® Optimizing molecules for
passive diffusion, often using parallel artificial membrane permeation assays (PAMPA), is

therefore a productive pursuit.

Once a molecule has dissolved, permeability is governed principally by three
physicochemical properties: pK,, lipophilicity and molecular size. Neutral molecules are the
predominant form that undergo passive transport, and are much more permeable than
their charged forms.”® Passive transport is linked to lipophilicity through a bilinear
relationship.**® Lipophilic character is required to partition into a lipid-rich membrane
from the surrounding agueous environment, whilst hydrophilic character permits diffusion
out into the aqueous environment on the other side. Kubinyi showed that for a set of oral
drugs, artificial membrane flux increased linearly as Log D,, tended to 2, and decreased
similarly as Log D54 increased further (Fig. 2.3).** Waring later suggested that the size of a
molecule impacts permeability in concert with lipophilicity, reporting that larger molecules

need to be more lipophilic to achieve good permeability (Table 2.2).%°
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Figure 2.3. The bilinear relationship between Log D;, and permeability as described by Kubinyi.64 Figure

reproduced from Nat. Rev. Drug Discov. 2010, 9 (8), 597-614, with permission from Macmillan Publishers Ltd.
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Table 2.2. Permeability rules developed by Waring, defining Log D limits required to achieve >50% chance of

high permeability for a particular molecular weight band.®®

MW range Log D
<300 >0.5
300-350 >1.1
350-400 >1.7
400-450 >3.1
450-500 >3.4
>500 >4.5

2.5.2 Intrinsic Clearance

Intrinsic clearance (Cl;,;) assays test the in vitro metabolic stability of a compound; high in
vitro clearance is an indicator of likely rapid in vivo clearance and poor oral exposure. These
assays measure the rate of disappearance of a molecule in cell preparations such as
hepatocytes or liver microsomes, indicating the propensity of a molecule to act as a
substrate for any of the metabolic enzymes present in the preparation (of which CYP
enzymes are a major component). Intrinsic clearance correlates with hydrophobicity,®®’
where in general, more lipophilic molecules undergo rapid metabolism. Strategies to

improve metabolic stability include reducing lipophilicity and blocking structural sites

susceptible to metabolism (e.g. Table 2.3).

Table 2.3. Buspirone 2.1 is metabolized in vivo primarily by CYP3A4. in vitro metabolic stability was greatly

improved by blocking the circled site prone to aromatic hydroxylation.68

o N=\ .. N=
OO | B KO
/
o 21 22
Target plCsq 7.6 7.2
CYP3A4 ty/, (mins) 4.6 52.3
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2.5.3 Cytochrome P450 Inhibition

Inhibition of particular cytochrome P450 enzymes (CYPs) can cause drug-drug interactions,
whereby the inhibiting action of one drug affects the metabolism of another, which may
cause adverse or toxic effects. Lipophilicity is known to be the major influence on CYP
inhibition, where CYP potency is either linear or bilinear with increasing lipophilicity,
depending on the CYP isoform.®® An increase in molecular size and the number of aromatic

rings are also known to correlate with CYP inhibition.®
2.5.4 Cardiac lon Channel Blocking Activity

Activity at the hERG potassium ion channel (the alpha subunit of which is encoded for by
hERG, the Human Ether-a-go-go Related Gene) is used as an important marker for
cardiovascular saftey.®* hERG blocking slows cardiac cell repolarisation, prolonging the QT
interval of the heart’s electrical cycle, which may trigger the fatal Torsades de Pointes
arrhytmia.”® SAR studies have revealed that an increased risk of hERG activity correlates

with lipophilicity, aromaticity, and possession of basic amines.®”®"!

Flat, lipophilic,
positively charged molecules thus pose the greatest risk. Property-guided drug design has
been successfully employed to mitigate hERG risk, largely through control of lipophilicity

and attenuation of pK,** (e.g. Table 2.4).

Table 2.4. Less lipophilic and less basic 5-HT,, receptor antagonist 2.4 is a weaker hERG inhibitor than 2372

. F
P
©\/3\/Q %\/@/ / O F
00 2.3 24
Target plCsg 9.5 8.6
hERG plCso 6.0 5.2
cLog P 2.9 2.2
pK, 7.5 5.3

2.5.5 Promiscuity

Promiscuity is the propensity to show activity at multiple receptors or enzymes in addition

to the targeted site, which may lead to adverse and toxic effects. Promiscuity is assessed by
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screening molecules against a diverse panel of targets relevant to human physiology and
measuring for activity.”® Off-target activity is strongly linked with lipophilicity*®: protein
binding sites are mostly hydrophobic in nature, so lipophilic molecules have a greater
chance of recognition through non-specific lipophilic interactions. Other studies
investigating promiscuity have shown a correlation with aromatic ring count® and pK,

(basic molecules®), but molecular weight appears to have little impact.*

2.6 The Use of Metrics and Predictive Tools in Modern Drug

Discovery

Identifying molecules that have an increased chance of progressing through to a marketed
drug represents the current challenge for medicinal chemists. Molecules must be optimised
to display favourable ADMET and PK/PD profiles to justify selection as a candidate drug. To
direct molecules towards attractive candidates, metrics and predictive tools have become
increasingly popular. One such predictive tool used frequently within GSK is the Property
Forecast Index (PFl; Sect. 2.6.1).°>% Analyses relating physicochemical properties of a
molecule to the potency at the desired target are also valuable appraisals in drug
discovery.” Ligand efficiency metrics (Sect. 2.6.2) are now commonly used to address how

40,76

efficiently a molecule of a given size”® and lipophilicity engages with the target. Whilst

7

there is some opposition to their use,”’ metrics and predictive tools do provide useful

guidance towards the design of molecules with good drug-like physicochemical properties.
2.6.1 The Property Forecast Index

Young and Hill identified that the summation of lipophilicity (Chrom Log D,,) and aromatic
ring count (#Ar) provides an enhanced predictor of certain developability parameters

51,65

(Equation 2.1). They illustrated that an improved chance of high aqueous solubility,
reduced intrinsic clearance and reduced CYP inhibition is likely when PFl < 7 (Table 2.5).
Chromatographic measurements of lipophilicity indicate permeability is a bilinear process;
accordingly an improved chance of favourable permeability is observed when 6 < PFl < 8.
Some developability parameters, notably hERG inhibition and promiscuity, showed clearer
probability differentiation with Chrom Log P, rather than Chrom Log D;4. iPFl is the

summation of Chrom Log P and aromatic ring count (Equation 2.2). Again, a significantly

38



improved likelihood of reduced hERG inhibition and promiscuity is apparent for iPFl < 7

(Table 2.5).
Property Forecast Index (PFl) = Chrom Log D, 4+ #Ar Equation 2.1
iPFl = Chrom Log P + #Ar Equation 2.2

The authors suggested that a PFI/iPFl below the threshold value of 7 would likely indicate a
more favourable developability profile (based on the parameters indicated in Table 2.5).
They concluded that for any particular series of molecules, a value of PFI/iPFI < 5 would

appear desirable, provided that permeability was not adversely effected.

Table 2.5.% Percentages of compounds achieving defined target values in the various developability assays

categorised by PFI or iPFI bins.?

PFI
Assay / target value <3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 >10

Solubility > 200 pM 89 83 72 58
2C9 pIC50 < 5 97 90 83 68 48 38
2C19 pIC50< 5 97 95 91 82 67 52 42 42 56
3A4 pIC50< 5 92 83 80 75 67 60 58 61 66
Cline < 3 mL/min/kg 79 76 68 61 54 42 41 39 52
Papp > 200 nm/s 20 30 46 65 74 77 65 50

iPFI
hERG pIC50 < 5 86 93 88 70 54
et | m m s

®Key: Colours indicate the % chance of achieving benchmark value in that PFI bin: green, 267%; orange, 34-67%;
and red, <33%. All values are measured data. 2C9, 2C19 and 3A4 are different isoforms of cytochrome P450

enzymes; Cl;, intrinsic clearance; Papp, apparent permeability (PAMPA).

2.6.2 Ligand Efficiency Metrics

Ligand Efficiency (LE, Equation 2.3) quantifies free energy of binding (approximated by 1Cs)
with respect to molecular size, defined by the non-hydrogen heavy atom count (HAC).”
Empirical analysis has shown that LE values of 2 0.3 (kcal mol™ / heavy atom) are indicative

of efficient interactions in which the atoms present are effectively contributing to the
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binding mode (although the value for many drugs is higher).”* A low LE (<0.3) is indicative of

suboptimal binding efficiency, where some atoms are not involved in key interactions.
LE =-AG / HAC

LE = -ART/n(Ky) / HAC

LE = -ART/n(ICsp) / HAC Equation 2.3

Ligand efficiency measures that correct for lipophilicity-enhanced potency have also been
developed. Molecules that bind efficiently to the desired target through a hydrophilic
scaffold are at reduced risk of lipophilicity-driven adverse consequences. A ligand efficiency
metric developed at Astex Therapeutics is Astex Lipophilic Ligand Efficiency (LLEAr, Equation
2.4).”° Here, AG* (Equation 2.5) is the modified free energy change where the free energy
attributed to non-specific lipophilic binding (AGj,,) has been subtracted. P is the
octanol/water partition coefficient. LLExr is normalised for HAC and so exists on the same
scale as LE and has the same target of 20.3. If the LLE,; is significantly reduced relative to

LE, this likely indicates that lipophilic contact plays an important role in binding affinity.
LLEAr = 0.11 — (AG* / HAC) Equation 2.4
AG*= AG — AGyy,, = RTIn(ICsp) + RTIN(P) Equation 2.5

Generally, it is suggested that both LE and LLE,; ought be kept above the desired threshold
value of 0.3 during optimisation.’® This consideration will direct synthetic efforts towards
smaller and less lipophilic, but potent compounds, and is especially useful during hit-to-lead
activities,”* including fragment based drug discovery’® (FBDD). Ligand efficient hits are likely
to be chosen for optimization over those equipotent hits with low LE values. Successful
optimisation of the hits will then ideally maintain good (or enhanced) LE to provide ligand

efficient lead compounds.”

Table 2.6 exemplifies the use of ligand efficiency metrics in practice during an FBDD
campaign to identify leads against human CD38.%° Whilst the fragment hit 2.5 was inactive
(binding was confirmed by crystallography and two orthogonal biophysical assays),
fragment-elaborated bromo-2.6 was highly potent and ligand efficient. The LLE,; was
significantly reduced relative to the LE however, reflecting the lipophilic nature of 2.6 (PFI =

7.3). Property guided SAR expansion identified less lipophilic amide 2.7, which maintained
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potency and had a very attractive LLE,;, implying efficient binding via a non-lipophilic
scaffold. Further exploration vyielded lead-compound 2.8, with a very favourable

potency-property profile, indicated by high ligand efficiencies and attractive PFI.

Table 2.6. Bromo-2.6 had a reduced LLE,; relative to LE, reflecting non-specific lipophilic interactions likely
mediated through the hydrophobic bromine atom. Replacement with polar functionality in amide 2.7 led to an

improvement in LLE,r, indicating productive contact mediated through a non-lipophilic moiety.*

a3 N A o B
Br. N N N
agestviade by
HoN N N N
8 ) \ \
2.6 2.7

Hit 2.5 Lead 2.8
pICso <4.0 6.8 6.8 7.3
HAC 10 19 22 26
PFI 1.0 7.3 4.1 5.7
LE - 0.49 0.42 0.39
LLEar - 0.40 0.49 0.42

% Key: HAC, heavy atom count.

2.7 Physicochemical Properties and Lead-Compound Profiles in

Hit-to-Lead Drug Discovery

As discussed in the previous Sections, a drug candidate will have an improved chance of
success if it exists in drug-like physicochemical property space. To facilitate the
identification of candidates with attractive properties, an emphasis on the monitoring and
control of physicochemical properties is encouraged from the earliest stages of discovery.
The hit-to-lead process is the first stage of a discovery campaign in which medicinal
chemists begin to establish the potential of molecules against the chosen target. The role of
the hit-to-lead chemist is to develop hits identified in a screening campaign into a lead
series, with demonstrable SAR, highlighting potent and ligand efficient exemplars.
Importantly the leads must exist in good physicochemical property space that facilitates the
ensuing lead-optimisation investigations, which often add mass and lipophilicity to the

molecules.®
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Within GSK, the “quality” of any particular lead molecule is judged against the metrics and
developability parameters introduced in the preceding Sections. Table 2.7 outlines the
criteria that are used to assess lead molecules.®? Whilst individual hit-to-lead campaigns
may have specific requirements, Table 2.7 represents a guide that is generally applicable to
most hit-to-lead chemistry activities. To compliment these guidelines, project-specific
targeted potency-property profiles are often defined at the outset of a hit-to-lead

campaign. For example, the desired lead profile may be <100 nM potency, and PFI <6.

Table 2.7. Desirable threshold values for a variety of parameters used to assess the quality of lead compounds.
The most attractive leads (and most likely to be successful) are those that adhere to the limits indicated. These

numbers do not represent a hard cut-off, rather a guide to indicate the preferable limits for each parameter. °

Parameter Target Threshold Values
pICs,, cell potency, selectivity Determined by project team
LE >0.3
LLEAr >20.3
PFI <6
Chrom Log Dy, <4
CLND solubility (uM) > 200
hERG pICs, <4
Clint (mL/min/g tissue) <3
Papp (nM/sec) >100
P450 (3A4) plCs, <4
Secondary Pharmacology b None

® Key: LE, ligand efficiency; LLE,r, Astex lipophilic ligand efficiency; PFI, property forecast index; CLND, chemi-
luminescent nitrogen detection method for solubility measurement; Cli, intrinsic clearance (liver microsomes);
P.pp, @pparent permeability (PAMPA). b Activity against a focussed set of targets designed to give a high

throughput read-out of off-target risks.”®
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2.8 Physicochemical Properties in Tuberculosis Drug Design

Antibacterials in general are known to occupy unique physicochemical property space.®*
Andries et al. performed an analysis of TB drugs in an attempt to identify the region of
physicochemical property space most relevant to TB chemotherapy.’® They reported that
TB drugs do not fall into one defined region of space, but rather they occupy a very broad
area, including: small and polar molecules (e.g. isoniazid, pyrazinamide, ethionamide);
large, complex and polar molecules (natural products such as rifampicin and
aminoglycosides); small, reactive covalent binders (isoniazid, pyrazinamide, ethionamide);
and highly lipophilic molecules (bedaquiline, clofazimine) (Fig. 1.3). It is generally believed
that MIC (and therefore permeation across the M.tb cell wall) improves within a series as
lipophilicity increases,”” and so the fact that small polar molecules can be effective
antituberculars appears paradoxical. It is likely that these drugs enter the M.tb cell through
porins that facilitate entry of polar nutrients.®* In general however, the properties required
for passage across the mycobacterial cell wall are not known, and this presents a significant

challenge to TB drug discovery.

Whilst there is no evident physicochemical property trend amongst the current TB drugs,
pursuing drug-like physicochemical property space is likely to maximise the chance of
developing successful oral medicines for TB. One particular challenge for TB drug
development is maintaining a low MIC whilst reducing lipophilicity, perhaps suggesting that
the best starting points are those molecules that already possess both a good MIC and an

attractive physicochemical property profile.
2.9 Application of Physicochemical Properties in this Thesis

The concepts and hypotheses presented above were applied to the work performed in this
thesis, especially in Chapters 4-6 which document efforts to identify lead series from two
high-throughput screening hits. It is important to focus on physicochemical properties from
this early stage of drug discovery to ensure the delivery of attractive lead series suitable for
progression into later stages of drug discovery. As such, it was envisioned that property-
focused drug discovery would form the basis of the investigations presented within these

Chapters.
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3. Decaprenylphosphoryl-B-D-Ribose 2'-Epimerase 1

Decaprenylphosphoryl-B-D-ribose 2'-epimerase 1 (DprE1l) has recently emerged as a

promising new TB drug target.?>®

Importantly, DprE1 is a highly validated target, verified
by the progression of one particular DprE1 inhibitor (PBTZ169, Fig. 3.2) through pre-clinical
trials.” DprEl plays an essential role in the synthesis of the mycobacterial cell wall

component arabinogalactan (AG), and is vital for M.tb survival.
3.1 The Role of DprE1 in the Biosynthesis of Arabinogalactan

AG functions to covalently tether the peptidoglycan (PG) and mycolic acid layers of the
mycobacterial cell wall, and is required for cell viability (Sect. 1.3).% Figure 3.1 displays a
current structural model of AG.* The polysaccharide comprises alternating B-(1,5),8-(1,6)
galactofuranose chains (red), which are linked to the PG layer through a rhamnose-
N-acetylglucosamine linker (black). Arabinan chains (blue) emanate from the
galactofuranose, and consist of linear domains terminated with branched hexa-arabinose

motifs (Arag), which themselves are capped with mycolic acids.®

Mycolate Arag
HO '
Mycolate——o HO 1 HO
0. ‘ o
@]
Mycolate
o Rhamnose
! HO
Mycolate—;—o HO
i 0. o
HO
OH
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, OH
N
H/ O GIcNAc

0-P=0

Peptidoglycan

Figure 3.1. A current structural model of M.tb arabinogalactan.89 GIcNAc = N-acetylglucosamine. Blue =

arabinan, red = galactofuranose, black = rhamnose-N-acetylglucosamine linker.
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Arabinan, a key component of AG, is a polymer of the sugar arabinose. In mycobacteria,
arabinose is derived solely from the lipid donor decaprenylphosphoryl-B-D-arabinose
(DPA), and as such enzymes implicated in the biogenesis of DPA have attracted much
interest as potential novel drug targets.”® In the final steps of this biosynthetic pathway,
DPA is generated from its ribose epimer, decaprenylphosphoryl-B-D-ribose (DPR), catalysed
by the recently identified®® membrane-bound® heteromeric decaprenylphosphoryl-p-D-
ribose 2'-epimerase (DprE; Scheme 3.1). The DprE1l oxidoreductase component of the
epimerisation complex catalyses the FAD-dependant oxidation of DPR into the ketone DPX.
This ketone DPX is then reduced by the NADH-dependant DprE2 to afford the key arabinose
donor DPA.

FAD H,0, / MQ(Hy)
O
FADH, 0,/ MQ

I DprE2 H. I
HO 0-P-OR HO 0 0-P-OR
W 0" / \ W o R=
(@]
OH DPX OH DPA
NADH NAD*

Scheme 3.1. The epimerisation of DPR to arabinose donor DPA catalysed by DprE1 and DprE2. Menaquinone

(vitamin K, MQ) or molecular oxygen are purported to be the cellular re-oxidant of the DprE1 cofactor.”?

It has been shown that DprEl (coded for by the rv3790 gene, designated®® dprE1) is an
essential enzyme in the mycobacterial cell wall metabolism pathway.*® Gene knock-out
studies were conducted where the dprE1 ortholog in the non-pathogenic Mycobacterium
smegmatis had been deleted (the MSMEG_6382 gene; MSMEG_6382 is 84% identical to
DprE1). The authors observed a complete cessation of growth in the MSMEG_6382 knock-
out strains, highlighting a lack of redundancy, and therefore essentiality, of the role of
DprE1. This result also highlighted the lack of any alternative arabinose sources for cell wall
arabinan synthesis other than DPA. A more recent study” demonstrated DprE1 is also

essential in M.tb, and that silencing of dprE1 in conditional knock-down M.tb mutants led
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to the most dramatic effect on growth arrest when compared to the knock-down mutants
of the other enzymes involved in DPA biosynthesis. Furthermore, Besra et al.*® identified
that inhibition of DprE1 causes cell death not only via the prevention of DPA synthesis, but
also through lack of recycling of decaprenyl phosphate (the mycobacterial lipid carrier for
cell wall sugar monomers) and sequestration of this lipid within DPR. Together, these
findings demonstrate that the DprE1-catalysed oxidation of DPR is a particularly vulnerable
process in the biogenesis of the mycobacterial cell wall, and has led some authors to refer
to DprEl as a “magic drug-target” for TB.2® In contrast, DprE2 shows less promise as a
therapeutic drug target. Evidence for redundancy of the DprE2-promoted reduction has

been reported in the corresponding ortholog of Corynebacterium glutamicum.*®
3.2 DprE1 as a Drug Target: Published Inhibitors

DprE1 was identified through the action of a particular class of antimycobacterial agents,
the benzothiazinones (BTZs), which demonstrated high potency towards mycobacteria.®*®’
Notably, nitro-containing BTZ2043 (Scheme 3.2) exhibited an extremely potent MIC of 2.3
nM against M.tb H37Rv, and displayed comparable MICs against MDR- and XDR-TB strains.
Whilst being highly potent against replicating mycobacteria, BTZ043 was inactive against
non-replicating bacilli,* likely indicating the inhibition of a target involved in active
metabolism. Genetic and biochemical experiments subsequently identified the genes
MSMEG_6382 and dprE1 in spontaneous BTZ-resistant mutants, revealing DprE1 as the site
of action.® It was later discovered®™®® that the nitro-containing BTZs (e.g. BTZ043) are
suicide inhibitors of DprEl, as shown in Scheme 3.2. The reduced from of the DprE1l
cofactor is oxidised to FAD with concomitant conversion of the nitro-BTZ043 into the
electrophilic nitroso-BTZ 3.1. This reactive intermediate 3.1 is then trapped by the
nucleophilic thiol of an active site cysteine (Cys** in M.tb), thus irreversibly inactivating the

enzyme (and providing rationale for the very low MIC). A crystal structure of the covalent

semi-mercaptal adduct 3.2 supports this mode of action.”®
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Scheme 3.2. BTZs are suicide inhibitors of DprE1. Reduction of the BTZ nitro group to the nitroso 3.1 is followed

by near-quantitative nucleophilic trapping by the active site residue Cys387

Development of BTZ043 led to the discovery of the second-generation pre-clinical
candidate PBTZ169 (Fig. 3.2), which exhibits even greater efficacy and antimycobacterial
activity (MIC < 0.4 nM), and reduced cytotoxicity relative to BTZ043.>*’ Other classes of
nitroaromatic inhibitors have since been identified that have the same covalent mechanism
of action as BTZ043, such as BT17,'® VvI-9376,"° DNB1'%* and €T319%® (Fig. 3.2), although all
are less potent than BTZ043 and PBTZ169.

NO N NO NO
2 S\r@ /\O /E‘:is.)_(o /@;NKC
|
CF; N FiC / {w Br Nig
¢

o)
PBTZ169 BT17 VI-9376
MIC: 0.4 nM MIC: 0.1 uM MIC: 3.1 uM
NO, NO,
o J

NO; NH_~o CF; NH

o} o}

DNB1 CT319

MIC: 0.07 uM MIC: 0.31 uM

100 101 102

Figure 3.2. Nitro-containing covalent DprE1 inhibitors PBTZ169,%” BT17,"® VI-9376,'°" DNB1'® and €T319.%

Despite the fact that benzothiazinone PBTZ169 has been selected as a pre-clinical
candidate, the presence of the nitro group in the compounds above presents a risk. Nitro
aromatics are well-known to be reduced in vivo by numerous processes, affording

103

potentially carcinogenic intermediates.” Additionally, M.tb expresses the enzyme NfnB,
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which is capable of reducing (and therefore inactivating) such nitro-containing aromatics,'*

causing issues for chronic therapy.

Neres et al. identified that replacement of the BTZ 8-nitro group with a pyrrole moiety
afforded non-covalent inhibitors of DprEl (e.g. PyrBTZ01, Fig. 3.3) that displayed potent

bactericidal activity against M.tb H37Rv.'®

However, despite displaying favourable ADMET
and PK profiles, PyrBTZ01 and the other 8-pyrrole BTZ analogues displayed no in vivo
efficacy in a murine model of TB (covalent inhibitors BTZ043 and PBTZ169 had identical PK

profiles to PyrBTZ01 and were efficacious in vivo).

Recently, AstraZeneca disclosed three novel series of non-covalent, nitro-free DprEl
inhibitors, the 1,4-azaindoles,’® aminoquinolones,”” and pyrazolopyridones,'®
represented by exemplar compounds 3.3a-b, 3.4 and 3.5 respectively (Fig. 3.3). The most
advanced series, the 1,4-azaindoles, demonstrated potent antimycobacterial activity
against replicating drug susceptible- and drug resistant-TB strains, and were shown to be

bactericidal.**®

The main short-coming of this series was high metabolic clearance,
especially in mice (likely driven by relatively high lipophilicity). This was an important factor
considering the murine model of TB is typically used to explore in vivo efficacy. When
administered with a pan-inhibitor of CYP isoforms however, 3.3a did show good in vivo
efficacy in acute and chronic murine TB models, thus demonstrating the potential of non-
covalent DprE1 inhibitors. Lead-optimized'® 1,4-azaindole 3.3b has since been shortlisted
as a potential clinical candidate.™® Neres et. al later published another series of structurally
disparate non-covalent DprE1 inhibitors, the 2-carboxyquinoxalines, such as Ty38c (Fig.
3.3)."" Whilst Ty38c showed potent bactericidal activity, it was discovered that M.tb
expresses a protein that oxidatively decarboxylates the inhibitor to give a DprEl-inactive
derivative. Another published bactericidal non-covalent DprE1 inhibitor is TCA1 (Fig. 3.3)."*
Unlike all the other reported DprE1 inhibitors, TCA1 possessed cidal activity towards non-
replicating bacteria, as well as active replicators. TCA1 was found to additionally inhibit the
mycobacterial enzyme MoeW, which is thought to be involved in molybdenum cofactor

112

biosynthesis.” The authors suggested inhibition of this second target was the likely reason

for the activity against metabolically inactive bacilli.***
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Figure 3.3. Published non-covalent inhibitors of DprE1 PyrBTZ01,'® 3.3a-b,%'* 3.4, 3.5,"% Tyc38¢'"* and
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TCA1l."" The enzyme activities quoted for 3.3-3.5 were measured against the M.smeg DprEl ortholog

MSMEG_6382.

It appears that DprEl, along with other membrane-bound M.tb proteins, may be a

27,111

particularly druggable TB target. Notably, the published inhibitors of DprEl are
structurally unrelated and are broadly chemically diverse (not including the aromatic nitro
functionality of the covalent inhibitors). It has been suggested this is due to the presence of
highly functionalized residues in the active site.'® This druggability is likely to be very

beneficial in the search for novel TB medicines acting via this mechanism of action.
3.3 Structure of DprE1l

DprE1 is a flavin-containing enzyme, comprising a flavin-binding domain and a substrate-
binding domain. The non-covalently bound prosthetic group spans the flavin-binding
domain, with the isoalloxazine tri-cycle projecting across the interface between the two

13 (Fig. 3.4a). Site directed mutagenesis® of the M.smeg

domains in the active site cavity
DprE1 ortholog (MSMEG_6382) revealed that the active site residues GIn*** and Cys**

(GIn**® and Cys**’ in M.tb) were important for catalytic efficiency. However, the key residue
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necessary for the oxidation of DPR to DPX was found to be the lysine Lys** (Lys**® in M.tb),

*Ala mutant was functionally inactive. This lysine residue likely interacts with the

as the Lys
DPR C2-hydroxyl group, perhaps facilitating deprotonation prior to oxidation.”® This
hypothesis was consistent with the positioning of this critical lysine in DprE1l, which is

poised directly in front of the flavin moiety (Fig. 3.4b).

(a) 2 (b) stssusu

Substrate-binding

; GIn336/343
domain ‘ N

418/425
FAD-binding Lys FAD

domain

Figure 3.4. (a) The crystal structure of native M.tb DprE1 defining the two-domain topology common amongst
flavoenzymes.113 (b) The spatial orientation of the important DprE1 residues relative to the FAD cofactor. The

two residue numbers refer first to M.tb DprE1, then to the M.smeg ortholog.

A notable structural feature of DprEl is the presence of two flexible loop regions on the
protein surface (residues 269-297 and 316-330 in M.tb), which, depending on the
crystallographic conditions, have been observed to be ordered or disordered.”*'** When
both loops are disordered, the active site of DprE1 is open and highly accessible, but when
either of the two loops is ordered, the active site is shielded and inaccessible. Figure 3.5
depicts two M.smeg crystal structures.”® The active site of the un-liganded enzyme is
blocked as a result of the ordering of residues 323-329 (Fig. 3.5a). In contrast, the flexible
loops are displaced by the acetal moiety of the covalent ligand in the BTZ043-bound crystal,
and the active site is wide open (Fig. 3.5b). A crystal structure of the non-covalently bound
CT319 has also been obtained (in M.tb DprE1), in which the active site is shielded through
ordering of one of the loops.™ The flexibility of these loop regions may be important for
the functioning of DprE1, perhaps facilitating shuttling between active and inactive forms of
the native enzyme, where the active site is either open or inaccessible respectively. It is

92,93,114

believed that DprE1 and DprE2 form a membrane-associated complex (substantiated
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by the likelihood that the lipid chain of DPR is embedded in the membrane), and that
perhaps the activating conformational change occurs on complex formation. The
subsequent accessibility of the active site may then facilitate sequestration of DPR, or

indeed a small-molecule inhibitor.

Figure 3.5. (a) The native DprE1 ortholog of M.smeg. The active site is restricted by the ordering of a flexible
loop (the FAD co-factor is visible).” (b) M.smeg DprE1 liganded with BTZ043. The acetal moiety of BTZ043

displaces the flexible loops leaving the active site wide open.93
3.4 Research Goals

DprEl is a highly validated drug target for tuberculosis and suitable inhibitor molecules
have exciting potential as new antitubercular medicines. As such, efforts to identify
multiple new DprE1 lead series were envisioned. Specifically, the development of two hits
from the GSK DprE1l HTS campaign was planned, with a particular focus on delivering
potent lead molecules in favourable physicochemical property space. It was anticipated
that these lead series would have potential to be further optimised towards novel

medicines for tuberculosis.

In addition to the work to identify novel DprE1 inhibitors from the GSK HTS campaign,
studies to identify potential inhibitors of DprE1 based on the enzyme substrate were also
planned. It was hoped that these molecules would act as DprE1 inhibitors and provide tool

compounds with which to further the understanding of DprE1 biology.

51



4. The GSK High-Throughput Screen Against DprE1l

4.1 Introduction to the HTS Screen and Hit Selection

The GSK DprE1 high-throughput screening (HTS) campaign evaluated approximately 1.8
million compounds using a fluorescence-based biochemical assay (Sect. 4.2.1; all assays and
triaging of the HTS data were performed by other individuals within GSK). After triaging the
hits, 3986 compounds were progressed to dose-response analysis in the fluorescence assay,
such that plCsy values could be determined and the hits could be ranked on potency and
ligand efficiency (Fig. 4.1). An orthogonal mass spectrometry-based assay (the RapidFire™
assay, Sect. 4.2.2) was then used to reconfirm (or dismiss) the potency data from the
fluorescence assay. Hit-to-lead efforts were subsequently initiated on two hits of interest:
GSK’295 (Chapt. 5) and GSK’896 (Chapt. 6). The reasons for selecting each hit are detailed

in the respective Chapters.
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NH,
plCso = 7.2°, RFpICso = 6.7, pICso = 7.0b, RFplCsy < 4.0,

0.5 LE=0.43PFI=7.5 LE=0.40 PFI=5.3
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Figure 4.1. plCs, plotted against ligand efficiency for the 3986 hits. Hits with plCsy < 5.5 and LE < 0.3 are not
shown. Two hits of interest are highlighted: GSK‘295 and GSK‘896. RFplCs, = RapidFireWI plCso. © GSK’896 is
shown to have a pICsy of 7.3 in the plot; after re-testing the mean value fell to 7.2 ® GSK’295 is shown to have a

plCsq of 7.7 in the plot; after re-testing the mean value fell to 7.0.
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4.2 Assays Used in the DprE1 HTS Campaign

4.2.1 The Fluorescence Assay

The primary screening assay used to test compounds for DprE1 inhibitory activity was the
redox-coupled, fluorescence-based assay depicted in Figure 4.2 (refer to Chapter 3 for a
review of the enzymatic function and catalytic cycle of DprE1). Synthetically tractable
substrate surrogate E-GGPR (trans-geranylgeranylphosphoryl-B-D-ribose) was used in place
of DPR. Inhibition of DprE1l led to a dose-dependent reduction of the resorufin fluorescence
signal, which was used to derive plCsy values. This assay was developed by Argyrides

Argyrou and performed by Laura Vela-Glez Del Peral and Ana Isabel Sanz-Fraile at GSK.

-0 HO 0-P-0

O—10=0

o

E-GGPX

m

®

@

b

P
Xo
T

FAD DprE1 FADH,

Resorufin

hex =530 nm Resazurin
highly fluorescent Agy =

Figure 4.2. The biochemistry underlying the fluorescence-based primary biochemical assay. E-GGPR = trans-

geranylgeranylphosphoryl-B-D-ribose.
4.2.2 The RapidFire™ Assay

Quantitative mass-spectroscopic monitoring of the ratio of E-GGPR to E-GGPX facilitated
measurement of DprE1 inhibition (the biochemistry underlying this assay is illustrated in
Fig. 4.3). This assay was used to corroborate (or dismiss) activity observed in the
fluorescence biochemical assay. The RapidFire™ assay was developed and performed by

Michelle Pemberton at GSK.
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Figure 4.3. The biochemistry underlying the mass-spectrometry-based assay (RapidFireTNI assay). Q =

quadrupole. E-GGPR = trans-geranylgeranylphosphoryl-B-D-ribose.
4.2.3 The Diaphorase Fluorescence-Interference Assay

As part of the triaging process, the DprE1 HTS hits were tested in a counter-screen assay to
identify false positive activity associated with redox activity or fluorescence interference.
This resorufin-coupled fluorescence assay monitored the diaphorase-mediated conversion
of NADH into NAD" (Fig. 4.4 illustrates the biochemistry). DprE1 HTS hits that showed
activity in the diaphorase assay (causing a measurable change in fluorescence output) were
flagged as fluorescence interferers or redox-cyclers, and were not pursued further. This
assay was developed by Argyrides Argyrou and performed by Laura Vela-Glez Del Peral and

Ana Isabel Sanz-Fraile at GSK.

NADH NAD*

FAD Diaphorase FADH,

Resorufin Resazurin
highly fluorescent

Figure 4.4. The Biochemistry of the diaphorase-fluorescence interference assay.
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4.2.4 Assay Tight Binding Concentration

Conventional assays use the Michaelis-Menten model for enzyme kinetics,'*> which makes
the assumption that the free concentration of inhibitor is equal to the total concentration
of inhibitor. If the inhibitor is a particularly tight binder, then the binding of the ligand will
sufficiently deplete the concentration of free ligand, invalidating this assumption. This
manifests itself in an inability to accurately determine the potency of inhibitors above the
tight binding concentration of the assay, which was ~0.05 uM (pICso = 7.3) for both DprE1
assays. Activities below 0.05 uM (plCsq = 7.3) were therefore interpreted with this limitation
in mind (an asterisk denotes plCsq values at or above this tight-binding regime through-out
this thesis). Whilst the tight binding limit may be increased by reducing the concentration
of enzyme used, this was not possible for the GSK DprE1 assays, which were insufficiently

sensitive at lower enzyme concentrations.
4.2.5 Minimum Inhibitory Concentration (MIC) Assays

A minimum inhibitory concentration (MIC) is defined as the “concentration of an agent that
inhibits the growth of 99% of a standardized inoculum of a laboratory strain of M.tb”.**
MICs against M.tb H37Rv were determined for the majority of compounds in Chapters 5
and 6. Additionally, selected inhibitors were screened against a strain of M.tb over-
expressing DprE1 to confirm (or dismiss) DprE1 inhibition as the primary mechanism of
action. A significant increase in MIC in the DprE1 over-expressor (OE) assay relative to the

H37Rv MIC indicated engagement at DprE1l.
4.2.6 X-Ray Crystallography

X-ray crystallography can be highly beneficial to medicinal chemistry programmes,
facilitating rational structure-based drug design.™® Several liganded structures of DprE1l
were attained at GSK, however none were relevant to the work presented herein.

Consequently, X-ray crystallographic data could not be used to guide compound design.
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4.3 Research Goals and the Targeted Lead-Compound Profile for

the DprE1 Programme

The focus of the work presented in the following two Chapters was to perform hit-to-lead
investigations around the two hit molecules highlighted in Figure 4.1: GSK’295 (Chapt. 5)
and GSK’896 (Chapt. 6). The aim of these investigations was to validate the hits and
subsequently develop them into two lead series, demonstrating both structure-activity and
structure-property relationships, whilst identifying key exemplars that satisfied the
targeted lead-compound profile. The DprEl-programme targeted lead-compound profile

was defined as follows:

e High potency at DprE1 (plCso > 7);

e Potent MIC (< 5 uM), with DprE1 as the proven mechanism of action;

e Good physicochemical property profile (modelled by PFI < 7);

e Attractive ADMET profile (fulfilling the parameters introduced in Sect. 2.5);

e Positive in vivo evaluation (significant reduction of bacterial burden in vivo).

The targeted programme potency-property profile was defined as plCsy > 7, PFI < 7.
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5. Hit-to-Lead Work Around GSK’295

5.1 Overview of GSK’295

RIS
= WN pICso = RFpICs; <4 MIC > 125 pM

N__N
NH, LE = LLEAT = PFI =

GSK'295

Figure 5.1. Potency and physicochemical property profile for GSK’295.

Figure 5.1 highlights the potency and physicochemical property profile for GSK’295. This
HTS hit was of interest as it shared some common structural features with a potent series
of cell-active DprE1 inhibitors previously discovered within GSK (Fig. 5.2). GSK’710 was
identified in a TB whole-cell screening campaign,’*’ and was later confirmed as a DprE1l
inhibitor.*® Physicochemical property-guided optimisation of GSK’710 led to the discovery
of lead compound GSK’932, which had similar potency, an improved MIC, and improved
property profile relative to GSK’710."° Notably, GSK’932 contained a
morpholinopyrimidine motif similar to the 2-amino morpholinopyrimidine scaffold present
in GSK’295. Fragmentation of GSK’932 showed that the morpholinopyrimidine fragment 5.1
was an efficient binder at DprE1 (LE = 0.31). Importantly, GSK’710, GSK’932 and fragment
5.1 all showed DprE1 inhibitory activity in the fluorescence and RapidFire™ assays. GSK’295
however, demonstrated high activity in the fluorescence assay but was inactive in the

RapidFire™ assay (Fig. 5.1). Validation of this HTS hit was therefore a priority.

o)
o0 /OJLO SEN OV

N = N N N N

Bn o) e Y Y

N=N N N Ny N

Hit: GSK'710 Lead: GSK'932 Fragment: 5.1
pIC50 =7.3*9, RFp|c50 =7.6% p|C50 =7.6%, RFpICSO =7.6* p|C50 =41, RFPICso =54
MIC = 3.8 uM MIC = 0.6 uM LE¥=0.31
PFl =94, CLND <1 uM PFI = , CLND =280 uM

Figure 5.2. Hit-to-lead work around GSK’710 led to the discovery of GSK’932. Morpholinopyrimidine fragment
5.1 was found to be a highly efficient binder at DprE1. ¥ LE calculated from fluorescence assay plCsp.° Compound

tested as plCs,<4 in 2 of the 51 test occasions. * Denotes activity at or above the tight binding limit.
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It was proposed that a small set of close analogues of GSK’295 would be synthesized to
investigate the validity of this HTS hit. Additionally, to investigate the structural similarity
between GSK’295 and GSK’932, ‘295/°932 cross-over compounds of the type 5.2 were
targeted (Fig. 5.3). These analogues were predicted to have reduced lipophilicity and a

lower PFl than GSK’932 due to the introduction of an additional heteroatom.

% o SRS
N e L ’

NyN NYN NYN o
NH, H NH, N
R, = N
Bn Si
GSK'295 GSK'932 Cross-over compound 5.2
PF1=5.3 PFI = cPFI=7.0

Figure 5.3. ‘295/932 cross-over compounds such as 5.2 were expected to have an improved property profile

with respect to GSK’932. cPFI = calculated PFI.1°

Whilst GSK’932 had an improved property profile with respect to GSK’710, it remained
outside of the preferred drug space for this programme (Sect. 4.3; plCsq > 7, PFl < 7;
Fig. 5.4). Furthermore, GSK’932 demonstrated some undesirable ADMET attributes
associated with a PFl above 7, including hERG activity and poor in vitro clearance (Fig.
5.4).%° Calculations suggested that ‘295/°932 cross-over compounds would have a PFI < 7
and would therefore have a better chance of an improved ADMET profile relative to
GSK’932.% Provided the cross-over compounds maintained activity above the tight binding
limit, and this activity could be confirmed in the RapidFire™ assay, they would represent
improved lead-molecule DprE1 inhibitors. Figure 5.4 illustrates that the ‘295/°932 cross-
over compounds were predicted to satisfy the targeted potency-property space for this

programme.

58



105 Targeted

i Potency-Property

:
1
:
1 1
¢! Space ;
1 1
5 ‘295/°932 5
g Crossovers '
| [ ’
. € i) OSKTI0 1o
F T T T P N qeeseserrilpacccsscccssecnncccases Wi
8 ? S U B B K S / \
EQ_ f )
o 4 4 . I
sSSP “ 8
2 Iy T
5 NYN N N
) GSK,Z%NHZ GSK'932
pICsq = 7.6*, MIC = 0.6 uM
p|C50 = 70, RFpleO <4 PE| =
3\ PFI=53 J mCl, = 13.5, hCl,., =
3 4 5 6 7 9 hERG plCsq = )
PFI

Figure 5.4. Plot of potency vs. PFI for GSK’295, GSK’932 and GSK’710. The likely position of 295/°932 crossover
compounds with retained activity is indicated. T.B.L. = tight binding limit. Cl;,; = intrinsic clearance (liver

microsomes); h, human; m, mouse. * Denotes activity at or above the tight binding limit.
5.2 Project Aims

The aims of this work were as follows:

i) validate GSK’295 as a genuine DprE1 inhibitor or confirm false positive activity;

ii) synthesise a small set of 295/932 cross-over compounds designed to reduce
PFI relative to GSK’932;

iii) Identify cross-over analogues that are highly potent against DprE1l, exhibit
potent MICs, and have an improved ADMET profile relative to GSK’932;

iv) Evaluate the antitubercular properties of such compounds in vivo.
5.3 Design of ‘295//932 Cross-Over Compounds

In order to address the aims above, the synthesis of a small set of related ’295/°932 cross-
over analogues was proposed (Fig. 5.5), including amino-pyrimidines 5.3, the fragment
equivalents 5.4, and the (2H)-pyrimidine equivalent of hit GSK’295, 5.5. The less lipophilic
pyrimidinone congeners 5.6-5.8 were also targeted to explore an alternative scaffold that

had improved properties whilst retaining the additional hydrogen bond acceptor. Where
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depicted in Figure 5.5, regioisomers of each heteroaromatic compound were also targeted

to generate SAR.

X Z X Z N__N
T T T
NH, NH, H
5.3 5.4 5.5

Figure 5.5. ’295/‘932 cross-over compounds designed to test the validity of hit GSK’295. X, Y, Z = CH or N/NH,

such that the heterocycle is a pyrimidine or pyrimidinone.

5.4 Synthesis of Crossover Compounds 5.3-5.8

Generalised retrosynthetic strategies for the synthesis of the planned targets are outlined
in Scheme 5.1. SyAr disconnections of aminopyrimidines 5.3-5.4 or pyrimidine 5.5 at the
central aromatic moiety yielded the di-chloro heteroaryl 5.9, morpholine 5.10 and amine
5.11. Three SyAr disconnections™*! of pyrimidinones 5.6-5.8 gave trichloropyrimidine 5.12,

p-methoxybenzyl alcohol 5.13, and amines 5.10 and 5.11.

o)
RR'NY Y NS Cl_Ye_Cl
)](I/ Z\/ SNAr X| ! (\)O NHRR"
2 — Y HN
R R
R=NH,orH R =NH, orH
5.3-5.5 5.9 5.10 5.11
o)

RR'N.Y_Y N cl cl

g |‘vd SNAr YT e
X, 2 NN 0{ >—\ HN. )

e — hd OH

Cl
5.6-5.8 5.12 5.13 5.10 5.11

Scheme 5.1 Retrosynthetic strategies for the cross-over compounds 5.3-5.8. X,Y,Z = CH or N/NH, such that the

heterocycle is a pyrimidine or pyrimidinone.

60



Chemistry initiated with the re-synthesis of the HTS hit to facilitate screening of a new
sample of GSK’295 for hit validation (Scheme 5.2). A one-pot Cu(l)-catalysed isoxazole
formation'?  afforded N-Boc-methylamino-isoxazole 5.15 in 59% vyield from
isovaleraldehyde 5.14 (Scheme 5.2i). N-Boc deprotection with HCl then revealed the amine
5.16 as the hydrochloride salt. Subsequent efforts to couple amine 5.16 and commercially
available 4-chloro-6-morpholinopyrimidin-2-amine 5.17 in a microwave-assisted SyAr
reaction as planned were unsuccessful: the reaction did not proceed, presumably due to
the particularly electron-rich nature of the pyrimidine 5.17 (Scheme 5.2ii). Converting 5.17
into bis-Boc amino pyrimidine 5.18 facilitated a Buchwald amination'”® between the aryl
chloride 5.18 and amine 5.16 (Scheme 5.2iii); biaryl phosphane ligand XPhos was used to

promote reactivity124

of the metal towards unactivated aryl chloride 5.18. Deprotection of
the coupled product 5.19 under acidic conditions yielded GSK’295. The S\Ar reactions
between chloropyrimidine 5.17 and secondary amines piperidine and (4-benzylpiperidin-1-
yl)(piperidin-4-yl)methanone hydrochloride (available in-house, herein referred to as
‘932-amine.HCl) proceeded smoothly due to the increased nucleophilicity of the secondary
amine coupling partners (Scheme 5.2iv). These reactions afforded the corresponding

fragment 5.4a and GSK’932-crossover analogue 5.3a in good yields.
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Scheme 5.2. a) i) NH,OH.HCIl, NaOH, H,0/tBuOH, ii) Chloramine-T, Cu(ll)S0,.5H,0, Cu(0) turnings, N-Boc
propargylamine, pH 6, 59%. b) HCI (4 M), 1,4-dioxane, 93%. c) 5.16, DIPEA, EtOH, 150 °C, pwave. d) NaH, Boc,0,
DMF, 86%. e) Pd,(dba);, XPhos, 5.16, Cs,CO;, DMF, 100 °C, uwave, 13%. f) HCl (4 M), 1,4-dioxane, 76%. g)
piperidine OR ‘932-amine.HCl, DIPEA, EtOH, 150 °C, uwave, 5.4a = 90%; 5.3a = 74%.

Synthesis of the aminopyrimidine regioisomers 5.3b-c and 5.4b-c began with an SyAr
reaction between 2,6-dichloropyrimidin-4-amine 5.20 and morpholine, which was highly
regioselective for substitution at the 2-position as confirmed by NOE experiments (Scheme
5.3i; Appendix A2). After chromatographic separation, 6-morpholinopyrimidine 5.21 and
2-morpholinopyrimidine 5.22 were obtained in 7% yield and 75% yield respectively. Ensuing
SNAr reactions with the appropriate amine (piperidine or ‘932-amine.HCl) yielded fragment
regioisomers 5.4b and 5.4c, and ‘932-crossover regioisomers 5.3b and 5.3c (Scheme 5.3ii;

the fragments 5.4b and 5.4c were unstable, for example they decomposed in CDCl;, and
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were not pursued further). Additionally, one-pot sequential SyAr reactions between 4,6-
dichloropyrimidine 5.23 and firstly the aminomethyl isoxazole 5.16, followed by
morpholine, yielded the (2H)-pyrimidine analogue of GSK’295, 5.5 in 63% (Scheme 5.3iii).

@ o™ y
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Cl_N__Cl Cl NN N.2N
. N 2 T M
@ - /H‘_)NOE 7

NH, NH, NH,
5.20 5.21 5.22
o)
o o N o
s sWsENGcae
NS o) NS N | NYNJ
(i) X Y 2 X =Y 9y
NH, NH, NH,
5.21 X=N, Y=CH 5.4b X=N, Y=CH 5.3b X=N, Y=CH
5.22 X=CH, Y=N 5.4c X=CH, Y=N 5.3c X=CH, Y=N

5.23 5.5

Scheme 5.3 a) Morpholine, DIPEA, EtOH, 150 °C, uwave, 5.21 = 7%, 5.22 = 75%. b) 5.21 or 5.22, piperidine OR
‘932-amine.HCl, DIPEA, EtOH, 150 °C, pwave, 5.4b & 5.4¢c decomposed when dissolved in CDCl3, 5.3b = 35%, 5.3c
=46%. c) 5.16, DIPEA, EtOH 150 °C, pwave, then morpholine, 150 °C, pwave, 63%.

Syntheses of all the pyrimidinone congeners 5.6-5.8 were achieved via regioisomeric
intermediates 5.24a-c'>' (Scheme 5.4i). Arylation of p-methoxybenzylalcohol with
2,4,6-trichloropyrimidine 5.12 followed by an SyAr reaction with morpholine gave the
regioisomers 5.24a-c after chromatographic separation. Microwave assisted SyAr reactions
between 5.24a, 5.24b or 5.24c and piperidine or ‘932-amine.HCl were then performed
(Scheme 5.4ii). The piperidine-substituted intermediates 5.25a-c were isolated in good
yields, but reaction with ‘932-amine.HCl unexpectedly led to O-deprotection to give the
appropriately substituted pyrimidinones 5.6a-c. PMB cleavage of the piperidine-substituted

5.25a-c with TFA gave final fragment-pyrimidinones 5.7a-c (Scheme 5.4iii).
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Scheme 5.4. a) 4-methoxybenzyl alcohol, Cs,CO;, MeCN, then morpholine. 5.24a = 21%, 5.24b = 6%, 5.24c =
40%. b) piperidine OR ‘932-amine.HCl, DIPEA, EtOH, 150 °C, puwave, 5.6a-c = 41-81%; 5.25a-c = 71-93%. c) TFA,
DCM (1:1), 5.7a-c = 66-89%.

Finally, unoptimised Buchwald aminations between 5.24a, 5.24b or 5.24c and aminomethyl|
isoxazole 5.16 in the presence of Pd,(dba);, XPhos and caesium carbonate afforded
intermediates 5.26a-c in 18-28% yields (Scheme 5.5i). LCMS analysis indicated that
diarylation of the amine 5.16 had also occurred in each of these reactions to give bis-aryl
products 5.27a-c (not isolated), accounting for the low yields of monoarylation products
5.26a-c. The monoarylation of primary amines is known to be a challenging transformation,
although ligands and precatalysts that promote high selectivity for monoarylation over
diarylation are available (e.g. BrettPhos'” and Pd-PEPPSI-IPent® **®). Indeed, when aryl
halide 5.24b was reacted with primary amine 5.16 in the presence of BrettPhos and a
BrettPhos-palladium precatalyst 5.28 (Scheme 5.5ii),"*® monoarylation product 5.26b was
afforded in 50%, and LCMS of the reaction mixture showed formation of the diarylation
product 5.27b was suppressed relative to when Xphos and Pd,(dba); were used. Cleavage
of the PMB protecting groups in 5.26a-c with TFA gave the final compounds 5.8a-c (Scheme
5.5iii).
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Scheme 5.5. a) Pd,(dba);, XPhos, 5.16, Cs,CO;, DMF, 100 °C, pwave, 18-28% for 5.26a-c (diarylation products

5.27a-c were not isolated). b) BrettPhos-Pd precatalyst 5.28, BrettPhos, 5.16, tBuONa, 1,4-dioxane, 100 °C,

uwave, 50%. c) TFA, DCM 1:1, 47-50%.

5.5 Biological & Physicochemical Evaluation of Analogues 5.3-5.8

On completion of the synthesis of compounds 5.3-5.8,

biochemical potency and

physicochemical property parameters were assayed. Table 5.1 reports these data.
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Table 5.1. Potency, ligand efficiency and physicochemical data for GSK’295, GSK’932 and compounds 5.3-5.8.

pICso’ c
No. R, Heterocycle b LE, LLEAr PFI
(RFpICsq)
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Table 5.1 continued overleaf

66



Table 5.1 continued from overleaf

pICso’ c
No. R; Heterocycle b LE, LLEsr PFI
(RFpICsq)

(@] N .
, N AN
GSK'932 /Q \ N__N 7.6%(7.6%)  0.32,0.34 7.4
Bn é’j

o]

5.3 /OJKO ;m% 7.3* (7.8%) 0.29, 0.32 7.1

.3a Z . . .29, 0. .
Bn N?{ Y
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i SN 5
N S
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Bn ;é
NH,
i SN
N I
5.3c N _N 7.3% (7.3%) 0.29,0.32 7.6
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0
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0
N N .
N ;| S
5.6¢ N NH 7.1(7.5%) 0.29, 0.36 6.2
Bn ef 5

® pICs, measured in the DprE1 fluorescence assay.b plCsy measured in the DprEl RapidFireTM assay. Ligand
efficiency values are calculated from the fluorescence assay data. * Denotes activity at or above the tight

binding limit.

The re-synthesized HTS hit GSK’295 maintained a plCs, of 7.0 in the fluorescence assay and
registered inactive in the RapidFire™ assay, reaffirming the discrepancy between the two

assays for this compound. The related (2H)-pyrimidine analogue 5.5 was inactive in both
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the fluorescence assay and the RapidFire™ assay. Furthermore, the pyrimidinone
congeners 5.8a-c which retained the additional hydrogen bond acceptor capacity of
GSK’295 were either inactive in both assays (5.8b and 5.8c) or only weakly active in both
assays (5.8a). These observations indicated that HTS hit GSK’295 was probably a false
positive, as it is unlikely that such minor structural modifications would cause such large
losses in activity. It was interesting to compare the replacement of the aminomethyl
isoxazole component of GSK’295 with the ‘932-amine functionality (4-benzylpiperidin-1-
yl)(piperidin-4-yl)methanone), which afforded highly potent DprE1 inhibitor 5.3a that was
active in both the fluorescence and RapidFire™ assays (vide infra). However, replacement
of the core 2-aminopyrimidine motif of GSK’295 with (2H)-pyrimidine (the core motif of
GSK’932) led to a complete loss of activity in 5.5. Together, these data suggest that the
false positive activity of GSK’295 was a whole-molecule effect, and not necessarily due to
the aminomethyl isoxazole motif alone. Whilst the cause of the false positive activity was
not fully investigated, GSK’295 showed no activity in the diaphorase assay (Sect. 4.2.3),
precluding the likelihood of fluorescence interference or redox-activity. Other possible
causes of false positive activity include covalent modification of the protein, compound

instability and metal complexation."”’

The fragment compounds 5.4a and 5.7a were equipotent with the ‘932-fragment 5.1 in the
fluorescence assay, but were too weakly active to show potency in the RapidFire™ assay.
Pyrimidin-2(1H)-one 5.7a was particularly lipophilic ligand efficient (LLExr = 0.47),
suggesting this fragment was making highly productive binding contacts through a non-
lipophilic motif. This result highlighted the potential benefit of scaffold-hopping from the
pyrimidine core of GSK’932 (5.1 LLE,r = 0.3) to a pyrimidin-2(1H)-one structure.

The crossover compounds 5.3a-c and 5.6a-c showed particularly encouraging results. All
the synthesised molecules in this set exhibited high potency against DprE1l in the
fluorescence assay, and all maintained activity in the RapidFire™ assay. Encouragingly, the
aminopyrimidines 5.3a and 5.3c and pyrimidin-2(1H)-one 5.6a were active at or above the
tight binding limit. Additionally, the less lipophilic pyrimidinones 5.6a-c occupied much

improved physicochemical property space as predicted, signified by reduced PFl values.

The antimycobacterial activity of several compounds was next assessed; the data are
shown in Table 5.2. GSK’932 had an MIC of 0.6 uM, and remains one of the most potent

antimycobacterial compounds in the series. 5.3a and 5.6a also showed good whole-cell
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activity, possessing MICs of 3.5 and 3.0 uM respectively. This was particularly noteworthy
for the less lipophilic pyrimidinone 5.6a, as improvement of MIC tends to correlate with
increased lipophilicity within a series.”’ DprE1 was the confirmed mechanism of action for
5.3a and 5.64, indicated by 43- and 63- fold increases in MIC against the M.tb DprE1 over-
expressor strain. Other aminopyrimidine and pyrimidinone regioisomers displayed weaker
MICs compared to 5.3a and 5.6a, generally reflecting weaker DprE1 potency (for example,

5.6b and 5.6¢ were active below the tight binding limit).

Together, the above results confirmed that the aminopyrimidine moiety could be
incorporated into the GSK’932 structure whilst maintaining high enzymatic and whole-cell
potency, and in the case of the pyrimidinone congeners, high potency was achieved with a
concomitant improvement in physicochemical properties. This was a highly encouraging
result as the pyrimidinones 5.6a-c now satisfied the programme’s targeted

potency/property criteria (plCso > 7, PFI < 7).
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Table 5.2. Enzymatic potency and MIC data for compounds GSK’932 5.3a, 5.3c, and 5.6a-c.

No. R, Heterocycle pICso’

MIC (pM),”

[OE shift]"

(@]
|
GSK’932 N)KG N__N 7.6* 0.6 [>53]
Bn/Q N}’{ \Hr
(0]
NJ\O AN
5.6 Q HN.__N 7.4% 3.0[63
? Bn Né’{ \g/ 3]
0
5.3 JQ NN 7.3 3.5[43
a Bn Né‘{ \r [ ]

NH,
i N
speis)
5.6b N HN 7.0 12.0
Bn e’;
(0]
i N
o0, T
5.6¢ N;f NH 7.1 16.0
Bn ~ o
(0} . N )
g, T
5.3c N _N 7.3*% 24.0
Bn ef
NH,

®plCso measured in the DprE1 fluorescence assay.b MIC against M.tb H37Rv.® Fold-difference in MIC between the
H37Rv MIC and the MIC recorded against the DprE1 over-expressor (OE) strain. * Denotes activity at or above

the tight binding limit.
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5.6 In Vitro Profiling of 2-Amino Pyrimidine 5.3a and
Pyrimidin-2(1H)-one 5.6a
Based on the highly encouraging results above, 2-amino pyrimidine 5.3a and

pyrimidin-2(1H)-one 5.6a were progressed for further profiling. Table 5.3 displays the
physicochemical and ADMET data for 5.3a, 5.6a and GSK’932.

Table 5.3 Physicochemical and in vitro ADMET data for GSK’932, 5.3a, and 5.6a.’

o) (\O ﬁo
J cond o gl g e
G| A
GSK’932 5.3a 5.6a
PFI 7.4 7.1 5.6
Chrom Log Dy, 5.4 5.1 3.6
Molecular Weight (Da) 449 464 465
CLND solubility (uM) 280 303 >370
Measured pK, 5.2° 6.4° 5.2°,11.2°
hERG plCs 4.9 5.2¢ <4.3
hClin: (ml/min/g) 4.4 3.4 <0.5
MClin: (Mml/min/g) -
Papp (NmM/sec) 485
P450 (3A4) plCso 4.8 ND <4.4
2° pharmacology © Minor flags ND Clean profile

®Key: Green = good; orange = moderate; red = poor. PFI = Chrom Log D, + #Ar; CLND, chemi-luminescent
nitrogen detection method for solubility measurement; Cl;,, intrinsic clearance (liver microsomes); h, human;

m, mouse; P,,,, apparent permeability (PAMPA); ND, not determined. ® Basic pK,. ¢ Acidic pK,. d Compound

app’
failed to fit a curve in 1 out of 6 test occasions. ¢ Activity against a focussed set of targets designed to give a high

throughput read-out of off-target risks.”®
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The modest decrease in lipophilicity of 2-amino pyrimidine 5.3a (Chrom Log D;4 = 5.1)
relative to GSK’923 (Chrom Log D4 = 5.4) resulted only in marginal improvement of in vitro
metabolic stability over GSK’932, and hERG activity remained similar. In contrast, the
ADMET profile of the much less lipophilic pyrimidinone 5.6a (Chrom Log D;4 = 3.6) was
greatly improved over GSK’932. No measurable activity at hERG or CYP34A was observed
and 5.6a exhibited a clean secondary pharmacology profile. Importantly, 5.6a
demonstrated much improved metabolic stability to mouse liver microsomes compared to
GSK’932, which was significant as the murine model of TB is most commonly used for in
vivo efficacy studies (Sect. 5.7). 5.6a also showed very low in vitro clearance against human
liver microsomes; values of <3 mL/min/g are regarded as good indicators of favourable in

vivo clearance and oral exposure (Table 2.7).

Unfortunately, the relatively hydrophilic pyrimidinone 5.6a suffered a loss of permeability
in the parallel artificial membrane permeation assay (PAMPA; passive transport shows a
bilinear correlation with lipophilicity; Sect. 2.5.1). It is possible that for its large size (MW =
465), 5.6a was insufficiently lipophilic to permit favourable permeation. Waring suggested
that as the molecular weight of a compound increases, the required lipophilicity (Log D)
needed to achieve favourable permeability increases (Table 2.2).°® Related comparisons
within GSK reported similar findings, showing that as the size of a molecule increases
(modelled by CMR, the calculated molar refraction), an increase in Log D is required to

achieve good oral bioavailability (F%),**"*®

which is a surrogate for good permeation. Figure
5.6 plots Chrom Log D;, against CMR for a set of molecules with measured oral
bioavailability across a range of size and lipophilicity, onto which GSK’932, 5.3a and 5.6a
are superimposed. This analysis suggested that whilst GSK’932 and 5.3a were sufficiently
lipophilic to have a good chance of showing favourable permeability, pyrimidinone 5.6a was
not. Interestingly, whilst 5.6a was poorly permeable in the parallel artificial membrane

permeation assay, this compound exhibited a potent MIC (3.0 uM), suggesting that PAMPA

is not a good indicator of transit across the mycobacterial cell wall.
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Chrom Log Dy,

Calculated molar refraction (CMR)

Figure 5.6. Plot of calculated Chrom Log D, 4 versus calculated molar refraction (CMR) for a training set of

48,128

molecules. Green spots have F% > 30%; red spots have F% < 30%. The solid line represents a discriminator

for likely good or bad permeability; the upper and lower dotted lines indicate cut-offs for greater certainty of
good or poor permeability respectively. GSK’932 (blue), 5.3a and 5.6a (yellow) are superimposed, using

measured Chrom Log Dy, values.

5.7 In Vivo Evaluation of Pyrimidin-2(1H)-one 5.6a

The in vivo efficacy of pyrimidinone 5.6a was examined in an acute murine model for TB**

(a standardised assay designed to facilitate rapid evaluation of the therapeutic-efficacy of
compounds against actively replicating M.tb in the lungs of mice). Pyrimidinone 5.6a was
orally administered once daily (dose = 30 mg/kg) for 8 days after infection with M.tb H37Rv;
on the 9™ day the mice were sacrificed and the lung bacterial load was assessed. Disease
progression was monitored (in the context of bacterial replication) by counting the number

of colony forming units (CFU).
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Treatment: uid, po, 8 days (days 18 after infection)

- 8- 6.9 6.6

5 | aewes e
= 6
— 3.2

B e
3 Z2logCFU
o 4+ * reduction
£ —
3 e®
G 21

D Limnit of Detection

0 r T T
e} & &
=
a&ﬂ <l P
& @&Q A
& N q>
a 2 )
< + 2
& *
G&

129

Figure 5.7. In vivo efficacy evaluation of pyrimidinone 5.6a in an acute murine model of TB™~ (GSK3352470A =

5.6a). Each dot represents data for one mouse. Figures over the dots show the mean value of logCFU. A 0.3 log
unit reduction in CFU was observed for 5.6a. In contrast, second-line fluoroquinolone moxifloxacin effected a
3.7 log unit reduction in CFU. CFU = colony forming units. uid = uni in die (once daily). po = per os (oral

administration).

Despite high enzymatic potency and a good MIC, no statistically significant decrease in
logCFU (relative to the control mice) was seen after dosing the infected animals with 5.6a.
Subsequent DMPK analysis indicated low exposure due to poor oral bioavailability. This
result was consistent with the in vitro data for 5.6a that indicated poor permeability
(Papp < 3 nm/sec) and moderate clearance (mCliy = 4.9 ml/min/g, liver microsomes), each of

which could potentially limit oral bioavailability and in vivo efficacy.
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5.8 Improving the Permeability and In Vitro Metabolic Stability of
Pyrimidin-2(1H)-one 5.6a

Pyrimidinone 5.6a demonstrated no evidence of in vivo efficacy in the acute murine model
of TB. Poor permeability and only moderate metabolic stability towards mouse liver
microsomes were cited as possible causes. Analogues of 5.6a with both improved

permeability and in vitro clearance were therefore targeted.
5.8.1 Strategy to Improve the Permeability of 5.6a

It was predicted that, as pyrimidinone 5.6a was perhaps too hydrophilic to show good
permeability, designing analogues of 5.6a with increased lipophilicity may enhance
permeability. The key challenge however, was to install adequate lipophilicity to engender
good permeability without adversely affecting other ADMET parameters. Analysis of a plot
of lipophilicity against permeability for 5.6a, 5.3a, GSK’932 and its analogues (Fig. 5.8)
revealed that no examples within the limits 3.6 > Chrom Log D;4,< 5 (or 5.6 > PFI <£7) had

been synthesised, so a strategy to address this was pursued.

o) | =
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I
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£ o] | \ 0
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Figure 5.8. A plot of Chrom Log D;4 vs. PAMPA apparent permeability (P,,,) for 5.6a, 5.3a, GSK’932 and its

analogues. The blue box indicates the area of unexplored lipophilicity space.
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5.8.2 Strategy to Improve the In Vitro Metabolic Stability of 5.6a

The major pathway for metabolism of xenobiotics is by hydroxylation.*® Two strategies are
often pursued to reduce or prevent susceptibility to these transformations: reducing

lipophilicity or blocking the site of metabolism (Sect.2.5.2). MetaSite™***

(computational
software that predicts locations most susceptible to cytochrome- and monooxygenase-
mediated metabolism) identified that the para position of the distal phenyl ring in 5.6a was
likely a major site of metabolism (Fig. 5.9). Consequently, blocking of this site was pursued

as a strategy to improve the in vitro stability of 5.6a to mouse liver microsomes.
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Figure 5.9. MetaSite™* predicted sites of cytochrome- and monooxygenase- mediated metabolism of 5.6a. The
sites predicted to be most susceptible to metabolism are circled. Colour key: red = high probability; orange =

moderate probability.
5.8.3 Design of Pyrimidin-2(1H)-one Analogues 5.32a-e

Substitution of the GSK’932 distal phenyl ring was known to be well tolerated, and such
compounds were generally active at or above the tight binding limit (Fig. 5.10a).
Consequently, this moiety was selected as a structural handle with which to investigate the
effect of lipophilicity gain on in vitro permeability of the pyrimidin-2(1H)-one series.
Furthermore, substitution at the para position would block the predicted aromatic
hydroxylation and likely improve in vitro metabolic stability. To this end, an in-house Chrom
Log D, calculator'®® was used to design five para-substituted analogues 5.32a-e within the
targeted lipophilicity range (3.6 > Chrom Log D;4< 5; Fig. 5.10b). On comparison of the
calculated and measured Chrom Log D;, data for 5.6a (Fig. 5.10b) and other
pyrimidin-2(1H)-ones (data not shown), it was apparent that the calculated values were
consistently offset by approximately +0.5. This discrepancy was compensated for in the
design of 5.32a-e. Each of the designed analogues 5.32a-e was predicted to be sufficiently

lipophilic to forecast good permeability (cf. the Chrom Log D, vs. CMR analysis, Fig. 5.6).
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CN
. NN GSK'932  5.29 530  5.31
pICso 7.6* 8.0* 7.5* 7.4*

MIC 06uM  1.0uM  25uM 1.3 M

(b) |
0 o
N)K@ o © 5.6a
Mt
v HN lN measured: PFl = 5.6, Chrom Log D74 = 3.6
\[g calculated: PFl = 6.2, Chrom Log D74 = 4.2
modified caic.?: PFl = 5.7, Chrom Log D; , = 3.7
| | | | |
Cl Cl CFg Cl CFy
5.32a 5.32b 5.32¢ 5.32d 5.32¢
modified cPFI?: 5.9 6.3 6.6 6.8 7.1
modified cChrom
Log D7 4% 3.9 4.3 4.6 4.8 5.1

Figure 5.10. (a) GSK’932 analogues with substituted phenyl rings (synthesised by others within GSK).

(b) Increasingly lipophilic analogues of pyrimidin-2(1H)-one 5.6a were designed using an in-house Chrom Log

120

D4 calculator.”™ cPFI = calculated PFI; cChrom Log D4 = calculated Chrom Log D, 4. ® 0.5 was subtracted from

the calculated values to compensate for the discrepancy between measured and calculated Chrom Log Dy,

values for pyrimidin-2(1H)-ones. * Denotes activity at or above the tight binding limit.

5.8.4 Synthesis of Pyrimidin-2(1H)-one Analogues 5.32a-e

A new disconnection strategy was required for the synthesis of analogues 5.32a-e to allow
for variation of the distal phenyl ring. Disconnection at the amide of 5.32 afforded acid 5.33
and substituted 4-benzyl piperidines 5.34 (Scheme 5.6). Acid 5.33 was accessible from
pyrimidine 5.24a, and piperidines 5.34 were accessible from methylene piperidine 5.36 via

a reported hydroboration-Suzuki protocol.'*?

The piperidine 5.34a required for the
preparation of chloro-substituted 5.32a was commercially available and did not require

synthesis.
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Scheme 5.6. Retrosynthetic strategy for the syntheses of pyrimidin-2(1H)-one analogues 5.32a-e. Chloro-5.34a

was commercially available and did not require synthesis.

Following the reported Suzuki procedure for the synthesis of 4-benzyl piperidines,
hydroboration of N-Boc 4-methylene piperidine 5.36 with either 9-BBN (0.5 M in THF) or
9-BBN dimer, followed by palladium-catalysed arylation with an aryl bromide 5.37 afforded
the N-Boc-4-benzyl piperidines 5.38a-c (Scheme 5.7i), or the deprotected 4-benzyl
piperidine in the case of the 3-Cl,4-CF; analogue 5.34e (Scheme 5.7ii). N-Boc piperidines
5.38a-c were deprotected by treatment with HCI to afford piperidine salts 5.34b-d (Scheme
5.7i)

Carboxylic acid 5.33 was synthesised via an SyAr reaction between chloropyrimidine 5.24a
and ethyl isonipecotate 5.35, followed by hydrolysis of intermediate ester 5.39 (Scheme
5.7iii). Amide coupling between acid 5.33 and the substituted 4-benzyl piperidines 5.34a-e,
followed by PMB removal with TFA afforded pyrimidin-2(1H)-ones 5.32a-e in 53-98% yields

over the two steps.
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Cl

(i (ii)
a), b) Hj a), b)
N N N N
Boc Boc H HCl Boc H
5.36 5.38a-c 5.34b-d 5.36 5.34e
a 3,5-diF,4-Cl b 3,5-diF,4-Cl
b 3-F,4-CF5 ¢ 3-F,4-CF5
¢ 3,4-diCl d 3,4-diCl
(iii) o o
ﬁo EtO ﬁo HO ﬁo
SN NN NN
b h b
OPMB OPMB OPMB
5.24a 5.39 5.33

5.32a 5.32b 5.32¢c 5.32d 5.32e \ﬂ/
o
98% 69% 53% 63% 57%

Scheme 5.7. a) 9-BBN (0.5 M in THF) or 9-BBN dimer, THF. b) substituted aryl bromide 5.37, PdCl,dppf, K,CO3,
DMF, H,0, 18% vyield for 5.34e. c) 4 M HCI, 1,4-dioxane, 15-57% yield over 2 steps for 5.34b-d. d) ethyl
isonipecotate 5.35, DIPEA, EtOH, uwave, 87%. e) LiOH.H,0, 1,4-dioxane, H,0, 88%. f) HATU, DIPEA, DMF, then

5.34a-e. g) TFA, DCM,; yields over the two steps f) and g) for 5.32a-e are indicated in the scheme.

5.8.5 Biological, Physicochemical and ADMET Evaluation of Pyrimidin-2(1H)-

ones 5.32a-e

On completion of the synthesis of the set of compounds 5.32a-e, potency, physicochemical
property, intrinsic clearance and compound permeability were assayed. Table 5.4 reports

these data.
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Table 5.4. Potency, physicochemical and ADME data for compounds 5.6a and 5.32a-e .°

GO
e

Phenyl e o ko e o e
Substitution © © F/©\F ©\F ©\c| ©\0|
H o] o] CF3 Cl CFs
5.6a 5.32a 5.32b 5.32c 5.32d 5.32e
pICso® 7.4% 7.3% 7.7* 7.8* 7.9* 8.2*
MIC (uM)* 3.0 25 1.3 2.5 0.8 1.3
PFI ¢ 5.6 6.4 (5.9) 6.5 (6.3) 6.6 (6.6) | 7.0(6.8) | 7.1(7.1)
Chrom Log D;° 3.6 4.4 (3.9) 45(43) | 46(4.6) | 5.0(4.8) | 5.1(5.1)
MW (Da) 465 500 535 551 534 568
CLND (pM) 2370 >188 276 213 117 105
hClin: (Ml/min/g) <0.5 1.2 0.5 0.6 0.8 1.0
MCline (Mml/min/g) 49 1.2 0.7 1.0 1.4 0.9
Papp (NM/sec) -” 23 19 12 18

® Key: Green = good; orange = moderate; red = poor. PFI = Chrom Log D, 4 + #Ar; Mw, molecular weight; CLND,
chemi-luminescent nitrogen detection method for solubility measurement; Cl;;, intrinsic clearance (liver
microsomes); h, human; m, mouse; P,,, apparent permeability (PAMPA). b plCsy measured in the DprEl
fluorescence assay. © MIC against M.tb H37Rv.  Modified calculated values (from Fig. 5.10b) are shown in

parentheses. * Denotes activity at or above the tight binding limit.

Each of the new analogues 5.32a-e were highly potent DprE1 inhibitors (active at or above
the tight binding limit), and encouragingly showed comparable MICs relative to 5.6a. With
the exception of p-chloro 5.32a, which was rather more lipophilic than predicted by the
Chrom Log D, 4 calculations, the lipophilicities of the other pyrimidinone analogues 5.32b-e
were predicted accurately, providing increasingly lipophilic congeners within the range

4.4 > Chrom Log D,;4 < 5.1. Solubility was reduced for the most lipophilic compounds

80



5.32d-e, but all analogues displayed low in vitro metabolic stability towards both human
and mouse microsomes as predicted. Whilst p-chloro 5.32a was poorly permeable in the
parallel artificial membrane permeation assay, the more lipophilic analogues 5.32b-e did
show improved permeability over 5.6a, albeit a modest improvement (permeability within
the range 10 < P,,, (nm/sec) < 100 is considered moderate). Notably, analogues 5.32b and
5.32c¢ possessed the most favourable profiles, demonstrating very good MICs, greater than
a 6-fold improvement in permeability over 5.6a, improved stability towards mouse liver
microsomes relative to 5.6a, and high aqueous solubility. Analogues 5.32b and 5.32c
therefore represented improved candidates with which to further investigate in vivo

efficacy of the pyrimidin-2(1H)-one series.

At this point it was interesting to consider other physicochemical properties that affect
permeability, as the data in Table 5.4 indicated that lipophilicity was not a dominant
influence on the permeability of analogues bearing the pyrimidin-2(1H)-one motif (5.6a and
5.32a-e). Firstly, the most lipophilic analogues 5.32d and 5.32e (Chrom Log Dy, = 5.0 and
5.1) were at least 20-fold less permeable than the similarly lipophilic (2H)-pyrimidine
GSK’932 (Chrom Log D;4 = 5.4) and 2-amino pyrimidine 5.3a (Chrom Log D;, = 5.1; Table
5.3). Secondly, permeability did not track with lipophilicity across the analogues 5.32a-e,
and the maximum permeability achieved was 23 nm/sec for moderately lipophilic 5.32b.
Other properties purported to impact passive permeability are pK, (ionisation), topological
polar surface area (TPSA) and hydrogen bond donor and acceptor count.®* Whilst
ionisation hinders permeability through depletion of the uncharged form of the molecule
(Sect. 2.5.1), TPSA and hydrogen bonding influence the energetic requirement for
desolvation of the solute (a prerequisite to permeation). Improved passive permeability
generally correlates with reduced TPSA and reduced hydrogen bonding capacity.™ Table
5.5 compares pK,, TPSA and hydrogen bond donor/acceptor counts for (2H)-pyrimidine
GSK’932, 2-amino pyrimidine 5.3a, pyrimidin-2(1H)-one 5.6a, and pyrimidin-4(3H)-ones
5.6b and 5.6c¢.
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Table 5.5. Permeability and physicochemical property data for compounds GSK’932, 5.3a, 5.6a-c °

N . N - N . N N . N N .
@’Wﬁc fmk ;W/\ﬁ‘ *;Y/ | % P | \\r‘z
Heterocycle N?N Y HN\H/N HN NH
H NH, (e} (0] O
GSK’932 5.3a 5.6a 5.6b 5.6b
Papp (NM/seC) 485 360 - 67 38
Measured pK, 5.2° 6.4° 5.2°,11.2° | 2.8°,10.4° | 3.0°,10.2°
TPSA® 62 89 82 82 82
HBD count 0 2 1 1 1
HBA count 7 8 8 8 8

® Key: Green = good; orange = moderate; red = poor. P,,,, apparent permeability (PAMPA); TPSA, topological

app’s

polar surface area; HBD, hydrogen-bond donor; HBA, hydrogen bond acceptor. ® basic pK,. © acidic pK,. 4TPsSA

was calculated using the Daylight TPSA calculator. ™

At the neutral pH (7.4) of the parallel artificial membrane permeation assay, pyrimidinone
5.6a would exist predominantly as the uncharged form so it is unlikely that ionization
impeded permeability. Pyrimidin-2(1H)-one 5.6a also had an identical TPSA and the same
number of hydrogen bond donors and acceptors to pyrimidin-4(3H)-ones 5.6b and 5.6c,
which both exhibited much better permeability than 5.6a. Furthermore, permeable 5.3a

had a higher TPSA than poorly permeable 5.6a.

Whilst it was not possible to attribute the limited permeability of the pyrimidin-2(1H)-ones
5.6a and 5.32a-e to any one of the parameters in Table 5.5 alone, it appeared that when
embedded within the GSK’932 structure, the pyrimidin-2(1H)-one chemotype inherently
led to reduced permeability relative to other closely related heteroaromatic isomers and
congeners (it is important to note however, that poor permeability is not an inherent
shortcoming of pyrimidin-2(1H)-ones in general). One plausible explanation may be that
once solubilised, the specific arrangement of heteroatoms present in the

pyrimidin-2(1H)-ones 5.6a and 5.32a-e creates an extensive water network that increases
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the energetic barrier to desolvation, and therefore permeability. Irrespective of the
permeability limits however, increasing lipophilicity of 5.6a did provide multiple analogues
that were significantly more permeable than 5.6a, with a greater chance of favourable

absorption, oral bioavailability and in vivo efficacy relative to 5.6a.
5.9 Conclusions

Following up on the discrepancy between the potency data from the fluorescence and
RapidFire™ assays, the HTS hit GSK’295 was rapidly identified as a false positive. It was
concluded that this was a whole-molecule effect, rather than a result of any particular motif
within the HTS hit. Although the HTS hit was a false positive, incorporation of the 2-amino
pyrimidine motif of GSK’295 into the GSK’932 scaffold led to the highly potent and
validated DprE1 inhibitor 5.3a (Fig.5.11). Furthermore, replacement with the congeneric
pyrimidin-2(1H)-one motif afforded highly potent 5.6a, which was in particularly favourable
physicochemical property space. Consequently, 5.6a had a much improved ADMET profile

relative to GSK’932.

Scaffold
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Previous lead: GSK'932

HTS hit: GSK'295 i 5.3a 5.6a
otent DprE1 inhibitor; N
false positive psub-optipr‘nal property po.ten.t PPFE" potent DprE1 inhibitor;
o inhibitor; good property
and ADMET profile; d MIC i
good MIC goo and ADMET profile;
good MIC

R1= /N‘O N%

Figure 5.11. Merging the core scaffolds of GSK’295 and GSK’932 gave highly potent DprE1 inhibitor 5.3a. The

pyrimidin-2(1H)-one congener 5.6a was also highly potent and existed in very good property space.

In spite of all the positive attributes of pyrimidinone 5.6a, this analogue showed no
evidence of in vivo efficacy when tested in an acute murine model for TB. One shortcoming
of pyrimidin-2(1H)-one 5.6a was its poor permeability, which was cited as a likely cause for
low oral exposure and the lack of in vivo efficacy. It was likely that 5.6a was too hydrophilic

to be adequately permeable, so analogues of 5.6a with increasingly lipophilic character
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were designed and synthesised. This work led to the identification of two highly potent
analogues, pyrimidin-2(1H)-ones 5.32b and 5.32c, that exhibited improved permeability
over 5.6a with a concurrent improvement in metabolic stability towards mouse liver
microsomes (Fig. 5.12). In summary, the combination of these merits mean that analogues
5.32b and 5.32c represent improved lead-molecules with which to further investigate in
vivo efficacy. This series now continues to be investigated in a DprE1l lead-optimisation

programme elsewhere within GSK, and the in vivo evaluation of 5.32b is scheduled.

o]
ACPNS;
A
i HN._ N
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o]

i e e

: F~ : “F : “F

H cl CF3
5.6a 5.32b 5.32¢c

pICsq = 7.4*, MIC = 3.0 puM pICsy = 7.7, MIC = 1.3 uM  pICso = 7.8%, MIC = 2.5 uM
Papp < 3 nm/sec Papp = Papp =
mCli = mClis = 0.7 ml/min/g mClis = 1.0 ml/min/g

no in vivo efficacy

Figure 5.12. Optimisation of 5.6a led to the identification of pyrimidin-2(1H)-one analogues 5.32b and 5.32c
that were highly potent and had improved ADME profiles, notably improved permeability and improved

intrinsic clearance against mouse liver microsomes. * Denotes activity at or above the tight binding limit.

5.10 Future Work

The in vivo efficacy of analogues 5.32b and 5.32c will be tested in the acute murine model
of TB. Both analogues have a greater chance of displaying improved in vivo efficacy relative
to 5.6a as these new compounds had a lower MIC, were more permeable and showed
improved murine metabolic stability in vitro. In parallel, other strategies to improve the in

vitro permeability of the pyrimidin-2(1H)-one series could be investigated.

One such effort to improve permeability of the pyrimidin-2(1H)-one 5.6a has since been
explored. Methylation of the pyrimidinone core was pursed as a strategy to reduce the
polarity of the molecule with the simultaneous removal of a hydrogen bond donor (Fig.

5.13; performed elsewhere within GSK). Unfortunately, the methylated analogues were
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only accessible as a mixture of geometric isomers 5.40a and 5.40b. This mixture had a pICs,
of 5.6 however, demonstrating that pyrimidinone methylation reduced activity at DprEl
and therefore was not a suitable strategy to improve permeability (the permeability of this

mixture was not determined).

|
N

o o o o
RWN\) Methylation RWN\) R\(\/N\) R = Bn/@jj\g\lﬁ

N N N N
hig U o
(0] O (0]
5.6a 5.40a 5.40b
p|C50 =7.4* —

mixture plCsy = 5.6

Figure 5.13. Methylation of the pyrimidin-2(1H)-one core of 5.6a was not a suitable strategy for improving

permeability as it led to a large reduction in DprE1 activity. * Denotes activity at or above the tight binding limit.

Another strategy to investigate is the replacement of the pyrimidin-2(1H)-one core of 5.6a
with a pyridone motif (Fig. 5.14), as removal of a heteroatom is likely to improve passive
permeability.”®® Pyridones 5.41a and 5.41b are predicted to remain in better property
space than GSK’932 (calculated PFl = 6.4), so are likely to retain favourable ADMET profiles

in addition to improved permeability.®

Rwro R = '@ R A '@ i
HN |N HN | | NH R= N
F = JOTG,

(6] (6]
5.6a 5.41a 5.41b
pICsq = 7.4* -
PFI=5.6 cPFI=6.4

Figure 5.14. Pyridones 5.41a-b have fewer heteroatoms than pyrimidinone 5.6a. Replacement of the
pyrimidin-2(1H)-one core with a pyridone congener may therefore improve permeability. cPFl = calculated PFI. *

Denotes activity at or above the tight binding limit.

Finally, it may be possible to enhance the permeability of the pyrimidin-2(1H)-ones through
attenuation of the pyrimidinone hydrogen bonding basicity and/or acidity. These properties
influence the strength of the interactions between the solvate and the aqueous solvent,

 Cox et al'™ demonstrated that the

which in turn influences permeability.”
a-difluoromethylation of amine 5.42 led to a 9-fold increase in passive permeability for the

less basic amine 5.43 (Fig. 5.15a). Similarly, fluorination of 5.6a would likely reduce the
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hydrogen bonding basicity of the pyrimidinone 5.44 (Fig. 5.15b), which may improve
permeability (provided the increase in hydrogen bonding acidity of the N-H was not

prevailing).
(b)
Ho (o F (o

AT e N

|
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HN N HN
bl hig
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5.6a 5.44
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5.42 5.43
Papp = 40 nm/sec Papp = 380 nm/sec R= /O\l
PK, =103 pK, =7.0 Bn Ny

Figure 5.15. (a) Cox et al. greatly enhanced the passive permeability of compound 5.42 through modulation of
the amine hydrogen bonding basicity.la'5 Less basic a-difluoromethylated 5.43 was much more permeable than
5.42. (b) Fluorination of pyrimidin-2(1H)-one 5.6a may provide a more permeable analogue 5.44 through

attenuation of hydrogen bonding basicity of the pyrimidinone.
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6. Hit-to-Lead Work Around GSK’896

6.1 Overview of GSK’896

Br
o
[OQH%NQ pICso = /.37 RFpICsp = MIC > 125 pm°
H
O

LE = LLEAT = PFIl =
GSK'896

Figure 6.1. The potency and physicochemical property profile for GSK’896 after the DprE1l high-throughput
screen. *After re-testing the mean plCsy value fell to 7.2. b GSK’896 was later shown to have an MIC of 8 uM

(vide infra).

Figure 6.1 highlights the potency and physicochemical property profile for GSK’896. This
HTS hit was attractive as it showed reproducible, potent activity against DprE1 in both the
fluorescence and RapidFire™ assays, and was highly ligand efficient (LE>>0.3). Furthermore,
analysis of the 3986 HTS active compounds revealed that the benzodioxane substructure of
GSK’896 was a frequently occurring motif: 69 hits with plCsq > 4.0 contained this
functionality. In spite of these positive attributes, concern arose after no antimycobacterial
activity was apparent when GSK’896 was tested from a stock solution (MIC > 125 uM).
However, multiple structurally related compounds identified in a GSK tuberculosis whole-
cell screening assay did possess an MIC, and showed activity against DprE1 in both the
fluorescence and RapidFire™ assays (Fig. 6.2). The re-synthesis and re-testing of a new

sample of the HTS hit GSK’896 was therefore prioritised.

F
6.1 6.2
MIC = 17.6 uM MIC = 30.0 uM
p|C50 =6.6 p|C50 =6.3
RFpleo =6.5 RFpleo =6.1

Figure 6.2. Compounds 6.1 and 6.2 were identified in a GSK TB whole-cell screening assay, and were later

shown to be active against DprE1 in both the fluorescence and RapidFireWI assays. RFplCsy = RapidFireWI pICso.
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The re-synthesis of GSK’896 was performed as follows (Scheme 6.1): condensation of
2-bromopropanoyl chloride 6.3 with p-bromoaniline afforded amide 6.4 in 97% vyield.
Subsequent nucleophilic displacement of the bromide 6.4 by

2,3-dihydrobenzo[b][1,4]dioxin-6-amine 6.5 afforded GSK’896 in 63% vyield.

0}
fo) Br
B a) (0] b) O NH, o NW)J\N
r a — Br H
N o
6.4 re-synthesised GSK'896
MIC? = b (OE shift® = 8x)

6.3

Scheme 6.1. a) p-bromoaniline, NaHCO;, DCM, 0 °C = RT, 97% b) NEt;, DMF, 80 °C, pwave, 63%. ° MIC value
against M.tb H37Rv. b Compound tested inactive (MIC > 125 puM) in 1 out of 5 test occasions. © Fold-difference in

MIC between the H37Rv MIC and the MIC recorded against the DprE1 over-expressor (OE) strain.

Gratifyingly, the re-made sample maintained activity in the enzymatic assays, and now
GSK’896 did show a highly encouraging MIC of 8 uM. Additionally, cellular engagement at
DprE1 was confirmed when the re-synthesised hit was tested against an M.tb strain over-
expressing DprEl: an 8-fold increase in MIC was observed. Together, these results

encouraged a programme of hit-to-lead investigations around GSK’896.
6.1.1 Medicinal Chemistry Profiling of GSK’896

Whilst GSK’896 was highly potent against DprE1, this HTS hit lay outside of the programme
targeted property space (Sect. 4.3). GSK’896 was characterised by a high PFl of 7.5, and
excessive lipophilicity for a molecule of relatively low heavy atom count (23 heavy atoms).
Table 6.1 displays the physicochemical profile and some ADMET parameters for GSK’896.
hERG activity, solubility and permeability of the HTS hit GSK’896 were favourable, but the in

vitro metabolic stability of GSK’896 was poor.
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Table 6.1. Physicochemical and ADMET profile for the HTS hit GSK’896.°

Sohn e

GSK’896
PFI 7.5
Chrom Log Dy, 5.5
CLND solubility (uM) 214
hERG plCsy <4.3

hCli,: (ml/min/g)
MCliye (ml/min/g)

Papp (NmM/sec) 580

® Key: Green = good; orange = moderate; red = poor. PFl = Chrom Log D, + #Ar; CLND, chemi-luminescent
nitrogen detection method for solubility measurement; Cl;,, intrinsic clearance (liver microsomes); h, human;
m, mouse; P

app aPParent permeability (PAMPA).

Three structural features within GSK’896 were raised as potential toxicity risks: the two
anilines and the aminobenzodioxane motif. Whilst anilines are treated with caution as

® oxidative bioactivation of the aminobenzodioxane motif could

many are mutagenic,*
potentially afford the corresponding reactive catechol 6.6, o-benzoquinone 6.7 or quinone-
immine 6.8 (Fig. 6.3), posing further risk of unwanted biological activity (e.g. through time-

137-140

dependant P450 inhibition or redox cycling). NAPQI for example, is a highly toxic

quinone imine by-product resulting from the metabolism of paracetamol**" (Fig.6.3b).

o Br H H
H tabolism? H N N N
o N /©/ metabolism (0] § (0] ﬁ [O _ §
[ D/ H &7
HO (0) (0]
(@)
6.6 6.7 6.8

GSK'896

(a)

plausible metabolites

(b) H CYP450 N
oY S ’ry
HO 0 O o

Paracetamol NAPQI ) o
(N-acetyl-p-benzoquinone imine)

Figure 6.3. (a) Oxidative bioactivation of GSK’896 may produce reactive metabolites such as a catechol 6.6,

o-benzoquinone 6.7 or quinone-immine 6.8. (b) NAPQI is a toxic quinone imine metabolite of paracetamol.
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6.2 Project Aims

The aim of this work was to establish a novel lead series of DprE1 inhibitors based on the
HTS hit GSK’896, identifying exemplar compounds that were potent in the enzymatic
assays, had a potent MIC, and were in good physicochemical property space, such that the
programme targeted activity-property profile was satisfied (plCso > 7, PFlI < 7). To achieve
this, an extensive SAR analysis around GSK’896 was planned and executed, with a key focus

on identifying:

i) structural modifications that improved enzymatic potency and/or MIC;

ii) modifications that engendered improved physicochemical properties relative to
GSK’896 (that would likely promote an improved ADMET profile), whilst
maintaining or improving potency;

iii) structural replacements for the aniline and aminobenzodioxane motifs.

6.3 SAR Insights from Analysis of the HTS Data and Sub-Structure

Searching of the GSK Compound Collection
The SAR investigation began with the analysis of the HTS data (Sect. 6.3.1) followed by the
screening of related compounds available in the GSK compound collection (Sect. 6.3.2).

Following these exercises, new analogues were designed to specifically address the project

aims (Sect. 6.4).
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6.3.1 SAR Data Evident in the DprE1 HTS Output

An analysis of the 3986 HTS hits revealed some early SAR information (Fig. 6.4).
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TR, QOO
[ N
(6) © Br (0]
HTS-11 HTS-12

pICso = 6.4 pICs < 4

Figure 6.4. A selection of representative compounds from the 3986 HTS hits, illustrating some of the general

SAR trends.

The main trends evident in this data were summarised as follows:

e A small decrease in potency was observed on replacing the p-bromoaniline of GSK’896
for the p-trifluoromethyl derivative of HTS-1;

e A substantial loss in potency was observed when the benzodioxane motif was replaced
with the smaller benzo[d][1,3]dioxole structure (GSK’896 vs. HTS-4);

e The O-linked benzodioxole HTS-5 was equipotent with the N-linked equivalent HTS-4;
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e Replacement of the benzodioxane motif of GSK’896 with other methoxy-substituted or
halogenated aromatics led to a reduction in potency (e.g. HTS-8, HTS-9, HTS-10);
e Molecules with shorter (e.g. HTS-11) and longer (e.g. HTS-12) linkers were less active

than alanine-linked GSK’896.

An important observation here was the comparison between the N-linked and O-linked
benzodioxoles HTS-4 and HTS-5. The data indicated that exchange of this aniline for an
aromatic ether was tolerated, revealing a possible strategy for replacement of the

corresponding aniline in GSK’896.
6.3.2 Screening of Compounds Available in the GSK Collection

In order to generate additional SAR data prior to the synthesis of new compounds, a sub-
structure search (SSS) of the GSK compound collection was conducted. Figure 6.5 illustrates
the search criteria used. In all searches the benzodioxane motif was kept constant, based
on the observation that this moiety was a frequently occurring motif in the HTS. A set of 40
molecules was constructed and submitted for potency profiling against DprE1. Figure 6.6
depicts representative compounds.

varied

aromatic
su bstitution

varied linking varied amide varied linking
atom substitutions atom

\ i \
eray [rj?

varled R4 group varied linker

constant substitution constant size/ construction

Figure 6.5. Sub-structure search criteria. The benzodioxane motif was kept constant in all the searches

performed.
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Figure 6.6. A selection of representative compounds from the sub-structure searching exercise.

The main SAR trends evident from the sub-structure search were as follows:

e A ssignificant reduction in potency was observed when the p-bromoaniline of GSK’896

was replaced with either small N-linked aliphatic moieties (e.g. SS-1, $S-2) or small

N-linked heteroaromatics (e.g. SS-3, SS-4);

e Para substitution of this aniline increased potency (GSK’896, SS-8), whereas ortho and

meta substitution did not appear beneficial (SS-5, SS-6, SS-7);

e Shortening the length of the linker (e.g. SS-9, SS-10) was not favourable;

e A ssignificant reduction in potency was observed when the aminobenzodioxane motif

of GSK’896 was replaced with the sulphur equivalent (SS-11).
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6.4 Design, Synthesis and SAR of New Analogues of GSK’896

Whilst mining of the HTS data and the sub-structure searching of the GSK compound
collection did provide some insight into the structure-activity relationships around GSK’896,
clear gaps in these data were apparent. As such, new compounds were designed to further
explore the SAR, and to specifically address the project aims. In the absence of a crystal
structure of DprE1 liganded with GSK’896 or related compounds, SAR was delineated via
systematic single-point changes to GSK’896. Figure 6.7 outlines the considerations for new

compound design.

Would fragmentation of GSK'896 yield
active, ligand efficient fragments?

C-Terminal Aniline

e e Substitution preference?
—Topliss analysis
Br
o e Could the aniline be replaced?
e Could this group provide a handle
[o GSK'896 @ Pis BTOUP P )
for improving physical properties?
'd ~\
Amino Acid Linker
.
Aminobenzodioxane e Were alternative amino acids tolerated?
e Were changes to the benzodioxane e Could the linker be reversed?
tolerated ?
— substituents? — heteroaromatics? e Could the linker be constrained as a lactam?

— alkoxy ring size?
e Was the eudysmic ratio significant?
e Could the quinone risk be mitigated?
e Could the a-N atom be replaced with O- or
e Could this group provide a handle C- linkages to remove this aniline?

for improving physical properties? \ %

Figure 6.7. Design considerations for new analogues of GSK’896 to investigate the SAR of the series.

6.4.1 Generalised Retrosynthetic Disconnections of GSK'’896 and Related

Analogues

To achieve the synthesis of analogues of GSK’896, the following disconnections were
envisioned to facilitate variation of a) the amino acid linker, b) the aminobenzodioxane

motif, and c) the C-terminal aniline (Scheme 6.2).
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a) Disconnection at both the aminobenzodioxane and the amide bond would facilitate
sequential addition of p-bromoaniline 6.10 and aminobenzodioxane 6.5 onto a-bromo
acid 6.9 (X = Br, Cl or OH), with varying substitution;

b) Disconnection at the amino acid alpha position would facilitate the alkylation of varied
anilines or phenols 6.11 with a-bromo amide 6.4.

c) Amide bond disconnection of 6.12 would allow condensation of varied amines 6.13 with
acid 6.14. Disconnection of this acid 6.14 utilising a metal-mediated amination afforded

bromobenzodioxane 6.15 and DL-alanine 6.16.

Br

GSK'896

(c) o o)
N I R o) IH © BTN i
seatindiflespa it tihe g

6.12 6.14 6.15 6.16

Scheme 6.2. Retrosynthetic analyses for the analogues of GSK’896 with varied a) amino acid linker b)

aminobenzodioxane motif, and c) C-terminal aniline. The varied component is outlined in each scheme.
6.4.2 Fragmentation of the HTS Hit GSK’896

In the absence of X-ray crystallography, it was postulated that the screening of pertinent
fragments of GSK’896 could indicate the relative contributions to binding to DprEl. If a
fragment were to remain highly ligand efficient, this would indicate that GSK’896 was
binding efficiently through that scaffold. To this end, N-methyl and N,N’-dimethyl amides
6.19 and 6.20 were synthesised. It transpired that the carboxylic acid 6.14 proposed in the
retrosynthetic disconnection (Scheme 6.2, disconnection route c) was unstable to isolation
(vide infra; Sect. 6.4.3.1), so an alternative route to the amides 6.19 and 6.20 was pursued
(Scheme 6.3). Ethyl 2-bromopropanoate 6.17 was condensed with aminobenzodioxane 6.5

to yield intermediate ester 6.18. Aluminium mediated aminolysis of this ester 6.18 using
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the DABCO adduct of trimethylaluminium* (DABAL-Me;) afforded amides 6.19 and 6.20.

The data for these compounds are presented in Table 6.2.

o

Sy A e o

6.5 6.18 6.19R=Me,R'=H
6.20 R=R'=Me

Scheme 6.3. a) K,COs, MeCN, reflux, 73%. b) methylamine or dimethylamine, DABAL-Mej;, THF, 50 °C, then 6.18,
90 °C. 6.19 = 62%, 6.20 = 46%.

Table 6.2 Potency, ligand efficiency and physicochemical data for fragments 6.19 and 6.20.

Seae

No. R pICso” LE, LLE,; PFI MIC (uM)
Br
GSK’896 ﬁNO 7.2 0.43,0.31 7.5 8.0°
H
6.19 é’{rlv/ 45 0.36, 0.40 2.6 >125
H
6.20 ENT 4.4 0.34,0.34 3.2 >125

® pICso measured in the DprE1 fluorescence assay. b Compound tested inactive (MIC > 125 pM) in 1 out of 5 test

occasions.

Replacement of the C-terminal aniline with small aliphatic groups in 6.19 and 6.20 led to a
large reduction in activity, consistent with the observations made during the sub-structure
search of the GSK compound collection (Sect. 6.3.2). Both 6.19 and 6.20 were active
however, and both were highly ligand efficient, indicating that the aminobenzodioxane
propanamide component of GSK’896 was likely an important contributor to the binding
affinity of this HTS hit. This result was corroborated by the fact that the benzodioxane
functionality was a frequently occurring motif in the HTS screen. These data also revealed
that the amide N-H probably did not participate as a hydrogen bond donor as N,N’-dimethyl

6.20 was equipotent with the secondary carboxamide 6.19.

96



6.4.3 Variation of the Amino Acid Linker of GSK’896

GSK’896 was racemic so chiral synthesis was an early target to understand which
stereoisomer was the more active. A variety of analogues linked by alternative amino acids
were also targeted to identify how much space for growth was available in this position.
These included the glycine-, a-methylalanine-, a-ethylglycine-, valine- and reverse alanine-
linked derivatives 6.21-6.25. Further to this, analogues were synthesised in which the
aminobenzodioxane N-H was replaced with an N-methylated linkage (6.26), a methylene
linkage (6.27), or an O-linkage (6.28), the latter two targeted to investigate replacement of
this aniline moiety. Finally, y-lactam 6.29 and 6-lactam 6.30 allowed the investigation of the
effect of conformational restraint on the activity in this series. Whilst modification of the
linker unit provided little opportunity to modulate physicochemical properties, the

suggested analogues 6.21-6.30 were deemed important for understanding SAR.

*
R1/ Nl 2 R1/ \HJ\N/ 2 R1/ N‘ 2 R1/ N‘ 2 R1/ N’ 2
H R, H 5 H H (
3

(R)-GSK'896 6.21 R; = H 6.25 6.26 X = N-Me 6.29n=1
(S)-GSK'896 6.22 R, = di-Me 6.27 X =CH, 6.30n=2
6.23 Ry = Et 6.28X=0

6.24 R3 = CH(CH3)2

Figure 6.8. Analogues of GSK’896 designed to incorporate alternative linker functionalities. R; = benzodioxane.

R, = p-bromoaniline.
6.4.3.1 Synthesis of GSK’896 Analogues with Varied Linkers

Chemistry initiated with the chiral syntheses of (R)-GSK’896 and (S)-GSK’896. Following the
general disconnection ¢ (Scheme 6.2), a substrate-accelerated copper-catalysed Ullman
coupling reaction***'** between L-alanine (5)-6.16 and aryl halide 6.15 was first investigated
(Scheme 6.4i). Conventional heating at 90 °C for 48 hours'*® afforded no product by LCMS
analysis. Heating to 140 °C under microwave irradiation'* led to appreciable conversion to
the desired acid (S)-6.14 observed by LCMS, but the compound decomposed upon
attempted isolation. This observation was consistent with reports that the Ullman coupling
products of an amino acid and aryl halide with para-electron donating groups (e.g. OMe,

13195 |1 order to investigate the stability of the desired

NH,) have been unstable to isolation.
carboxylic acid 6.14, synthesis of the corresponding ester 6.33 was performed to facilitate

preparation of the acid 6.14 via simple ester hydrolysis. A copper-mediated Chan-Lam
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coupling*® between boronic acid 6.31 and D-alanine methylester (R)-6.32 was successful,
affording the desired ester (R)-6.33 in 15% yield (Scheme 6.4ii). An analogous reaction with
L-alanine methylester (5)-6.32 afforded (5)-6.33 in 14% yield. The low yields were consistent

with Lam’s findings'*®

that amino acid esters with small R-groups (e.g. alanine) gave much
poorer yields relative to those with larger substituents. Lam reasoned that the low solubility
of amino acid esters with small R-groups led to an increase in the competing conversion of
the boronic acid to the corresponding phenol, accompanied by subsequent O-arylation.
Indeed, ether-linked 6.34 was observed by LCMS to be the major product, despite the use

of molecular sieves.

o Br Q a o N
O a2 oy

6.15 L-(S)-6.16 (S)-6.14
H (o) (o)
(||) E D\ CIH3 W)J\ [ @/ W)L [Oj©\o/©[oj
B(OH),
6.34
6.31 D-(R)-6.32 or (R)-6.33 or major product observed
L-(S)-6.32 (S)-6.33 by LCMS (not isolated)

Scheme 6.4. a) Cul (10 mol%), K,CO;, DMF, 140 °C pwave, product (S)-6.14 decomposed on attempted isolation.
b) Cu(OAc), (1.1 eq), NEts, 4A MS, DCM, RT, (R)-6.33 = 15%, (5)-6.33 = 14%.

Hydrolysis of ester (R)-6.33 cleanly led to acid (R)-6.14 (100% conversion by LCMS), but
attempted isolation under acidic conditions again resulted in complete degradation of the
product (R)-6.14 (Scheme 6.5i). In order to avoid the unstable carboxylic acid intermediates
6.14, aluminium-mediated aminolysis of the stable esters 6.33 was investigated (Scheme
6.5ii). This approach proved successful: treatment of either (R)-6.33 or (5)-6.33 with
trimethylaluminum and p-bromoaniline furnished the respective amides (R)-GSK’896 and
(5)-GSK’896 in high yields. Chiral HPLC confirmed high maintenance of enantiomeric excess

(>97%) over the two synthetic steps from the D- or L-alanine methyl esters 6.32.
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o} o}
0 [:Q/H\‘)LO/ $ [ZD/HW)L OH
(R

(R)-6.33 )-6.14

o o /©/Br
(i) Eot@kl%o/ — [Ojij“%ﬁ
(0] [e]
(R)-6.33 or (R)-GSK'896 e.e. 97.8%
(5)-6.33 (S)}-GSK'896 e.e. 98.6%

Scheme 6.5. a) LiOH, THF, H,0, product (R)-6.14 decomposed upon attempted isolation. b) AlMe;,
p-bromoaniline, DCM, then (R)-6.33 or (5)-6.33, (R)-GSK’896 = 75%, (S)-GSK’896 = 73%.

Syntheses of compounds 6.21-6.24 were prosecuted according to disconnection a (Scheme
6.2), first by condensation of p-bromoaniline with the appropriate a-bromo acid 6.9,
affording the o-bromo amides 6.35-6.38 (Scheme 6.6i). Alkylation of
2,3-dihydrobenzo[b][1,4]dioxin-6-amine 6.5 with bromides 6.35-6.38 subsequently
furnished final compounds 6.21-6.24. Reverse-linked 6.25 was synthesised in the same

manner, but the order of reaction with each aniline was switched (Scheme 6.6ii).

r ° Br
(i B\)(ix —a Bf\iug B B [Zﬁnﬁﬁg
R R

6.9 6.35R=H 6.21R=H
X = Br, Cl or OH 6.36 R = di-Me 6.22 R = di-Me
R = H, di-Me, Et, CH(CHs), 6.37 R = Et 6.23 R = Et
6.38 R = CH(CH), 6.24 R = CH(CHj),

o
(@) Br\Hokm _9 . BF\HCLH/Q:ZJ —9 . /©/H\HOLH/©;3]
Br

6.3 6.39 6.25

Scheme 6.6. a) acid bromide or acid chloride, p-bromoaniline, NaHCO3;, DCM, 0 °C = RT, 72 — 100% yield, OR for
6.38, 2-bromo-3-methylbutanoic acid, p-bromoaniline, DMAP (10 mol%), DIC, DCM, 76%. b)
2,3-dihydrobenzo[b][1,4]dioxin-6-amine 6.5, K,CO;, MeCN, 90 °C, 58-62% vyield; for 6.22: 2,3-
dihydrobenzo[b][1,4]dioxin-6-amine 6.5, NaH, THF, then 6.36, 57%. c) 2,3-dihydrobenzo[b][1,4]dioxin-6-amine
6.5, NaHCO;, DCM, 0 °C > RT, 100%. d) p-bromoaniline, K,CO3, MeCN, 90 °C, 32%.
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Synthesis of the N-methylated 6.26 began with the generation of N-methyl
aminobenzodioxane 6.40 via a reductive amination reaction between aniline 6.5 and
paraformaldehyde. Reaction of 6.40 with a-halo amide 6.4 furnished final compound 6.26
(Scheme 6.7i). Carbon-linked 6.27 was synthesised from commercial aldehyde 6.41 via a
Horner-Wadsworth-Emmons reaction with phosphonate 6.44, hydrogenation of the
resulting alkene, and an aluminium-mediated aminolysis*** of the ester 6.42 (Scheme 6.7ii).
Ether-linked 6.28 was prepared via an Sy2 displacement of bromide 6.4 by commercial

phenol 6.43 (Scheme 6.7iii).
(i)
O e U@r
: EJ@MN
6.5 6.40 6.26

(ii)

o o /©/Br
QI e QT e XY
(0] 0] (6]
6.41 6.42 6.27

(iii) . . s o o
[ZD/OH SR [ ZQ/OW)LNO Br\H(iN/@ EQ Y OEt
6.43

6.28

Scheme 6.7. a) (CH,0),, NaOH, MeOH, RT, then NaBH,, 40 °C, 93%. b) 6.4, K,CO3, MeCN, 90 °C, 49%. c) 6.44,
NaH, THF, 0 °C, then 6.41, 0 °C = RT, 100%. d) Pd/C, H,, EtOH, 100%. e) p-bromoaniline, DABAL-Me;, THF, 50 °C,
then 6.42, 90 °C, 83%. f) K,CO3, MeCN, 90 °C, 66%.

Preparation of y-lactam 6.29 initiated with the alkylation of p-bromoaniline with
2,4-dibromobutyryl chloride 6.45 in the presence of sodium phosphate, which gave the
intermediate a,y-dibromo amide (not isolated; Scheme 6.8i). Subsequent addition of the
stronger base potassium carbonate promoted a 5-exo-tet cyclization, affording
pyrrolidinone 6.46 in good yield. Condensation with 2,3-dihydrobenzo[b][1,4]dioxin-6-
amine 6.5 furnished the target derivative 6.29. 6-lactam analogue 6.30 was prepared in
three steps via a Buchwald amination between hydroxypiperidinone 6.47 and 1-bromo-4-
iodobenzene, followed by tosylation of the alcohol and subsequent Sy2 displacement with

aniline 6.5 (Scheme 6.8ii).
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O H (6]
e I e Te Thl  Se Ty
Br

6.45 6.46 6.29
o o J©/BI' o Br
(1,7
(0]
6.47 Q[ 6.48, R=H 6.30
6.49, R=Ts

Scheme 6.8. a) p-bromoaniline, Na;PO,, MeCN, 0 °C > RT, then K,CO3, 68%. b) 2,3-dihydrobenzo[b][1,4]dioxin-
6-amine 6.5, K,CO;, MeCN, 90 °C, 67%. c) 1-bromo-4-iodobenzene, Cs,CO;, XantPhos (15 mol%), Pd(OAc),
(6 mol%), 1,4-dioxane, 100 °C, pwave, 40%. d) TsCl, DABCO, DCM, 0 °C - RT, 73%. e) 3-
dihydrobenzo[b][1,4]dioxin-6-amine 6.5, K,CO5;, MeCN, 90 °C, 62%.

6.4.3.2 Biological and Physicochemical Evaluation of (R)-GSK’896, (S)-GSK’896 and
6.21-6.30

Table 6.3 displays potency, ligand efficiency and physicochemical property data for
(R)-GSK’896, (S)-GSK’896 and 6.21-6.30.
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Table 6.3. Potency and physicochemical data for compounds (R)-GSK’896, (S)-GSK’896 and 6.21-6.30.

T
(@)

Br
Q

No. Linker pICsy’ [RFPICso]°  LE, LLEA PFI MIC (uM)
GSK’896 P 7.2[6.7 0.43,0.31 7.5 8.0°
?{N\HLN;?{ 21[6.7] 43, 0. ) .
H
y ©
(R)-GSK’896 KQN\‘)J\N?’{ 6.6 [6.6] 0.39, 0.27 7.5 6.5
H
y O
(5)-GSK’896 ?QN_QLNA; 6.0 0.36,0.24 7.5 12.8
i H
y ©
6.21 %NQLN?{ 6.7 0.42,0.30 7.1 15.8
H
y O
6.22 %N%N?{ 6.9 0.39,0.26 8.3 4.0
H
y ©
_N ‘sz
6.23 % N 5.4 0.31,0.17 8.0 62.0
H (0]
_N (?Zc
6.24 % N 4.4 0.24, 0.09 8.6 >125
N
6.25 % NS 4.2°¢ 0.24,0.12 7.3 125
0 H
| (0]
6.26 ?QNW)LH?{ 7.2 0.41,0.26 8.7 2.5
(0]
6.27 g;\HLN?{ 5.7 0.34,0.17 8.2 109.5
H
(6]
6.28 }pr)k”% 6.7 0.40, 0.26 8.2 12.0
H (0]
6.29 NS &Nfg 4.5 0.26,0.13 8.0 >125
y ©
.N ‘?ZL
6.30 % N 4.2 0.23,0.08 7.8 109.5

® plCso measured in the DprE1 fluorescence assay. b plCsp measured in the DprEl RapidFireWI assay. “ Ligand

efficiency values are calculated from the fluorescence assay data. d Compound tested inactive (MIC > 125 uM) in

1 out of 5 test occasions.  Compound tested as plCs, < 4 in 2 out of 4 test occasions.
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The (R)-enantiomer (R)-GSK’896 was the more potent stereoisomer, matching the activity
of the racemate GSK’896 in the RapidFire™ assay (RFpICs, = 6.6 vs. 6.7). Consistently,
(R)-GSK’896 exhibited an MIC (6.5 uM) similar to racemic GSK’896 (8.0 uM), whilst
(5)-GSK’896 was two-fold less active (12.8 uM). Potency was maintained relative to
(R)-GSK’896 on removal of the a-methyl group in glycine-linked 6.21 (plCso = 6.7 vs. 6.6)
with a concomitant drop in PFI, but an MIC increase was measured (15.8 uM vs. 6.5 uM).
Addition of a second methyl group in a-methylalanine-linked 6.22 was tolerated, imparting
a modest increase in DprE1 activity over (R)-GSK’896 (plCso = 6.9 vs. 6.6), whilst retaining a
low MIC (4.0 uM). Lengthening the amino acid side chain was detrimental in the
a-ethylglycine-linked 6.23 (pICso = 5.4), and increasing steric demand further led to an even
greater demise in potency for valine-linked 6.24 (plCso = 4.4). Reversing the connectivity of
the alanine linker in 6.25 resulted in a dramatic reduction in DprE1 activity relative to the
HTS hit (plCso = 4.2 vs. 7.2), presumably due to a change in positioning of the chiral centre

along the length of the molecule.

Methylation of the alanine alpha heteroatom in 6.26 maintained activity relative to
GSK’896 (plCsy = 7.2), suggesting this N-H was not likely participating as a hydrogen bond
donor. A very potent MIC of 2.5 uM was observed for N-methylated 6.26. Replacement of
the N-H for a carbon linkage led to a large drop in activity for 6.27 (plCsq = 5.7), whilst
potency was maintained relative to (R)-GSK’896 for O-linked 6.28 (plCsy = 6.7 vs. 6.6). This
suggested that a hydrogen bond acceptor was beneficial at this location, or that an electron

rich benzodioxane was preferred (aniline (R)-GSK’896 = ether 6.28 > carbon-linked 6.27).

Tethering of the amino acid side chain in the lactams y-6.29 and 6-6.30 was not tolerated
by the enzyme. Analysis of the computed lowest energy conformations of GSK’896, y-6.29
and 6-6.30 (Fig. 6.9) revealed that the conformationally constrained lactams had

significantly different molecular shapes to GSK’896.

H o H (0]
N R
R{” W)J\H’ 2 R1/N l N'R2

Figure 6.9. Side-on views of the lowest energy conformations of GSK’896 and lactams y-6.29 and 6-6.30

computed using MOE™’ (using the (R)-enantiomers). R, = benzodioxane. R, = p-bromoaniline.
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Figure 6.10 summarises the SAR trends from Table 6.3.

N-Me preferred; R "
O tolerated by DprE1 ( )-enfan |o(;ner
(but increase in MIC observed); preferre
H-bond donor not
Large R groups

required
: not tolerated;

T lactams not

possible preference for tolerated

electron rich aromatic R =H or di-Me

tolerated; di-Me
improves MIC

Figure 6.10. SAR around GSK’896 generated from modification of the amino acid linker

6.4.4 Variation of the Aminobenzodioxane Motif of GSK’896

The benzodioxane motif occurred frequently amongst the HTS hits, suggesting a particular
recognition of this sub-structure by DprEl. Indeed, benzodioxane-containing fragments
6.19 and 6.20 were highly ligand efficient. The limited SAR from the HTS data and sub-
structure searching also indicated that the benzodioxane motif was the most preferable
group at this position. Nonetheless, a more complete understanding of the SAR associated
with the benzodioxane group was required. Thus, compounds 6.50-6.60 were selected for
synthesis (Fig. 6.11). This set encompassed point changes to the saturated ring size and
construction (6.50-6.52) and heteroatom combination or exclusion (to remove the quinone

risk; 6.52-6.56), aromatic ring electronics (6.57-6.60), and lipophilicity (6.58-6.60).

OoF o QO X EIY O

6.50 6.51 X=0OMe 6.53X=NH,Y=0 6.57 6.5 6.59 6-amino
6.52 X = Cl 6.54 X=0,Y =NH 6.60 7-amino

6.55 X =NH, Y =CH,

6.56 X = CH2, Y= CH2

Figure 6.11. Analogues of GSK’896 with variation of the benzodioxane functionality.

6.4.4.1 Synthesis of GSK’896 Analogues with Modifications to the Benzodioxane Motif

In accord with the retrosynthetic disconnection pathway b (Scheme 6.2), Sy2 displacement

of a-bromo amide 6.4 with the appropriate aniline in the presence of base furnished the
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benzodioxane variants 6.50-6.53 and 6.55-6.58 (Scheme 6.9i). This strategy could not be
applied to the syntheses of benzoxazinones 6.59 and 6.60, as the lactam nitrogens of 6.61
or 6.62 were alkylated under these conditions, affording 6.63 and 6.64 respectively
(Scheme 6.9ii; confirmed by HMBC NMR experiments). Performing the reactions in the
absence of base however, did afford 6.59 and 6.60. The anilines required for the above
syntheses were largely commercially available, except the aminodihydrobenzoxazines
required for 6.53 and 6.54. Reduction of 6-nitro-3,4-dihydro-2H-benzo[b][1,4]oxazine 6.65
proceeded quantitatively to give 6-amino 6.67 (Scheme 6.9iii) but the corresponding
7-amino regioisomer decomposed to benzoxazine 6.68 during isolation (final compound

6.54 was not pursued further).

Br
o Br a) N i /©/
: 2 . N N
(i) BF\HLH R—.(Xj T)J\H
6.4

6.50-6.53 and 6.55-6.58

HMBC
H o ) Br
Br O N %o
O X6 I
O Ul 2. N \D&NK]
.. Br N o P | N
) H H7N/ _— H
6.61 = 6-NH N
6.4 6.62= 7-NH, 6.63 = 6-NH,
6.64 = 7-NH,
Br
st 1T
O._N H
— LIS
o H
6.59 = 6-NH,
6.60 = 7-NH,
s o [ A
2
(iii) [ jl/\j—sNoz ) [ Ij [ : i
. o 0] NH,
6.65 = 6-NO, 6.67 68

6.66 = 7-NO,

Scheme 6.9. a) substituted aniline, K,CO3, MeCN, 90 °C, 33-81% for 6.51-6.53, 6.55-6.58 and 6.63-6.64; for 6.50,
NEt;, DMF, 80 °C, pwave, 72%. b) EtOH, reflux, 29-35%. c) 10% Pd/C, H,, EtOH, 100% for 6.67; 6.68 not isolated.

6.4.4.2 Biological and Physicochemical Evaluation of GSK’896 Analogues 6.50-6.53 and
6.55-6.60

Table 6.4 displays potency, ligand efficiency and physicochemical property data for
analogues 6.50-6.53 and 6.55-6.60.
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Table 6.4. Potency, ligand efficiency and physicochemical data for compounds 6.50-6.53 and 6.55-6.60.

Br
O [ I
R
N
%H

No. R pICs LE, LLE,y PFI MIC (uM)
H
GSK'896 [O:@/N;ﬁ 7.2 0.43,0.31 7.5 8.0°
O
"
HTS-4 <°j©/ N 6.0 0.37,0.24 ND 80.0
@]
o H ¢
6.50 < jij ‘ 6.8 0.39,0.27 7.7 4.0
(@]
b §
6.51 j@/ # 5.7 0.34,0.23 7.2 40.0
~o
L
6.52 Ij £ 5.1 0.32,0.14 8.3 125.0
Cl
N N
6.53 [ D/ e 5.6 0.33,0.24 6.8 >125
O
N N
6.55 Ljij S 5.9 0.35,0.23 8.0 125.0
H

N.
6.56 (:©/ S 6.2 0.37,0.16 9.7 16.0

H
N.
6.57 F><O X 4.7 0.27,0.07 8.9 125.0
F"%
0 N
6.58 [ I\I S 5.7 034,021 6.0 62.0
0 N
0N §
6.59 T\ ]ij # <4 6.2 ND
(0]
0 N
6.60 i D/ ¢ <4° 5.9 ND
o N

% pICso measured in the DprE1 fluorescence assay. b Compound tested inactive (MIC > 125 uM) in 1 out of 5 test

occasions. < Compound failed to fit a curve in 1 out of 4 test occasions. ND = not determined.
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Increasing the unsaturated ring size was tolerated by the enzyme, as benzodioxepane 6.50
remained highly potent at DprEl (plCsy = 6.8) and possessed a good MIC (4.0 uM).
Comparing this result to the loss in potency observed when the unsaturated ring size was
decreased (benzodioxole HTS-4; plCs, = 6.0) suggested that shape complementarily was
enhanced for larger, non-planar ring systems (Fig. 6.12). Deconstruction of the saturated
ring led to a large reduction in activity in dimethoxy 6.51 and chloro-methoxy 6.52,

revealing a lack of space to accommodate the different steric requirements (Fig. 6.12).

‘!’ { ‘_‘2_+_(\; 7 “I / ’ ﬁJ F 3
ok o b
o o or O

Figure 6.12. Computed lowest energy conformations of benzodioxane GSK’896, benzodioxepane 6.50,

benzodioxole HTS-4 and dimethoxy 6.51 with Van der Waal radii shown. The structure energy minimizations

were performed using MOE.*’

Replacement of the dioxane oxygens in nitrogen-analogues 6.53 and 6.55 led to reduced
DprE1 activity and a large increase in MIC relative to GSK’896. Replacement with two
methylene linkages was less detrimental for tetrahydronaphthalene 6.56 (plCs, = 6.2),
which retained a modest MIC (16.0 uM), although the PFI of this lipophilic molecule was
particularly high (PFI =9.7).

Efforts to improve the properties of GSK’896 through incorporation of polar functionality
into the benzodioxane group were unsuccessful. Pyridine 6.58 retained some activity at
DprEl (plCso = 5.7), but benzoxazinones 6.59 and 6.60 were inactive. Whilst polar groups

198 this result

must make productive contact with the target to maintain or improve potency,
highlighted that the electronics of the aromatic ring may also be important. The poorly
active or inactive polar congeners 6.58-6.60 possessed less electron rich aromatic rings
than the benzodioxane of GSK’896. Notably, electron deficient difluoro-benzodioxole 6.57

was 20-fold less active than the methylene derivative HTS-4 (pICso = 4.7 vs. 6.0).
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Figure 6.13 summarises the SAR trends from Table 6.4.

Oxygens preferred preference for
over nitrogen or electron rich aromatic

carbon \ Br
. N N :
dioxane and /V-E :©/ %H
dioxepane Nos

preferred over T ‘ \

dioxole pyridine not

polar functionality tolerated
not tolerated

Figure 6.13. SAR around GSK’896 generated from modification of the aminobenzodioxane motif.

6.4.5 Variation of the C-Terminal Aniline of GSK’896

Analysis of the data from the HTS and subsequent sub-structure searching exercise
indicated that para-substitution of the C-terminal aniline was most beneficial (Sect. 6.3).
Subsequently, it was envisaged that a Topliss analysis**® would facilitate further
understanding of the SAR associated with the C-terminal aniline. Efforts also focussed on

identifying a replacement for the aniline due to the potential mutagenicity risk.
6.4.5.1 Synthesis of GSK’896 Analogues with Modifications to the C-Terminal Aniline

To achieve the syntheses of GSK’896 analogues with varied aniline substitution, an array of
amide coupling reactions with acid 6.14 was initially anticipated (disconnection pathway c,
Scheme 6.2). This acid 6.14 however, proved to be unstable to isolation (Sect. 6.4.3.1).
Alternatively, trimethylaluminum-mediated aminolysis of the stable ester 6.18 presented a
suitable synthetic route. Specifically, the air-stable, moisture-tolerant (and therefore
amenable to array synthesis) DABCO adduct of trimethylaluminium*** was used (as for 6.19
and 6.20; Scheme 6.3). Scheme 6.10 illustrates general reaction conditions for the
compounds presented in the following section. This methodology was suitable for the
majority of analogues; different synthetic routes are detailed where an alternative strategy

was required.
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6.18 6.12

Scheme 6.10. a) amine 6.13, DABAL-Me;, THF, 50 °C, then ester 6.18, 90 °C.

6.4.5.2 Topliss Analysis

A Topliss analysis is a non-mathematical approach to Hansch’s quantitative structure-

activity relationship methods™*®

(QSAR) that relates certain physicochemical properties to
activity in a biological system, specifically concerning the substitution of a benzene ring.'*
In theory, the approach allows the rapid identification of which, if any, physical property
descriptors have a significant impact on potency. The property descriptors used in a Topliss
analysis are: the substituent hydrophobicity constant, T (a measure of the substituents
hydrophobicity relative to hydrogen); the Hammett substituent constant, o (a measure of
the electron donating or withdrawing capacity of the substituent); and Taft’s steric factor,
E.*° The process initiates with the synthesis of 5 synthetically tractable analogues; ranking
of their potency then facilitates identification of the probable operative parameters (or
combination thereof), and indicates further analogues to synthesise that are likely to have
increased potency based on this result. The 5 initial compounds are the unsubstituted

parent compound and the 4-methyl, 4-methoxy, 4-chloro and 3,4-dichloro analogues (Fig.

6.14).

OO O O

Figure 6.14. The initial analogues synthesised as part of a Topliss analysis.

For example, if the order of potency is 3,4-Cl, > 4-Cl > 4-Me > 4-OMe ~ 4-H, then this
indicates that lipophilicity is important for increased potency (a +m dependency). If the
order is 4-OMe > 4-Me > 4-H > 4-Cl > 3,4-Cl,, this indicates that electron donating
substituents are beneficial, electron withdrawing are not (a —c dependency). These
examples are both linear dependencies; the Topliss method also allows for the
identification of non-linear relationships, where combinations of multiple parameters with

different weightings are apparent.
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The compounds 6.69-6.73 required for the Topliss analysis were synthesised using the
DABAL-Me; methodology (Scheme 6.10) in 50-82% vyield. The data for 6.69-6.73 are

presented in Table 6.5.

Table 6.5. Potency, ligand efficiency and physicochemical data for compounds 6.69-6.73.

Seas

No. R ICso” LE, LLE PFI MIC (uM)
PICso AT V1
Br
GSK'896 £y Q/ 7.2 0.43,0.31 7.5 8.0
H
6.69 ;NQ 42° 0.26,0.19 6.3 >125
H
6.70 gN©/ 4.8 0.29,0.20 6.8 125
H
O\
6.71 ?{NQ/ 5.5 0.31,0.26 6.1 93.5
H
Cl
6.72 # J@[ 6.0 0.34,0.20 8.1 28.0
N Cl
H
Cl
6.73 N /Ej 6.4 0.38,0.27 7.2 8.0
H

®pICso measured in the DprE1 fluorescence assay. b Compound tested inactive (MIC > 125 uM) in 1 out of 5 test
occasions. © Compound failed to fit a curve in 1 out of 4 test occasions and tested as plCso < 4 in 1 out of 4 test

occasions.

The potency data for the Topliss set 6.69-6.73 revealed the following ranking: 4-Cl > 3,4-Cl,
> 4-OMe > 4-Me > 4-H. Unfortunately this trend did not match any of the potency rankings
indicated in the Topliss publication. The most similar ranking was for a 2m-i* dependency,
but 4-Me 6.70 would be expected to be more active than the 4-OMe 6.71, and this was not
observed. This result suggested that unrecognized influences outside of those considered in
the Topliss analysis were operative in this series of compounds, and that the approach

could not be used to direct the choice of subsequent compounds to synthesise. No
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disadvantage was incurred from synthesising the Topliss set 6.69-6.73 however, as new SAR

was generated.

Interestingly, unsubstituted aniline 6.69 was ~1000-fold less active than GSK’896, revealing
that lipophilic substitution at the 4-position was important for achieving high potency.
Comparison of 4-Cl 6.73 (pICso = 6.4) and 3,4-diCl 6.72 (plCso = 6.0) further illustrated that

aniline meta-substitution was not beneficial.

6.4.5.3 Design and Synthesis of Further GSK’896 Analogues with Modification of the

C-Terminal Aniline

Beyond the Topliss analysis, a set of compounds was designed to explore further SAR,
investigating whether hydrophilic substituents could be introduced to reduce lipophilicity of

the series and whether the aniline could be replaced.

Variation of the C-Terminal Aniline: Reducing Lipophilicity

Pyridine analogues 6.74 and 6.75 were prepared to investigate the effect of introducing
heteroatoms into this aromatic ring (see Table 6.6 for structures and data summary). As
aniline para-substitution was deemed necessary for high potency, and ortho and meta
substitution were not beneficial, replacement of the 4-bromine substitution with polar
functionality was pursued as a second strategy to reduce lipophilicity of the series. Whilst it
appeared that lipophilic steric bulk at the para-position engendered potency, it was hoped
that replacement with hydrophilic functionality may also be tolerated. Analogues were
targeted in which the 4-bromine of GSK’896 was exchanged for small polar groups (6.76-
6.78) or a heterocycle (6.79-6.82), as well as analogues where the 4-bromoaniline was

replaced with a benzo-fused heterocycle (6.83-6.87).

Biaryls 6.79-6.81 were prepared via a Suzuki reaction between GSK’896 and the required
boronic acids or potassium trifluoroborate salt (Scheme 6.11i). Benzimidazole 6.87 was
prepared from the ester 6.18 and 2-aminobenzimidazole using trimethylaluminum (Scheme
6.11ii) as DABAL-Me; did not effect this transformation. The remaining analogues were
synthesised from the corresponding commercial amine via DABAL-Me; mediated aminolysis

of the ester 6.18 (Scheme 6.10).
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Scheme 6.11. a) Pd(OAc), (6 mol%), RuPhos (12 mol%), potassium trifluoro(1H-pyrazol-3-yl)borate, Na,COs;,
EtOH, 85 °C, 39% for 6.79, OR Pd(PPh;),Cl, (5 mol%), K,COs, pyridin-3-ylboronic acid or furan-3-ylboronic acid,
1,4-dioxane, water, 100 °C, 6.80 = 63%, 6.81 = 66%. b) AlMe;, 2-aminobenzimidazole, toluene, 50 °C then 6.18,
100 °C, 72%.

Table 6.6. Potency, ligand efficiency and physicochemical data for compounds 6.74-6.87.

Seas

No. R pICso” LE, LLE,; PFI MIC (M)
, Br
Gskese O/ 7.2 0.43,0.31 75 8.0°
°N
H
N Br
6.74 N | _N 5.8 0.35,0.27 6.2 32.0
H
N Br
6.75 # » 5.2 0.31,0.24 7.4 80.0
H N
(e}
~
6.76 ; /(j)L N <4 a4 >80
N
H
O\/
\S/\ -
6.77 ; O N 5.0 0.25,0.27 5.2 >80
N

Table 6.6 continued overleaf
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Table 6.6 continued from overleaf

No. R pICs,’ LE, LLE PFI MIC (uM)
//N
6.78 /©/ 5.7 0.33,0.27 6.2 313
SN
H
\//NH
N
6.79 \ <4 - 6.4 78.0
Sy
H
7
N
6.80 <4 -, - 7.2 78.0
SN
H
@E O
6.81 N 4.7° 0.24,0.15 8.3 >125
H
N
[ >
6.82 o <4 6.7 >80
Y
H

6.1 0.33,0.29 7.0 32.0

H
N
6.83 ; /@E/) 45 0.25,0.21 6.6 >125
oy
N
H

6.84 £

N
N
6.85 ;N/CE{}‘T 5.4 0.30, 0.25 6.0 313
H

NH
6.86 £ <4 .- 6.8 >125
H
6.87 h’@ 5.4 0.30,0.24 6.7 62.0
: £ M : 30,0. . .

®pICsy measured in the DprE1 fluorescence assay. b Compound tested inactive (MIC > 125 uM) in 1 out of 5 test

occasions. © Compound tested as plCs, < 4 in 1 out of 2 test occasions.

113



Replacing the p-bromoaniline with pyridine isomers 6.74 (plCso = 5.8) and 6.75 (pICso = 5.2)
resulted in potency losses. In all cases, replacing the aniline 4-bromo substitution with small
polar functionality led to a reduction in potency: N-methylbenzamide 6.76 was inactive,
whilst benzonitrile 6.78 suffered a 30-fold reduction in activity relative to GSK’896 (plCs, =
5.7 vs. 7.2). Exchanging the aniline 4-bromo substitution with heterocycles was also
unsuccessful, with only lipophilic furan 6.81 showing a measurable ICsy (plCso = 4.7).
Interestingly, both pyrazole 6.79 and pyridine 6.80 exhibited modest MICs (78 uM) despite
being inactive against DprE1, suggesting that these compounds were inhibiting M.tb growth
via some other mechanism. Replacement of the 4-bromoaniline with fused nitrogen
heterocycles proved more successful as activity was retained for all but one of the

analogues 6.83-6.87, however potency was not maintained relative to GSK’896.

The results in Table 6.6 revealed that whilst the compounds did generally exist in improved
property space relative to GSK’896, it was not possible to maintain potency when
substituting the aniline 4-postion with polar groups. Considering these data and the
potency ranking of the Topliss set (Table 6.5), it is likely that lipophilic contact with the
protein at this location was responsible for the enhanced activity of GSK’896. Published

crystal structures of DprE1 have revealed a hydrophobic pocket deep within the active site

87,93,113,151 112

of the enzyme. Indeed, the lipophilic thiazole ring of TCA1™"* and lipophilic aryl-CF;
groups of PBTZ169%’ (Fig. 6.15), Ty38c'!! and €T319'" are seen to bind in this hydrophobic
pocket. It was therefore speculated that the p-bromo of GSK’896 interacts with this same
hydrophobic cleft, explaining the importance of lipophilic substitution at this position.
Computational docking of GSK’896 into the active site of DprE1 was attempted based on
this assumption, in order to gain further insight into the binding mode of this HTS hit and
related analogues. However, different binding poses were generated depending on which
literature or in-house crystal structure was used to perform the docking study. This was due
to the fact that the flexible loops at the entrance to the DprE1 active site (Sect. 3.3) adopt
different positions in each of the available crystal structures, which changes the shape of
the active site in this region. Ultimately, it was not possible to confidently select one

preferred binding mode for GSK’896.
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(a)

(b) .

N HO.-S Phe369
K/NYS
N| F Lys367
PBTZ169 O Fr
Lys134

His132 G|y1 33

Figure 6.15. (a) Crystal structure of PBTZ169 bound covalently to DprEl (the M.Smeg ortholog).87 The aryl-CF;
group occupies a lipophilic cavity. (b) Two-dimensional representation of the lipophilic cavity that interacts with

the aryl-CF; of PBTZ169.

Variation of the C-Terminal Aniline: Replacing the Aniline with Saturated Derivatives

To investigate replacement of the C-terminal aniline, various aliphatic amines were
targeted, namely cyclohexyl 6.88, substituted piperidines 6.89 and 6.90, and benzylic
amines 6.91-6.95 (see Table 6.7 for structures and data summary). These compounds were
all synthesised from the corresponding commercial amine via DABAL-Me; mediated

aminolysis of the ester 6.18 (Scheme 6.10).
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Table 6.7. Potency, ligand efficiency and physicochemical data for compounds 6.69 and 6.88-6.95.

Oy

No. R pICsy’ LE, LLEar PFI MIC (uM)
Br
GSK'896 £y O 7.2 0.43,0.31 7.5 8.0°
H
6.69 ; \N© 4.2° 0.26,0.19 6.3 >125
H
6.88 \NO 4.4 0.27,0.20 5.4 >125
H
N/
6.89 AN <4 - - 1.7 >125
H
.Ph
N
6.90 gN/Q <4 - - 6.8 >125
H

6.91 fﬂ@ <4 - 5.9 >125
6.92 —§—N<j© 4.2 0.24,0.22 6.4 >125
N
6.93 5.6 0.31,0.26 6.8 >125
ny Br
6.94 C©/ 44 0.23,0.14 7.9 78.0
N
6.95 4.2 0.22,0.13 7.9 78.0
Br

®pICso measured in the DprE1 fluorescence assay. b Compound tested inactive (MIC > 125 uM) in 1 out of 5 test

occasions. © Compound failed to fit a curve in 1 out of 4 test occasions and tested as plCsy < 4 in 1 out of 4 test

occasions. ° Compound failed to fit a curve in 2 out of 6 test occasions.
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Cyclohexyl 6.88 was equipotent with the unsubstituted aniline 6.69 (plICs, = 4.4 vs. 4.2),
potentially representing a replacement for the aniline of GSK’896. Further elaborated
substituted piperidines 6.89 and 6.90 were inactive however, suggesting the saturated ring
did not provide a direct vector towards the lipophilic cavity where the aniline 4-substituent
was believed to bind. Whilst benzylamine 6.91 was inactive, isoindoline 6.92 and
tetrahydroisoquinoline (THIQ) 6.93 were active, with the latter 6.93 showing enhanced
potency at DprE1 compared to unsubstituted aniline 6.69 (plCsq = 5.6 vs. 4.2). Diminished
activity was observed for bromo-substituted THIQs 6.94 and 6.95 however, presumably due
to a clash with the protein surface as a result of extending the length of the molecule

relative to GSK’896.
Figure 6.16 summarises the SAR trends associated with the C-terminal alanine.

Heteroaromatics
and aliphatic rings
detrimental

lipophilic
para substitution
necessary for high

Br
O
@) H O/ potency; bromine
N is optimal
H
o

ortho and
meta substitution
not tolerated

Figure 6.16. SAR around GSK’896 generated from modification of the C-terminal aniline.

117



6.5 Aminobenzodioxane-Phenyl-Propanamides SAR Overview

A thorough investigation into the SAR around GSK’896 has been performed. The collective
body of SAR data generated is summarised in Figure 6.17. Whilst many of the analogues
showed good activity at DprE1, the majority of modifications led to a loss in activity relative
to the HTS hit, which remained one of the most potent analogues of the series. Some

analogues however, displayed an improved MIC relative to GSK’896.

. (R)-methyl preferred;
NH-I|nI-<ed N dimethyl tolerated. Large, lipophilic
Electron rich aromatic N—Mej—lmked Further growth led to betitution
preferred; 5-pyridine ) O—I|r.1ked g potency decrease preferred; may
analogue not tolerated CH,-linked ) _
interact with

6-membered

ring preferred; COD
dioxan ethers ‘D
%

f N
preferred over potency; ortho- and meta

_li 5
or CHs-linked | substitution detrimental;
N-H does not replacement with aliphatic

Alanine preferred; behave as an ring systems not tolerated
reversed linker and H-bond donor

lactams not tolerated

: _ hydrophobic cleft

Heteroatoms not tolerated;
para- substitution improves

Figure 6.17. Structure-activity-relationships for the aminobenzodioxane-phenyl-propanamide series of DprEl

inhibitors.

A key aim was to identify points of change that would improve the physicochemical
properties of the HTS hit GSK’896, which was too lipophilic in nature. SAR analysis revealed
that this was perhaps an intrinsically challenging task. The aromatic rings of GSK’896
presented logical motifs upon which to introduce polar functionality. However, the C-
terminal aniline only tolerated substitution at the 4-position with lipophilic groups, and an
electron rich benzodioxane motif was preferred, preventing additional incorporation of
polar functionality at this terminus of the molecule. Furthermore, the SAR analysis
suggested that the activity in this series was largely driven by lipophilicity. Figure 6.18 plots
the activity of GSK’896 and the new analogues against Chrom Log Dy, illustrating this

relationship.
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Figure 6.18. A plot of Chrom Log D, 4 vs. DprE1 plCs, (measured in the fluorescence assay) of GSK’896 and all the
new analogues presented herein. Colour key: blue = pICsq 2 4; red = plCs < 4. T.B.L = tight binding limit. The

Chrom Log Dy, cut-off value of 5 correlates with a PFl of 7 for analogues with two aromatic rings.

The second key aim was to replace or remove the structural motifs that caused
developability concerns. Replacement of the benzodioxane aniline with an aromatic ether
(6.28) was one modification that was successful (although an increase in MIC was
observed), but a suitable replacement for the C-terminal aniline was not found. Removing
the potential quinone-precursor (the aminobenzodioxane motif) also proved challenging, as

all efforts led to reduced activity at DprE1.

6.6 Conclusions

In summary, extensive changes around the structure of the HTS hit GSK'896 were
investigated, establishing the aminobenzodioxane-phenyl-propanamides as a novel series
of non-covalent DprEl inhibitors with an unprecedented chemotype. Many of the
compounds were highly potent at DprE1 and some analogues exhibited good MICs against

the virulent M.tb H37Rv. In particular, (R)-GSK’896, a-methylalanine 6.22, N-methyl alanine
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6.26 and benzodioxepane 6.50 displayed the most potent MICs (Fig. 6.19). Notably, this

series demonstrated target engagement at DprE1 in the DprE1 over-expression MIC assay.

GSK'896 (R)-GSK'896
p|C50 =72 pICSO =6.6
MIC = 8.0 uM MIC = 6.5 uM
o Br | o Br o Br
o H e} N o H
O R SoaR O
H H H
(0] (0) 0
6.22 6.26 6.50
pICSO =6.9 p|C50 =7.2 p|C50 =6.8
MIC =4.0 uM MIC = 2.5 uM MIC =4.0 uM

Figure 6.19. The most potent analogues of the aminobenzodioxane-phenyl-propanamide series.

In spite of the encouraging potency of several exemplars within this series, it was not
possible to demonstrate that DprEl activity could be maintained whilst improving the
physicochemical properties of the molecules. All efforts to improve physicochemical
properties resulted in activity losses, and it appeared that potency of this series was largely
driven by lipophilicity. The inability to improve upon the property profile of GSK’896, in
combination with the sub-optimal ADME indicators of the HTS hit (Table 6.1) thus
suggested that it was unlikely that this series of molecules could be developed into a
medicine. However, whilst not suitable as potential drug candidates, the potent exemplars

132153 \which could be used to

of the series (Fig. 6.19) represent quality probe molecules
further investigate non-covalent DprEl inhibition in the context of M.tb growth and
survival. Frye suggested that quality probes should be highly potent and selective for the
intended target in vitro, with sufficient mechanistic information to assign activity in a cell-

based assay to engagement at the desired target.’

The aminobenzodioxane-phenyl-
propanamides were shown to inhibit mycobacterial growth through target engagement at
DprE1 in the over-expression MIC assay, and two exemplars were active against DprE1 at

<100 nM (GSK’896 and 6.26).
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6.7 Future Work

Work is currently on-going in our laboratories to investigate whether there is a critical
residue for the binding and activity of non-covalent DprE1 inhibitors. Several mutant strains
of M.tb resistant to different non-covalent DprE1 inhibitors (published and in-house) have
been cultivated, and the DprEl point mutations have been identified. Screening non-
covalent DprE1 inhibitors (including analogues of GSK’896) against these M.tb mutants for
cross-resistance may therefore indicate common residues important for non-covalent

inhibition of DprE1, which could have important implications for future inhibitor design.

Efforts to crystallise analogues of GSK’896 bound to DprE1 are on-going in our laboratories.
If any structural information becomes available it would be instructive to re-visit the SAR
presented herein to rationalise the difficulties associated with improving the
physicochemical properties of the aminobenzodioxane-phenyl-propanamide series.
Furthermore, as it was predicted that GSK’896 interacted with a lipophilic cleft similar to
other non-covalent DprE1l inhibitors, it would be interesting to use any structural
information to design hybrid series, incorporating structural features from the
aminobenzodioxane-phenyl-propanamide series and other non-covalent DprE1l inhibitors.
Such hybrid molecules may present a more attractive lead series than the

aminobenzodioxane-phenyl-propanamides.
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7. Substrate Analogues as Inhibitors of DprE1 and

Tool Compounds for Chemical Biology

During the course of our efforts to identify inhibitors of DprE1, the possibility of designing
substrate analogues as DprE1 inhibitors was investigated. The catalytic role of DprE1l is to
oxidise the substrate DPR at the ribose C2-position (Chapt. 3; Fig. 7.1a); it was proposed
that prevention of this oxidation process via structural modification of the substrate at the
C2-position could form the basis of inhibitor design (Fig. 7.1b). The value of this approach
was considered twofold. Firstly, as DprEl is predisposed to the recognition of a ribose
template, it was predicted that such substrate analogues would act as inhibitors of DprE1.
Furthermore, the hydrophilic and highly three-dimensional ribose core represented an
attractive motif upon which to design novel DprE1 inhibitors. Secondly, it was intended that
the proposed molecules would have value as tool compounds for chemical biology
experiments, to probe both the nature of DprE1 and interactions between the protein and
small molecule inhibitors (Fig. 7.1c). X-ray crystallography for DprE1 has not routinely
delivered liganded crystal structures within our laboratory, so tools with which to

investigate mechanism of action were deemed highly valuable.
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(a) DprE1-catalysed oxidation

o}
|| ||
0-P-OR O-P-OR
HO~\ L DprE1 HO~\ o o
7 O 7N o} Re
OH OH OoH ©
FAD FADH,
DPR DPX

(b) Non-oxidisable substrate analogues as DprE1 inhibitors

/_\ recognition of a ribose Can C2-modified
Q template by DprE1? substrate analogues
HO O-IT—OR' act as DprE1 inhibitors?
o) _
A (0]
OHOH ™. Prevent oxidation
\\_/ through structural R' = polyprenyl, shorter prenyl isosteres

modifcation

(c) Substrate analogues for chemical biology

i — — — E and Z polyprenyl analogues
0 - n

non-oxidisable
analogues

Figure 7.1. (a) The DprEl-catalysed oxidation of DPR. (b) Non-oxidisable substrate analogues as potential
inhibitors of DprEl. (c) Substrate analogues proposed as DprEl tool molecules for chemical biology

experiments.

7.1 Project Aims

To investigate the hypotheses outlined above, the aims of this project were:

i) Design multiple series of C2-modified DprE1 substrate analogues;
ii) Develop syntheses of the designed analogue series (amenable to variation of the
prenyl functionality);
iii)  Test these analogues as inhibitors of DprE1 and establish SAR trends;

iv) Investigate the potential of the substrate analogues as chemical biology tools.
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7.2 Design of Substrate Analogues 7.1-7.3 as Potential DprEl

Inhibitors

7.2.1 Design of the C2-Modfied Ribose Cores for Series 7.1-7.3

Figure 7.2 illustrates three ribose analogue scaffolds 7.1, 7.2 and 7.3, each of which
incorporates a structural modification at the C2-position designed to prevent the DprE1-
catalysed oxidation: methylated 7.1 contains a tertiary alcohol at the C2-position; the C2-
hydroxyl in 7.2 was replaced with a gem-difluoromethylene moiety; and acyclic 7.3 lacks
the C2-position entirely. An additional design consideration for these analogues concerned
the substrate phosphate group. Two active site lysine residues are thought to engage the

151

phosphate group of DPR.”" To maintain these putative interactions, retention of the
phosphate group or bioisosteric replacement with a phosphonate group was proposed
(phosphonates have successfully been employed as phosphate bioisosteres in medicinal
chemistry programmes®* and in licensed drugs*®). Whilst C2-methylated 7.1 retained a

phosphate group, 7.2 and 7.3 were substituted with phosphonate esters.

i i i
H O-P-OR F P-OR P—-OR
HO 3 HO HO
O- | O- | _ _\/O\/_l _
(0] o o
OH OH OHF
71 7.2 7.3

Figure 7.2. Design of three series of DprE1 substrate analogues 7.1-7.3 as potential inhibitors of DprE1.

7.2.2 Selection of Substituents for Series 7.1-7.3

The highly lipophilic decaprenyl chain of DPR is not readily available and represented a
synthetically challenging functionality to pursue. However, truncated-lipid analogues are

also recognised by DprE1: E-FPR (all-trans-farnesylphosphoryl-B-D-ribose) is regularly used
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as an oxidisable substrate surrogate in functional DprE1 enzyme assays,” and E-GGPR (all-
trans-geranylgeranylphosphoryl-B-D-ribose) has been developed for use in the GSK assays
(Sect. 4.1). As such, the designed ribose cores 7.1 and 7.2 were substituted with the prenyl
lipids farnesol, geranylgeraniol and pentaprenol (Fig. 7.3a). The all-trans and all-cis farnesyl
and geranylgeranyl analogues were targeted, as well as the all-cis pentaprenyl analogue, to
investigate the effect of prenyl length and geometric isomerism on analogue recognition. In
addition, to investigate the replacement of the lipophilic polyprenyl functionality, smaller,
less lipophilic and more drug-like substituents were selected for the functionalisation of
series 7.1-7.3 (Fig. 7.3b). To probe the effect of substituent choice, groups of varying length,
lipophilicity, topology and aromatic ring count were selected, ranging from isopentyl to

biphenyl.

(a) farnesyl, geranylgeranyl and pentaprenyl substituents (for series 7.1 and 7.2 only):

i
o- —
n n
n = 1 all-cis farnesyl n = 1 all-frans farnesyl
n = 2 all-cis geranylgeranyl n = 2 all-trans geranylgeranyl

n = 3 all-cis pentaprenyl

(b) small phosphate/ phosphonate substituents (for series 7.1-7.3):

(0]

~1 <00
o i

Figure 7.3. The proposed phosphate and phosphonate substituents for ribose series 7.1-7.3.

7.3 Synthesis of the 2-Methyl-1-Phosphoryl-B-D-Ribofuranoses 7.1

7.3.1 Synthetic Approaches Towards Ribosyl-1-Phosphates

Two main strategies for the synthesis of pentose-1-phosphates are prevalent in the
literature. The first and most common procedure is the glycosylation reaction between a

nucleophilic phosphate glycosyl acceptor (e.g. phosphate diester 7.5, Scheme 7.1a) and an
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electrophilic glycosyl donor, typically a glycosyl bromide or glycosyl trichloroacetimidate

156,157

(e.g. ribose 7.4, X = Br or OCNHCCI; respectively). Deprotection of the resulting
phosphate triester 7.6 reveals a site amenable to further functionalisation, providing access
to phosphate diester 7.7. Anomeric selectivity of such glycosylation reactions may be
achieved by selecting appropriate protecting groups. Maryanoff et al. demonstrated™® that
an a-bromo arabinose 7.8 protected with non-participating benzyl groups gave B-arabinose
7.10 on treatment with phosphate diester 7.9 (Scheme 7.1b). An analogous reaction with

2,3-di-O-acetyl derivative 7.11 gave the a-arabinose 7.12 by way of anchimeric assistance.

(a)

RO-P-OR' o deprotect, °
OH ionali
RO o 7.5 RO o O_|F||’_ . functionalise RO o O_%_OR
RORO X Base OROR OF OROR ©OH
7.4 7.6 7.7
b .
(b) via S\2:
N (0]
o BrO (PhCH,0),PO,” Et;NH* o BrO 0-P—oBn o B0
0- 7.9 w | fe) Nu
F‘?\ OBn FE\
Bo ' BnO Bo (B
7.8 7.10
via:
RO— AcO i) AgBF, RO— AcO
ﬁoV ﬁo:b 16 Q
1]
AcO Br II) (PhCHzO)zPOZ_ Et3NH+ AcO O_E’_OBH %
7.9 OBn
711 712 neighbouring group

participation

Scheme 7.1. (a) Generalised synthesis of a ribosyl-1-phosphate 7.7 by glycosylation of phosphate diester 7.5
with glycosyl donor 7.4 (X = Br or OCNHCCl;). (b) Anomeric selectivity of glycosylation reactions may be

achieved through judicious choice of protecting group for the C2-hydroxyl functionality.

The second strategy for the synthesis of pentose-1-phosphates is the phosphoramidite
approach developed by Lee et al. (Scheme 7.2)."° This method involves first the
condensation of an alcohol 7.13 with the phosphitilating reagent 2-cyanoethyl
N,N-diisopropylchlorophosphoramidite 7.14. Subsequent condensation between the
phosphoramidite intermediate 7.15 and a 2,3,5-O-silyl protected furanose (e.g. ribose 7.16)
in the presence of tetrazole, gives intermediate phosphite 7.17. This phosphite 7.17 can

then be oxidised to the corresponding phosphate with H,0,, prior to cleavage of the
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cyanoethyl protecting group under basic conditions to give the a-7.18 and B-7.18
phosphates. Notably, this methodology favours the formation of the anomer bearing the
1,2-trans configuration: the B-anomer is favoured for ribose sugars and the a-anomer is
favoured for arabinose sugars. The degree of selectivity appears to be dependent on both

the reaction temperature, and the sugar and alcohol coupling partners used.™®® Some

161,162

examples gave complete selectivity for the 1,2-trans epimer, whilst others provided

163

the 1,2-trans epimer as the major product™ after separation. It was suggested by Lee and

160

co-workers™" that, given glycosyl-phosphites are highly activated glycosyl donors under

164

mild conditions,™" the phosphite anomer bearing the 1,2-cis configuration may eliminate or

rearrange to give the 1,2-trans epimer as the major product.

RO R'>
0]
HO" R 7.13 o QP °
OROR RO =
DIPEA \rN\P/O\/\CN 716 O m0 N\
| CN
N\FI’/O N Ow tetrazole OROR
C 714 R 7.5 77
i) H20,
ii) KOH
obo
RO RO -
- 0 ('F? o/_R' + 2 o
RO RO I OROR
o-7.18 B-7.18
minor product major product
(1,2-cis epimer) (1,2-trans epimer)

Scheme 7.2. A general schematic for the synthesis of ribosyl-1-phosphates via the phosphoramidite approach

159

developed by Lee et al.” R = tert-butyldimethylsilyl (TBS).

Considering both synthetic strategies, it was concluded that the phosphoramidite
methodology was particularly suited to the synthesis of the 2-methyl-1-phosphoryl-B-D-
ribofuranoses 7.1, as the required 1,2-trans configured B-riboses could be accessed in
relatively few synthetic steps. An uncertainty arose however, as to whether the presence of
the C2-methyl group would interfere with the stereoselectivity of the reaction, perhaps
through steric encumberment. However, based on the rationale provided by Lee,'®
whereby the 1,2-cis configured phosphite intermediates 7.17 were unstable to elimination

or rearrangement, it was reasoned that the 1,2-trans configured B-riboses should still be
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the major products. In the event that the phosphoramidite methodology was not
successful, concurrent efforts to access the ribosyl-1-phosphates 7.1 via the glycosylation
approach were also pursued in the first instance. Retrosynthetic analyses for each of these

methodologies are presented in Scheme 7.3.

phosphoramidite 9 glycosylation
TBSO—, ™ approach Ho— Hs ' O-F~OR approach Bzo—
e e — o ) o e — o
TBSO OTBS OH OH Bz0 0°'
Bz
7.19 71 7.20

Scheme 7.3. Retrosynthetic analysis for 2-methyl-1-phosphoryl-B-D-ribofuranoses 7.1. Disconnection at the
anomeric position exploiting the phosphoramidite approach or the glycosylation approach yielded riboses 7.19

or 7.20 respectively.

7.3.2 Synthesis of Analogues 7.1a-j

The syntheses of the 2-methyl riboses 7.1 started with the conversion of D-glucose 7.21
into 2-methyl-D-ribono-1,4-lactone 7.23 via a reported procedure, as shown in Scheme
7.4i."%'% This multi-step reaction proceeded with an Amadori rearrangement of glucose
7.21 to give the Amadori ketose 7.22. Intermediate 7.22 was then treated with aqueous
calcium hydroxide to give, after acidic workup, the lactone 7.23 in 17% vyield. A plausible

pathway for this reaction is outlined in Scheme 7.4iii.**>*®

Notably, none of the threo-sugar
7.31 was formed. The per-silylated 7.24 was next obtained in 85% yield upon treatment of
lactone 7.23 with TBSOTf, 2,6-lutidine and catalytic DMAP (Scheme 7.4i). A low
temperature reduction of protected lactone 7.24 using DIBAL-H subsequently furnished the
anomeric mixture of lactols 7.19 required for the ensuing phosphoramidite coupling

reactions.

In efforts to access the ribosyl bromide 7.20 required for the alternative glycosylation
route, per-benzoylated lactone 7.25 was first synthesised from unprotected lactone 7.23
(Scheme 7.4ii). However, subsequent attempts to selectively reduce the lactone of 7.25 in
the presence of the benzoyl protecting groups failed to yield the desired mixture of lactols
7.26. Reaction of lactone 7.25 with Red-Al and di-sec-isoamyl borane gave complex
mixtures, DIBAL-H selectively cleaved the C5-protecting group to give dibenzoyl 7.27
(confirmed by COSY NMR; Scheme 7.4ii), and no reaction was observed upon treatment

with NaBH,. Due to these results, the glycosylation route was not pursued further.
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Scheme 7.4. (i) a) NHEt,, AcOH, EtOH, 80 °C. b) CaO, H,0, 70 °C. c) Amberlite IR 120 ion exchange resin H" form,
H,0, 40 °C, 17% yield over 3 steps. d) TBSOTf, 2,6-lutidine, DMAP, DMF, THF, 85%. e) DIBAL-H, -78 °C, toluene
65%. (ii) f) BzCl, pyridine, DCM, reflux, 43%. g) DIBAL-H, -78 °C, THF, 17%. (iii) A plausible reaction pathway
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(suggested by Fleet et al. ) for the base-catalysed formation of 7.32 from 7.22.

With tri-TBS protected lactol 7.19 in hand, the phosphoramidite-mediated installation of
the anomeric phosphate was next investigated, employing the selected alcohols as coupling
partners (Scheme 7.5; the trans-polyprenyl alcohol starting materials were commercially
available whilst the cis-polyprenols were synthesised for the project by GVKBio). After
chromatography, the protected intermediates 7.33a-j were subject to desilylation.
However, the use of ammonium fluoride (30 equivalents) in methanolic ammonium

hydroxide (5%) as routinely performed by Lee and co-workers was not reproducible when
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applied to C2-methylated riboses 7.33. Under these conditions, benzyl substituted 7.33b
was converted to mono-desilylated 7.34 (confirmed by COSY NMR) , after which no further
deprotection occurred. Alternatively, treatment of per-TBS intermediates 7.33a-j with TBAF
did effect the global deprotections. The target compounds 7.1a-j were afforded as the
ammonium salts in moderate yields over the two steps, after column chromatography and

cation exchange chromatography to remove persistent tetrabutylammonium salts.

COoSsYy
H3 HsC o (II:)I’ OR" ( " HsC o (IF? oB
TBSO R'O -P- H —-P-0Bn
|
WOH _ab) \YE‘P OH.NH _ 9, Hw OH.NH;
TBSO OTBS RO OR TBSO OTBS
7.19 7.33a-j, R'=TBS 7.34
C)|:
7.1a4,R'=H
71, R"=
a b c d e
25% 25% 33% 25% 43%
@ 24%
g% 25% h 26%
i 19% j 32%

Scheme 7.5. a) R”OH, DIPEA, 2-cyanoethyl N,N-diisopropylchlorophosphoramidite 7.14, DCM, then 7.19,
1H-tetrazole. b) H,0,, THF, then 5% KOH in MeOH. c) TBAF, THF. The overall yields over steps a) — c) are
indicated under the alcohol coupling partners. d) NH,F (30 equiv.), 15% NH,OH in MeOH, 55 °C, 60%. ° The cis-

polyprenyl alcohol starting materials were synthesised by GVKBio.

Whilst the phosphoramidite methodology gave final compounds 7.1a-j exclusively as single
anomers (>95% d.e.), stereochemical assignment was not trivial, as transient 1D NOE

experiments did not provide unequivocal evidence for the relative stereochemistry at the
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anomeric position. On irradiation of the C2-Me group of cinnamyl 7.1c, NOEs were
observed between the C2-Me and both the 1-H and 3-H protons, with relative integrations
of 0.5 and 1.0 respectively (Fig. 7.4a). Irradiating the anomeric 1-H of 7.1c, NOEs were

observed between 1-H and both the 3-H and 4-H protons, with relative integrations of 0.7

and 1.0 respectively (Fig. 7.4b).

(a)
0.5 1.0
—— —
- Lﬁl N /
— | (- / _“_-\ {
1-H 3-H .‘I ‘r
irradiation | |
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H |2 P Hgs !
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OH OH
// C2-Me
I EICI I 4|5 I 4IU QID I Clhemil:all Shift u!:pm]
1.0 0.7
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I," 1’-H 4-H 3-H
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, 0.7 . /1_//7
| HO H M OTR—0
| W o-
H'F  H«
| ‘ OH OH M, irradiation
I
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1-H 1.0
53 52 M 5 49 4.3 47 4.6 4.5 44 43 42 Chemical Shift (ppm)

Figure 7.4. Transient NOEs observed when a) C2-Me and b) 1-H of 7.1c were irradiated. Proton numbers are in

blue, relative integrations are in red. The NMR solvent was D,0; exchangeable protons were not observed.
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To aid with the stereochemical assignment at the anomeric position, computational

modelling was used to investigate the lowest energy conformations of the possible a- and

B- ribose products. To this end, models of simplified 1-phosphate-C2-methyl riboses a-7.35

147

and B-7.35 were generated using MOE

(performed by Sean Lynn; Fig. 7.5). The modelled

distances between the anomeric 1-H and both the 3-H and 4-H protons were noted (Table

7.1).

Figure 7.5. The lowest energy conformers of simplified 1-phosphate-C2-methylated riboses a-7.35 and -7.35 as

calculated in MOE (MMFF94x force field). The computed 1H-3H and 1H-4H distances (A) are shown in green

font.

Table 7.1a). Energy-minimised geometries for the a-7.35°

AE / Hartree 1H-3H distance / A 1H-4H distance / A
0.00 2.65 3.78
0.21 2.63 3.73
0.29 2.63 3.77

Table 7.1b). Energy-minimised geometries for the -7.35°

AE / Hartree H1-H3 distance / A H1-H4 distance / A
0.00 3.80 3.56
0.19 3.80 3.55
0.47 3.80 3.58

® Key: Energy minimisations for a-7.35 and B-7.35 were calculated in MOE (by Sean Lynn) using an MMFF94x

force field model. AE refers to the energy difference relative to the lowest energy conformer.
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The data in Tables 7.1a-b show that a-7.35 would expectedly have a short H1-H3 distance
(~2.65 A) and a considerably longer H1-H4 distance (~3.78 A), whereas the epimer B-7.35
would display similar H1-H3 and H1-H4 distances (~3.80 and 3.56 A). Therefore, on
irradiation of the anomeric proton, a much greater NOE enhancement of 3-H relative to 4-H
would be expected for the a-anomer. However, Figure 7.4b illustrates that the 3-H and 4-H
NOE enhancements are roughly equal for cinnamyl 7.1c (with relative integrals of 0.7 and
1.0), consistent with the modelled conformation of B-7.35. Due to the combination of this
result and the literature precedent for 1,2-trans selectivity, compounds 7.1la-j were
assigned as the desired B-anomers. The modelled dihedral angles about the H-C3-C4-H
bonds in both the a- and B-anomers were between -157.3° and -159.4°, which was
consistent with the observed coupling Jys.na of 8.3 Hz, adding extra confidence to the

models.

7.4 Synthesis of the 2,2-Difluororibophosphonates 7.2

7.4.1 Synthetic Approaches towards Ribosyl-1-Phosphonates

Three main strategies have been reported for the synthesis of pentose-1-phosphonates:
(i) an Arbuzov reaction with an appropriately halogenated pentose of desired anomeric
configuration 7.36'°"'®%; (ii) condensation of the lithium anion of a methylphosphonate
diester 7.39 with a lactone 7.38, followed by deoxygenation' or dehydration and
reduction'’®; and finally (iii) Horner-Wadsworth-Emmons reaction (HWE) between lactol

171,172

7.42 and a methylenebisphosphonate 7.44 (followed by an intramolecular trapping of
the resulting a,B-unsaturated phosphonate diester 7.45; Scheme 7.6a). The HWE approach
was selected on the basis that it facilitated rapid access to the targeted ribosyl-1-
phosphonates 7.2. HWE disconnection of 7.2 gave lactol 7.46, accessible from 7.47 (Scheme
7.6b), which is a commercially available synthesis intermediate of the cancer drug

gemcitabine (Scheme 7.6c).*”

133



| P(OR); P—OR'
_o _o L
i) RO/J A RO/JOR
7.36 7.37
?
R'O-P-OR' o
Il 1]
. P—OR' —OR'
Li” 7.39 o) ! &T/ID
e} Y = R' —_— R
i) Ro=—~ © RO —7§OH0 . RO O
7.38 7.40 7.41
g 9
(R'O);R_-P(OR), )
_0 H 7.44 &:/P\_OIR'
iii) Ro=—7""CH RO“e=—r=0 5 RO OR
ase
7.42 7.43 7.45
1]
o P-OR
RO OR'
H
7.41
(b)
F oL HWE 0 R"O F BzO i
HO /—IID—OR Il I O- “ O o)
V) o ——> (RORR_POR), O ——
Ho © 7.44 RO F BzO F
7.2 7.46 7.47
(© "
7 A¥
F F
BzO HO —
O- O B O O
BzO F HO F
7.47 Gemcitabine

Scheme 7.7. (a) Three approaches to the synthesis of glycosyl-1-phosphonates, via: i) an Arbuzov reaction,

ii) condensation between lactone 7.38 and lithium anion 7.39, iii) a HWE reaction. (b) Retrosynthetic analysis

for the 2,2-difluororibophosphonates 7.2 via the HWE approach gave commercial

lactone 7.47.

(c) Retrosynthesis target 7.47 is a commercially available synthesis intermediate of the cancer drug

. . 173
gemcitabine.
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7.4.2 Synthesis of Analogues 7.2a-f

A selective reduction of the commercially available ((2R,3R)-3-(benzoyloxy)-4,4-difluoro-5-

oxotetrahydrofuran-2-yl)methyl benzoate 7.47 using Red-Al at -78 °C afforded the anomeric

174

mixture of lactols 7.46 in 79% yield (Scheme 7.7).”"" The chemoselectivity for the lactone

originated from the di-fluoro substitution alpha to the carbonyl, and the enforced trans

175

orientation of the lactone " (Fig. 7.6), rendering this functionality much more electrophilic

than the benzoyl ester protecting groups present in 7.47.

(a) (b) (c)

BzO E F
O .
BzO F Ph m _R :

7.47 A\* |':

Figure 7.6. (a) The structure of 7.47. (b) The ester is stabilised both by donation of a lone pair on oxygen (blue)
into the C-O n* orbital (red) and by donation of the second lone pair on oxygen (orange) into the C-O o* orbital
(green). (c) Overlap of the 2" lone pair on oxygen with the C-O o* orbital is not possible in the lactone as the
ester functionality is constrained in a trans orientation. Additionally, the electron withdrawing fluorine

substituents on C2 engender further electrophilicity to the lactone carbonyl.

Subsequent  Horner-Wadsworth-Emmons  reaction between lactols 7.46 and
methylenebisphosphonate 7.48 furnished the phosphonates a-7.49 and -7.49 after chiral
chromatography in 23% and 30% yield respectively (Scheme 7.7). Anomeric configurations
were assigned using 2-dimensional NOE experiments (Appendix A2). NOE enhancements
between H-1 and H-3, and between the phosphonate CH, and H-4, were characteristic of
the a-phosphonate a-7.49 (Scheme 7.7). Selective phosphonate ester hydrolysis of p-7.49
with TMSBr then furnished the B-phosphonate di-acid 7.50 in 80% vyield. Facile microwave-
assisted one-pot reactions*’® between di-acid 7.50 and the selected alcohols subsequently
afforded the mono-esters 7.51a-f in 42-69% yields (of the poly prenyl analogues, only all-cis
geranylgeranyl 7.2f was synthesised for this template). Finally, selective benzoyl ester
hydrolysis under mild conditions (H,0/MeOH/Et;N, 5:2:1, 3 days) gave the

2,2-difluororibophosphonates 7.2a-f in moderate to good yields.
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Scheme 7.7. a) Red-Al, THF, -78 °C, 79%. b) 7.48, NaH, THF then 7.46. a-7.49 = 23%, B-7.49 = 30%. c) TMSBr,
MeCN, 80%. d) R”’OH, CI;CCN, pyr., 90 °C, u-wave irradiation. e) MeOH, H,0, NEt; 5:2:1, 3 days. Yields for steps
d) and e) are shown below the alcohol coupling partners. ? The cis-polyprenyl alcohol starting material was

synthesised by GVKBio. ® Yield over 2 steps from 7.50.

7.5 Synthesis of the Acyclic Sugar-Phosphonates 7.3

Many syntheses of phosphonate-substituted polyethylene glycols 7.53 have been reported

in the literature, widely adopting an Arbuzov reaction of readily accessible iodinated

precursors 7.52 as the key transformation (Scheme 7.8).777%

0}
n n

7.52 7.53

Scheme 7.8. Generalised synthetic strategy for the generation of phosphonate-substituted polyethylene glycols

that is widely adopted in the literature. PG = protecting group.
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To exploit this methodology, synthesis of the designed acyclic sugar phosphonates 7.3
initiated with the mono-benzoylation of oxydiethanol 7.54, followed by iodination of the
remaining unprotected alcohol'”® to afford iodide 7.56 (Scheme 7.9). An Arbuzov reaction
between iodide 7.56 and triethyl phosphite then gave phosphonate diester 7.57 in 95%
yield. Subsequent treatment of 7.57 with TMSBr selectively hydrolysed the phosphonate
esters to afford the di-acid 7.58 in quantitative yield. Employing the same microwave
assisted phosphonate mono-ester synthesis as reported above,’”® cinnamyl alcohol was
coupled with di-acid 7.58 to give product 7.59 in 51% yield. Only the cinnamyl analogue
7.3a was synthesised for this series as emerging SAR indicated this scaffold would not likely
yield active analogues (vide infra). To complete the synthesis, selective deprotection of the
benzoate ester was achieved under mild conditions (H,O/MeOH/Et;N, 5:2:1, 3 days),

affording acyclic sugar phosphonate 7.3a in 50% yield.

o)
b) C) 1l
oH 7 I 7 P-OEt
RO\ o/~ B20\ o/ BZO_\/O\/_(')Et
754 R=H 7.56 7.57
a) E
7.55,R=Bz
d)
/ < >
ﬁ—o &) E—OH
RO o/ =m0 o /T
7.59, R=Bz 7.58
) [
7.3a,R=H

Scheme 7.9. a) BzCl, pyr., DCM, 70%. b) PPh;, imidazole, I,, DCM, 75%. c) P(OEt);, 120 °C, 95%. d) TMSBr, MeCN,
100%. ) cinnamyl alcohol, CI;CCN, pyr., 90 °C, pwave irradiation, 51%. f) MeOH, H,0, NEt; 5:2:1, 3 days, 50%.

7.6 Evaluation of the Substrate Analogues 7.1-7.3 as Inhibitors of
DprEl

Upon completion of the syntheses of the proposed substrate analogues, these compounds
were tested for activity against DprEl in the fluorescence biochemical assay at high

concentration (1 mM, unless otherwise stated in Table 7.2). The potency data for 7.1-7.3

are reported in Table 7.2.
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Table 7.2. Potency data for the substrate analogues 7.1-7.3.

o)
1l I}
HsC 0-P-OR F —P-OR P-OR
HO 3 HO HO
. | |
° OH.NH;4 0 OH _\/O\/—OH
OH OH OHF
7.1 7.2 7.3
Ribose
Analogue R ICsp [ICs0] *
Template g pICso [1Cs0]

7.1 a %\)\
71 b jkx@

7.1

7.1 d %/——(/O\/©
7.1 e )

RN
ng

7.1 fe N\ o
7.1 g = — — —
7.1 h o [ =
7.1 i SN
7.1 j o\ (=

<3.0

<3.0

<3.3°

<3.0

<3.0

3.6 [251 pM]

3.6 [251 uM] ¢

<3.3°¢

<3.0

<3.0

Table continued overleaf.
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Table 7.2 continued from overleaf.

Ribose
Template

7.2 a ;&\)\ 4.0 [100 uM]

7.2 b lﬁ@ 3.2 [631 uM] ®
7.2 c }L‘V/\Q 4.2 [63 uM]

7.2 d “77(/(;© 3.5[316 uM] °
7.2 e % 4.2 [63 uM] ®

7.2 fe N\ 3.8 [158 puM]

7.3 a }L:\/\O <3.0

® Activities measured in the DprE1 fluorescence assay. ® On 1 test occasion out of 8 a curve was fitted (pICsp =

Analogue R PICso [1Cs0]°

3.2). © Compound screened at 0.5 mM. d Compound tested as plCsy < 4 in 2 out of 2 test occasions when

screened at 0.1 mM. © On 1 test occasion out of 6 a curve was fitted (plCsy = 3.5).

Of the C2-methylated ribose analogues 7.1, all the compounds bearing the smaller,
non-isoprenyl substituents 7.1a-e were inactive against DprE1l. Furthermore, the farnesyl
analogues 7.1i and 7.1j and the trans-configured geranylgeranyl 7.1h also showed no
quantifiable activity. The longer cis-configured polyprenyl analogues geranylgeranyl 7.1g
and pentaprenyl 7.1f however, were active at DprE1l with high micromolar I1Cs, values
(251 uM). Conversely, all of the synthesised 2,2-difluororibophosphonates 7.2 exhibited
measurable DprE1 inhibitory activity. Cinnamyl 7.2c and biphenyl 7.2e were the most
potent analogues in this series (IC5o = 63 uM), and were approximately twofold more active
than the geranylgeranyl analogue 7.2f (ICs, = 158 uM). Finally, cinnamyl substituted acyclic

derivative 7.3a did not show any activity at DprE1.
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The above data revealed that the 2,2-difluororibophosphonate scaffold 7.2 showed greater
inhibitory potential than the C2-methylated riboses 7.1 and acyclic derivative 7.3a, as all
analogues in this series 7.2a-f showed quantifiable activity against DprEl. Whilst it is
difficult to rationalise this observation in the absence of a DprE1 crystal structure liganded
with substrate or a substrate analogue, it is known that polyfluorinated sugar analogues
tend to bind to their target with greater affinity than their hydroxylated analogues.180 This
effect is due to contributions from hydrophobic desolvation of the more lipophilic
fluorinated congeners,*®! and the potential to form dipolar interactions mediated by the C-F
bonds.™®* Furthermore, the CF, group will likely influence the solution-phase conformation

183,184

of riboses 7.2 via the fluorine gauche effect, which may improve shape

complimentarily with the protein thus enhancing activity.

The potency data for the C2-methylated riboses 7.1 indicated that for this series, DprE1
activity was only achieved when the ribose motif was substituted with prenyl functionality
of sufficient length: the farnesyl analogues 7.1i and 7.1j were inactive whilst the longer cis-
configured analogues geranylgeranyl 7.1g and pentaprenyl 7.1f were active. This suggested
that for the C2-methylated riboses 7.1, activity was not derived from directional polar
interactions associated with contact between the ribose motif and DprE1, but rather from
lipophilic contact between the ribose substituent and the protein. This order of activity was
not observed for the 2,2-difluororibophosphonates 7.2 however: shorter analogues
cinnamyl 7.2c and biphenyl 7.2e were two-fold more potent than geranylgeranyl 7.2f,

perhaps indicating a different binding mode for this series.

In summary, the data presented herein show that substrate analogues can act as DprEl

inhibitors, albeit with rather weak potency.
7.7 DprE1 Substrate Analogues as Tools for Chemical Biology

It was envisioned that the prenyl-substituted substrate-analogues 7.1g-j could have utility

as investigative chemical biology tools. With these tools, we wanted to:

i) Explore the effect in other assays of prenyl substituent length and geometric
isomerism on the binding of the 2-methyl-1-phosphoryl-B-D-ribofuranoses 7.1;

ii) Further probe the binding requirements of small molecule DprE1 inhibitors.
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7.7.1 Thermal Shift Experiments Show that Binding of Substrate Analogues

7.1g-j Correlates with Prenyl Substituent Length and Geometric Isomerism

A ThermoFAD'® assay was developed (by Peter Francis at GSK) to investigate the effect of
prenyl substituent length and geometric isomerism on the binding of substrate analogues
7.1g-j. A ThermoFAD assay is a biophysical thermal shift experiment that monitors the
increase in fluorescence signal of a flavoprotein’s cofactor during thermal denaturation,
allowing measurement of the thermal melt temperature (T,,; Fig. 7.7 illustrates a schematic

representation of ThermoFAD).'®®

Ligands that have affinity for the protein may cause a
stabilising or destabilising effect upon binding to the protein, leading to an increase or
decrease in melt temperature respectively. Consequently, thermal shift assays have been

used to screen libraries of potential ligands for drug targets.'®

m Temperature ‘ ;

ramping
— L4 N@
/

v <

_ Unfolded
Flavoprotein flavoprotein

185

Figure 7.7. Schematic for a ThermoFAD thermal shift experiment.” FAD fluorescence is quenched by the

protein environment when the flavoprotein is folded; FAD fluorescence increases as the protein unfolds."®

The DprE1 T, shift assay was performed (by Peter Francis at GSK) using three protocols:

a) addition of each compound 7.1g-j only to DprE1;

b) pre-incubation of DprEl with oxidisable substrate surrogate E-GGPR (all-trans-
geranylgeranylphosphoryl-B-D-ribose), followed by addition of each compound
7.1g-j;

c) pre-incubation of DprEl with each compound 7.1g-j, followed by addition of

substrate surrogate E-GGPR.

Table 7.3 displays the results.
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Table 7.3. DprE1 thermal shift data for compounds 7.1g-j. The T, shift experiments were performed by Peter

Francis. Values in red indicate a significant shift from the T, of the native DprE1 protein.

Tm (°C) AT, (°C)
Native DprE1 43.25 -
DprE1 + E-GGPR 42.99 -0.26
o Experiment protocol
HO Hs O—Ilzll’—OR
OH.NH;3 a) b) C)
OH OH
R= AT,, (°C) AT,, (°C) AT,, (°C)
7.1g 5NNV NV -3.24 -6.60 -6.71
7.1h A = -0.75 -3.01 -4.40
7.1i NN 0.01 -0.73 -0.67
7.1j L _ -0.35 -0.38 -0.68

The T,, shift data in Table 7.2 show that the presence of oxidisable E-GGPR caused no
significant change to the DprE1 thermal melt temperature (AT, = -0.26 °C). Non-oxidisable
C2-methyl geranylgeranyl 7.1g and 7.1h however, did cause a significant decrease in T,,
(indicating a destabilising effect on binding), where all-cis 7.1g caused a greater
perturbation. Notably, the magnitude of these shifts was greater in the presence of GGPR.
Conversely, the shorter farnesyl analogues 7.1i and 7.1j had no significant effect on the
DprE1 melt temperature. These results indicated that both prenyl substituent length and
geometric isomerism were important factors in the binding of the 2-methyl-1-phosphoryl-
B-D-ribofuranoses 7.1, suggesting that longer, cis-configured prenyl substitution was
favourable. This result mirrored the inhibitory activity data for this series 7.1 (Table 7.2):
the only analogues that showed measurable activity at DprEl were the cis-configured
geranylgeranyl 7.1g and pentaprenyl 7.1f, whilst trans-geranylgeranyl 7.1h and the shorter-

chain analogues were inactive.

This outcome should be compared to a more recent kinetics analysis investigating the rate

of catalytic turnover for oxidisable DprE1 substrates with varied polyprenyl substituents
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(this experiment was developed and run by Argyrides Argyrou at GSK; Fig. 7.8a illustrates
the assay biochemistry). The data (Fig. 7.8b) show that the initial reaction velocity increased
as the prenyl substituent was lengthened, and the cis-configured Z-GGPR provided a further
enhancement in rate over the trans-configured E-GGPR (in all cases an inhibitory effect was
observed at higher concentrations, dependant on isoprenyl substitution length). It was
logical to equate the increased velocity with enhanced recognition and binding; these
results therefore corroborated the T,, shift assay data, confirming a preference for longer,

cis-configured prenyl substituents.

o) o)
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n =2, E-GGPR n=2,7Z-GGPR
n =3, Z-PPPR
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Figure 7.8. (a) The enzymatic assay used to investigate the turnover of the oxidisable substrate analogues. The
increase in fluorescence signal of resorufin was proportional to substrate turnover rate (cf. the DprE1 primary
screening assay; Sect. 4.1). This assay was developed and performed by Argyrides Argyrou at GSK. The
oxidisable substrates were synthesised by Ben Whitehurst (data not included) and Monica Cacho-lzquierdo at

GSK. (b) Plot of rate (AFU min'l) versus substrate concentration. AFU = arbitrary fluorescence units.
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The observations from the T,, shift assay and kinetics experiments could be explained by
two theories. Physiologically, DPR is embedded in the cell membrane.*? Analogues bearing
a longer prenyl substituent may better incorporate into the detergent micelles present
under the various assay conditions, presenting the ribose head to the enzyme in a manner
more similar to the physiological scenario. Alternatively, it could be that a longer, cis-
configured prenyl substituent is required to position the ribose motif a sufficient depth into
the active site to correctly align the sugar at the ribose binding site. These theories
however, and the importance of prenyl substitution length, remain speculative as the
2,2-difluororibophosphonate analogue 7.2f bearing the cis-geranylgeranyl substituent was

less potent than the shorter cinnamyl and biphenyl derivatives, 7.2c and 7.2e (Table 7.2).

The kinetics data in Fig. 7.8b also suggested a third theory pertaining to the binding of
substrate analogues. At high concentrations, the oxidisable analogues were themselves
inhibitory, suggesting that these substrates could bind in a non-productive manner (e.g. as
illustrated in Fig. 7.9). This may suggest therefore, that the substrate analogues designed as
inhibitors of DprE1 show inhibitory activity through non-specific binding interactions, rather

than through directional contact with the hydrophilic ribose core.

(a) (b)
lipophilic contact non-productive, inhibitory
ribose binding with prenyl group binding mode
site
\\ \/\/
|c|) \
HO 0--0
O o-
OH OH n
\—/\/

Figure 7.9. (a) A productive binding mode of an oxidisable DprE1 substrate in which the ribose occupies the
ribose binding site (indicated with dashed lines). (b) A non-productive binding mode, in which the prenyl group

occupies the ribose binding site.

7.7.2 Substrate Turnover is Not a Binding Pre-requisite for Small Molecule

Inhibitors that Bind to DprE1 Only in the Presence of Oxidisable Substrate

During the course of the work to identify small molecule DprE1 inhibitors, it was discovered

that some compounds only bound to DprE1 in the presence of oxidisable substrate, and not

118

in its absence.”™ This raised the question of whether oxidative turnover of the substrate
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was necessary for the binding of these DprEl inhibitors. By analogy, it was recently
reported that the binding affinity of a novel M.tb enoyl-acyl carrier protein reductase (InhA)
inhibitor was highly dependent on the oxidation state of the NAD cofactor. Isothermal
titration calorimetry showed the inhibitor interacted only weakly with the NAD"-bound
form of InhA (9.3 uM), but was a tight-binding inhibitor of the NADH-bound form
(13.7 nm).**¥

One such DprEl inhibitor that bound only in the presence of oxidisable substrate was
thiadiazole 7.60 (Fig. 7.10). Compound 7.60 caused a dose-dependent quenching of the
FAD cofactor fluorescence'® in the presence of oxidisable E-FPR (Fig. 7.10, purple
triangles), suggesting inhibitor binding. In the absence of E-FPR however, no FAD quenching
was observed, suggesting 7.60 did not bind under these conditions (Fig. 7.10, red circles).
When E-FPR was replaced with non-oxidisable substrates 7.1g, 7.1h or 7.1j however,
qguenching of the FAD fluorescence was again observed (Fig. 7.10; this effect was not

observed in the presence of cis-farnesyl 7.1i).
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Figure 7.10. A dose-dependent fluorescence quench was observed on binding of 7.60 to DprE1 in the presence
of E-FPR. No such fluorescence quench was observed in the absence of substrate or substrate analogue;
fluorescence quenching was observed however in the presence of 7.1g, 7.1h and 7.1j. The assay118 was

developed by Jon Hutchinson and the experiments were performed by Christopher Stubbs at GSK.
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These results suggested that catalytic turnover is not a pre-requisite to the binding of DprE1
inhibitors that had only demonstrated binding in the presence of substrate, rather it is
merely the presence of the substrate that is necessary. This perhaps indicates an
equilibrium process, whereby the substrate must first provide access to the active site via
disordering of the proximal flexible loops (Sect. 3.3) before the inhibitor 7.60 is able to bind
to DprE1. Notably, the HTS hit GSK’896 described in Chapter 6 only bound to DprE1 in the

presence of substrate (E-FPR).
7.8 Conclusions

This chapter reported the rational design and synthesis of potential DprE1 inhibitors based
on the substrate of the enzyme: the 2-methyl-1-phosphoryl-B-D-ribofuranoses 7.1, the 2,2-
difluororibophosphonates 7.2, and the acyclic ribose 7.3a. Both series 7.1 and 7.2 yielded
active DprE1l inhibitors. Notably, the 2,2-difluororibophosphonate scaffold 7.2 afforded
modestly potent analogues cinnamyl 7.2c and biphenyl 7.2e, which both displayed

micromolar activity (1Cso = 63 uM; Fig. 7.11).

2 i
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ICSO =63 HM ICSO =63 },LM

Figure 7.11. DprE1 substrate analogues 7.2c and 7.2e showed the most potent DprE1 inhibitory activity.

The 2-methyl-1-phosphoryl-B-D-ribofuranoses 7.1 were used as tool compounds in
chemical biology experiments. T, shift experiments revealed that the binding of the
C2-methylated analogues 7.1 was enhanced when the ribose motif was functionalised with
longer, cis-configured prenyl functionality, providing rationale as to why the shorter
substrate analogues 7.1a-e did not exhibit activity against DprE1. The importance of prenyl
substitution length and isomerism was also highlighted in experiments investigating the

kinetics of oxidisable substrate turnover.

The polyprenyl substituted analogues of C2-methylated 7.1g-j were also employed to probe

the binding interactions of small molecule DprEl inhibitors. These experiments revealed
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that oxidative turnover of the substrate was not a pre-requisite to the binding of DprE1l
inhibitors that only bound in the presence of substrate. This result suggested it was merely
the presence of substrate that was required for inhibitor binding, probably to facilitate
access to a particular protein conformer in which the flexible loops were disordered,

providing the inhibitor access to the active site.
7.9 Future Work

No resolved crystal structure of DprE1 liganded with substrate is currently available. This
structural information would be highly beneficial to the understanding of the enzyme
mechanism and biochemistry, and would aid future DprE1l drug discovery efforts. In
particular, a crystal structure of DprEl liganded with substrate could help clarify why
certain DprE1 inhibitors require the presence of a substrate analogue to bind to the
enzyme. The 2-methyl-1-phosphoryl-B-D-ribofuranoses 7.1f-h and
2,2-difluororibophosphonates 7.2a-f which showed modest activity at DprE1l represent
potential non-oxidisable tools with which to attempt co-crystallisation studies. Whilst
efforts to co-crystallise these analogues have been attempted unsuccessfully with M.tb
DprE1, our laboratory has recently started experimenting with other DprE1 constructs, such
as the M.Smeg ortholog, which may facilitate successful crystallography. Efforts to generate

crystals of DprE1 liganded with substrate analogues 7.1 and 7.2 are thus ongoing.

Work recently reported by Vincent and colleagues suggested another possible substrate

%0 They reported that a tetra-fluoro

analogue to investigate as a DprE1l inhibitor.
UDP-galactofuranose analogue 7.61 showed significantly higher affinity for the bacterial
enzyme UDP-galactopyranose mutase (UGM) than the natural hydroxylated substrate
UDP-galactofuranose (UDP-Galf; Fig. 7.12)."* Whilst the origin of this binding phenomenon
was unclear, the authors attributed the heightened affinity to the replacement of two
adjacent galactofuranose hydroxymethylene groups for two CF, groups. As the
2,2-difluororibophosphonate scaffold 7.2 showed the greatest DprE1 inhibitory potential of
the three designed DprE1 substrate analogues 7.1-7.3, it would be interesting to study the
inhibitory potential of a tetrafluorinated analogue 7.62. Moreover, this would facilitate an

investigation into whether the benefit of glycosyl hydroxyl replacement with CF, groups

was additive.
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Figure 7.12. (a) UDP-galactopyranose mutase (UGM) catalyses the interconversion between UDP-Galp (UDP-

galactopyranose) and UDP-Galf (UDP-galactofuranose). (b) Tetrafluorinated UDP-Galf 7.61 had a significantly

greater affinity for UGM than the natural substrate UDP-Galf. (c) Tetrafluorinated DprE1l substrate analogue

7.62 may be a better DprE1 inhibitor than difluoro-7.2.
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8. N-Acetylglucosamine-1-Phosphate

Uridyltransferase

Mycobacterium tuberculosis N-acetylglucosamine-1-phosphate uridyltransferase (M.tb
GImU) has recently been identified as a potential drug target for the development of
antitubercular medicines with a novel mode of action. GImU is a bifunctional enzyme
involved in the synthesis of an important biosynthetic intermediate required for cell wall
peptidoglycan biosynthesis (uridine diphosphate N-acetylglucosamine, UDP-GIcNAc),"®® and

is essential for optimal mycobacterial growth. %

8.1 Structure and Biosynthesis of Peptidoglycan

Peptidoglycan (PG) is a heavily cross-linked polymer that is found almost ubiquitously
amongst bacteria. The primary function of PG is to rigidify the bacterial cell to withstand
osmotic pressure from within, whilst providing a scaffold upon which other structures are

191

supported (Sect. 1.3).” PG is essential for mycobacterial cell viability: lack of peptidoglycan

results in cell swelling and rupture.’®

The structure of M.tb PG is similar to that of other bacteria, comprising cross-linked chains
of alternating B-(1,4) linked N-acetylglucosamine residues (GIcNAc) and modified muramic
acid residues (Fig. 8.1a).”* The muramic acid residues are typically N-acetylated
(N-acetylmuramic acid; MurNAc); however, uniquely in mycobacteria they may instead be
N-acetylated with glycolic acid'®® (N-glycolylmuramic acid; MurNGlyc). The muramic acid
residues are further modified via functionalisation with a short peptide chain. In nascent
PG, the peptide is most commonly L-alanyl-y-D-glutamyl-(meso)diaminopimelyl-D-alanyl-
D-alanine (Fig. 8b), but one or both of the terminal alanine residues may be lost in mature
PG." Peptidic bonds between either two (meso)diaminopimelic acid (DAP) residues, or
between a D-alanine residue and a DAP residue form the cross-linkages between different
PG strands.”® Finally, the €6 hydroxyl group of some of the muramic acid residues are
linked to arabinogalactan (AG) via a phosphodiester bond and a rhamnose-

N-acetylglucosamine linker'®* (Fig. 3.1; Sect. 3.1).
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Figure 8.1. (a) The structure of a representative monomer of mycobacterial peptidoglycan (prior to peptide
trimming). R; = H or phosphodiester rhamnose-N-acetylglucosamine linkage to arabinogalactan; R, = H
(MurNAc) or OH (MurNGlyc). (b) The structure of the pentapeptide chain (prior to peptide trimming). R; = H, or
cross-linked to the penultimate D-Ala or the D-centre of another DAP residue. In mature PG, one or both of the

terminal D-Ala residues will be absent. DAP = (meso)diaminopimelic acid.

The genes responsible for the synthesis of PG in M.tb are arranged very similarly to those of
other bacteria.”®® It is expected therefore, that mycobacterial biosynthesis of PG will be

d.*" In the first committed

similar to that of bacterial PG, which has been well-characterise
steps of PG biosynthesis, uridine diphosphate N-acetylglucosamine (UDP-GIcNAc) is
converted to uridine diphosphate N-acetylmuramic acid (UDP-MurNAc) by the consecutive
actions of transferase MurA and reductase MurB (Fig. 8.2, step 1). The UDP-MurNAc
pentapeptide is then generated through the sequential addition of amino acid residues
onto the lactoyl group of UDP-MurNAc, catalysed by a series of synthetase enzymes (MurC,
MurD, MurE and MurF; Fig. 8.2, step 2). Translocase MraY then catalyses the transfer of the
phosphoMurNac pentapeptide moiety of UDP-MurNAc pentapeptide to a membrane-
bound lipid carrier (decaprenyl phosphate in M.th**®) to yield Lipid | (Fig. 8.2, step 3). Lipid Il
is subsequently generated by the addition of a unit of GIcNAc (from UDP-GIcNAc), catalysed
by the transferase MurG (Fig. 8.2, step 4). An as yet unidentified “flippase” is then believed
to transport Lipid Il from the cytoplasmic face of the cell membrane to the periplasmic face
(Fig. 8.2, step 5). Transglycosylation then occurs through the transfer of the disaccharide
pentapeptide to a growing PG chain with the loss of the polyprenyl lipid carrier (Fig. 8.2,
step 6). Finally, transpeptidation reactions catalysed by a variety of penicillin-binding
proteins (PBPs) form the cross-linkages between separate glycan strands generating cross-

linked PG (Fig. 8.2, step 7).
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Figure 8.2. The biosynthesis of peptidoglycan. 1. MurA, MurB. 2. MurC, MurD, MurE, MurF. 3. MraY. 4. MurG.
5. “Flippase”. 6. Transglycosylation. 7. Transpeptidation. Drugs known to inhibit at specific points of PG
synthesis are indicated. UMP = uridine monophosphate.

8.2 Drugs Targeting Peptidoglycan Biosynthesis

Figure 8.2 highlights that the bacterial peptidoglycan biosynthesis machinery is a rich
source of potential drug targets. Indeed, several antibiotics are known to act as inhibitors of
bacterial PG metabolism, including fosfomycin, cycloserine, caprazamycins, vancomycin,
and B-lactam antibiotics (indicated in Fig. 8.2). Of these drugs however, only second-line
cycloserine is regularly used to treat TB (Sect. 1.3). Fosfomycin (Fig. 8.3) is a broad spectrum
epoxide-containing antibiotic that covalently inhibits bacterial MurA via alkylation of an
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active site cysteine.” In mycobacteria however, this cysteine is replaced with an aspartic

200

acid residue, so M.tb is inherently resistant to fosfomycin.” B-lactam antibiotics such as

151



the penicillins prevent bacterial PG biosynthesis by inhibiting peptidoglycan transpeptidases

(penicillin binding proteins),*

and have been incredibly successful as treatments for many
different bacterial infections. Penicillins are also ineffective against M.tb however, as
mycobacteria express an extremely broad spectrum B-lactamase that hydrolyses the -

202,203

lactam ring, rendering these antibiotics inactive. However, recent reports indicate that

20% (B-lactam antibiotics less susceptible to B-lactamase activity) impart

certain carbapenems
an enhanced curative effect against MDR-TB in humans when administered with the
B-lactamase inhibitor clavulanate, as part of a combination therapy with other TB

205

medicines™ (e.g. meropenem; Fig. 8.3). Finally, the recently discovered caprazamycins also

show potential promise as novel TB drugs, acting through inhibition of MraY (Fig. 8.3).2%
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Figure 8.3. Drugs and combination therapies that target peptidoglycan biosynthesis. Fosfomycin is ineffective
against M.tb, but meropenem (in combination with B-lactamase inhibitor clavulanate) and caprazamycin B have

potential as treatments for TB.

8.3 GImU Catalyses the Formation of UDP-GIcNAc

GImU is required for the synthesis of UDP-GIcNAc, the activated nucleotide sugar feedstock
for PG biosynthesis (Fig. 8.2). It has been shown that the gimU gene is essential for the
survival of M.tb,"® and importantly, no human homologue exists. As such, M.tb GImU has
recently emerged as a potential new target for the treatment of TB. GImU is conserved in
both Gram-positive and Gram-negative bacteria; whilst some published research has
focussed on targeting bacterial GImU (e.g. E.coli, S.pneumoniae and H.influenzae), relatively

little is known about the mycobacterial ortholog.

GImU is a bifunctional acetyltransferase/uridyltransferase that catalyses the final two steps
in the biosynthesis of UDP-GIcNAc (Scheme 8.1).*® In the first step, GImU catalyses the

transfer of the acetyl group of acetyl coenzyme A (AcCoA) onto the amine of glucosamine-
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1-phosphate (GIcN-1-P) to give N-acetylglucosamine-1-phosphate (GIcNAc-1-P). In the
second step, GImU catalyses the uridylation reaction between the newly formed

GlcNAc-1-P and uridine triphosphate (UTP) to give UDP-GIcNAc.

OH H : i
0
o AcCoA, GImU |~ 4 UTP, GImU chgﬁ o . fLNH
o3 o HO o} HN S_p_o_p *
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CoA-SH PPi OH OH

GIcN-1-P GIlcNAc-1-P UDP-GIcNAc

Scheme 8.1. GImU is a bifunctional enzyme that catalyses the conversion of GlcN-1-P into UDP-GIcNAc. AcCoA =

acetyl coenzyme A. UTP = uridine triphosphate. PP; = pyrophosphate.

Structurally, GImU is folded into two distinct domains that are each responsible for one of

188

the two catalytic activities (Fig. 8.4)." The C-terminal domain catalyses the acetylation of

GIcN-1-P, whilst the N-terminal domain catalyses the uridylation of GIcNAc-1-P. It is

believed that after formation in the C-terminal domain, the acetyltransferase product

207

GIcNAc-1-P freely diffuses to the N-terminal uridyltransferase domain.”" GImU is trimeric in

208

solution, which represents the biologically functional form of the enzyme;”™ three

acetyltransferase active sites are formed upon the association of the GImU monomers.*®’

UDP-GIcNAc

Acetyltransferase Uridyltransferase
domain domain

Figure 8.4. The structure of monomeric M.tb GImU in complex with coenzyme A (CoA), GIcN-1-P and UDP-

GIcNAc. The structure is coloured to indicate the acetyltransferase (red) and uridyltransferase (blue) domains.””’

153



8.3.1 Structural Basis for M.tb GImU Acetyltransferase activity

Site directed mutagenesis experiments by Prakash and co-workers revealed that the

catalytic residues involved in the acetyltransferase reaction are the histidine residue His*’,

7 391 207

asparagine Asn*’’ and alanine Ala*'.>’ The authors proposed that whilst His*"* likely

7

deprotonates the amine of GIcN-1-P, Asn®**’ enhances the nucleophilicity of the sugar

391

substrate through a hydrogen bonding interaction, and the Ala®" stabilises the resultant

charge on the coenzyme acetyl group (Fig. 8.5).
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Figure 8.5. Schematic for the M.tb GImU-catalysed acetyltransferase reaction, as proposed by Prakash et al®

The catalytic residues and their likely roles are indicated.

A crystal structure of M.tb GImU bound to AcCoA showed that the coenzyme binds at the
interface between two GImU chains of the trimer, and is further stabilised by contacts with
residues from the third monomer.””” Interestingly, the AcCoA substrate adopts an unusual
“U” conformation unique to M.tb, as opposed to the “L” conformation commonly observed
in other bacterial orthologs of GImU?” (Fig. 8.6). The authors identified four residues that
likely stabilised the unusual “U” conformation: Ala®!, Arg*®, 11e”’ and Arg**. A tetra-
mutant modified at these residues displayed a marked reduction in acetyltransferase
activity, highlighting the importance of this nuanced cofactor binding mode in M.tb GImU.
This structural information may be useful for developing GImU acetyltransferase inhibitors

that are specific to M.tb.
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Figure 8.6. (a) The structure of AcCoA bound to E.coli GImU displays the common “L” conformation. (b) The
structure of AcCoA bound to M.tb GImU revealed an uncommon “U” conformation, unique to M.tb (Figures
reproduced from J. Biol. Chem. 2012, 287 (47), 39524- 39537, with permission from the American Society for

Biochemistry and Molecular Biology). (c) The chemical structure of AcCoA.

8.3.2 Structural Basis for M.tb GImU Uridyltransferase activity

Another crystal structure reported by Prakash et al. has shed light on the mechanism of the
M.tb GlmU-catalysed uridylation of GIcNAc-1-P.*”® The structure shows GImU bound to the
two uridyltransferase products, UDP-GIcNAc and pyrophosphate (PP;), and suggested the
presence of two metal ions in the active site. Importantly, this identified that the reaction is
mediated by two Mg** ions, and not one as was described previously.'® This crystal
structure was used to model the substrates GIcNAc-1-P and UTP into the GImU
uridyltransferase active site (Fig. 8.7), in which the location of the two Mg”" ions were
suggestive of particular roles. The first magnesium ion (Mg>*s) is believed to enhance the
binding of GIcNAc-1-P through a coordination interaction, whilst orientating the
nucleophilic phosphate group for attack of UTP. The authors suggested that the second
magnesium ion (Mg”*s) activates UTP towards nucleophilic attack by holding the substrate
in a strained orientation, and stabilises the transition state by neutralizing the developing

negative charge.
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(a) (b)

GlcNAc-1-P

Figure 8.7. (a) Uridyltransferase substrates GIcNAc-1-P and UTP modelled in the GImU active site by Prakash et

209

al.”” Figure reproduced from J. Mol. Biol. 2013, 425 (10), 1745-1759, with permission from Elsevier. (b) Two-

dimensional representation of the uridyltransferase substrates bound in the GImU active site. The blue spheres

represent Mg”" ions.
8.3.3 Reported Inhibitors of Bacterial and M.tb GImU

Several small molecule inhibitors of bacterial GImU orthologues have recently been

210,211 212,213

reported, which target either the acetyltransferase or uridyltransferase activity of
the enzyme. Furthermore, Buurman and co-workers reported that inhibition of the of
H.influenzae GImU acetyltransferase functionality prevented incorporation of radiolabeled
N-acetylglucosamine into bacterial macromolecules.?™ This result was consistent with the
inhibition of a key step in UDP-GIcNAc synthesis, thus validating GImU as an antimicrobial

target in vitro for the first time.

21 Fluoro-

The first M.tb GImU acetyltransferase inhibitor was reported by Li et al. in 2011.
sugar 8.1 had a weak ICs; of 13 mM (Fig. 8.8). Tran et al. later reported the first
uridyltransferase inhibitors of M.tb GImU in 2013.”® The authors noted that the

216 \was weakly active at M.tb GImU, and

AstraZeneca H.influenzae GImU inhibitor 8.2
subsequently attempted to optimise the inhibitors for the mycobacterial ortholog. Whilst
they were unable to quote ICsy values for the majority of newly synthesised compounds,
one exemplar 8.3 was quoted as having a weak 1Csy of 74 uM (pICso = 4.1) against the M.tb
GImU uridyltransferase activity. The majority of their inhibitors however, showed less than
50% uridyltransferase inhibition at 50 uM. Most recently, Rani and co-workers reported
four compounds 8.4-8.7 (Fig. 8.8) as potent M.tb GImU acetyltransferase inhibitors

. . 21 H
following an HTS campaign.””’ However, based on their molecular structures, all four

compounds appeared to be PAINS (pan-assay interference compounds),”® and it is unlikely
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that they were genuine GImU inhibitors. Indeed, the authors monitored GImU inhibition
using a calorimetric assay that relied on the quantification of CoA produced upon turnover
of AcCoA™; each of the compounds 8.4-8.7 were Michael acceptors capable of depleting

the concentration of CoA, which would lead to the false impression of GImU inhibition.
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Figure 8.8. Compounds 8.1 and 8.3-8.7 are published M.tb GImU inhibitors. 8.2 is a known inhibitor of
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H.influenzae GImU.” Quinones (e.g. 8.4), rhodanine-related compounds (e.g. 8.5), and alkylidene barbiturates

218

(e.g. 8.6-8.7) are known PAINS.”" It is likely that 8.4-8.7 were not genuine GImU acetyltransferase inhibitors.

8.4 Research Aims

There are currently no quality, potent M.tb GImU inhibitors with which to investigate the
biochemistry of this enzyme or the validity of this target for TB chemotherapy. Scientists
within GSK are currently working to develop separate M.tb GImU acetyltransferase and
uridyltransferase assays which should facilitate the screening of small molecules against
both activities of M.tb GImU (this work is being performed by Peter Craggs). To help
establish the M.tb GImU acetyltransferase assay, we sought to design a small set of
potential GImU acetyltransferase inhibitors based on the natural substrate, GIcN-1-P
(Chapter 9). With these analogues, we hoped to demonstrate inhibition of GImU
acetyltransferase activity, whilst providing chemical matter to help further characterise the

mycobacterial GImU ortholog.
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9. Glucosamine-1-Phosphate Analogues as

Inhibitors of M.tb GImU Acetyltransferase Activity

Inhibitors of the M.tb GImU acetyltransferase activity were required to establish a GSK
GImU functional enzyme assay, and to provide probes with which to investigate the
underlying biochemistry of the mycobacterial GImU ortholog. As no potent M.tb GImU
acetyltransferase inhibitors had previously been identified (Sect. 8.3.3), substrate
analogues 9.1 were pursued as potential inhibitors (Fig. 9.1). It was hypothesised that these
analogues would act as GImU acetyltransferase inhibitors as this domain of the enzyme is

predisposed to the recognition of a glucosamine-1-phosphate template.?”’

glucosamine-1-phosphate
e recognised by GImU

varied amine
substitution

Figure 9.1. Analogues of GIcN-1-P as proposed inhibitors of the M.tb GImU acetyltransferase activity.
9.1 Project Aims

The aims of this work were as follows:

i) Design and synthesise a set of GIcN-1-P analogues as potential inhibitors of the
M.tb GImU acetyltransferase activity;
ii) Test these analogues as inhibitors of M.tb GImU acetyltransferase activity and

establish SAR trends.

9.2 Design of GIcN-1-P Analogues 9.1a-g as Potential Inhibitors of

the GImU Acetyltransferase Activity

The GImU-catalysed conversion of GIlcN-1-P into GIcNAc-1-P is believed to occur via the

219,220

tetrahedral intermediate 9.2 (Fig. 9.2a). Transition state analogues that mimic the

structure and geometry of a tetrahedral centre through stable isosteric replacement have
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precedence as enzyme inhibitors,”! and many examples are tight-binding inhibitors.??%*%

222,224,225

Tetrahedral  functional groups such as sulfonamides, sulfonates,?*®

223,227 228,229 231

phosphonamidates phosphates, phosphonates,”® chiral alcohols®" and

silanediols®* have all been utilised in this context (largely to simulate the transition state of
peptide or ester bond hydrolysis). This design strategy has been successful in the
identification of probes for reaction mechanisms, and has led to marketed drugs (e.g. HIV

233
).

protease inhibitors Consequently, it was postulated that structural mimics of

tetrahedral intermediate 9.2 may act as GImU acetyltransferase inhibitors. To this end,
simplified tetrahedral intermediate mimics sulfonamide 9.1a and phosphinic amide 9.1b
were designed (Fig. 9.2b). The carbon backbone of AcCoA interacts with GImU though
lipophilic and polar contacts, contributing to the overall binding interaction of the

207

coenzyme (Fig. 9.2c).”" It is likely these contacts are maintained by the reaction

207

intermediate 9.2.”" In efforts to mimic these interactions, truncated-CoA sulfonamide

analogue 9.1c was designed (Fig. 9.2b).
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Figure 9.2 (a) The GImU-catalysed acetylation of GIcN-1-P is believed to proceed via tetrahedral intermediate

9.2 (the depicted stereochemistry of the oxyanion 9.2 is arbitrary).m’220 The tetrahedral centre targeted for

isosteric replacement is highlighted in red. (b) Analogues of the tetrahedral intermediate 9.2 designed as
potential inhibitors of the GImU acetyltransferase functionality. (c) Interactions between the carbon backbone
of AcCoA with residues contributed by the three monomers of the GImU trimer. 07 Hydrophobic contacts are

indicated with dashed blue lines; hydrogen bonding interactions are indicated with dashed red lines.
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As compounds 9.1a-c were structurally similar to the GImU acetyltransferase reaction
product, GIcNAc-1-P itself was tested as an inhibitor of this enzymatic function (this
analogue was commercially available and did not require synthesis). Amides 9.1d-g were
also targeted to investigate the consequence of varying amide substitution length and
steric bulk (Fig. 9.3). 9.1g was designed to contain a truncate of the carbon backbone

present in tetrahedral intermediate 9.2g.

GIcNAc-1-P 9.1d 9.1e
OH H
HO O HO O
HO 0 HO o)
HN I HN I
0-P-0 0-P-0
O/go CI) - YHMO (ol
o]
9.1f 9.1g

Figure 9.3. Amide analogues of GIcN-1-P targeted as potential inhibitors of M.tb GImU acetyltransferase activity.
9.3 Synthesis of N-functionalised GIcN-1-P Analogues 9.1a-g

Disconnection of analogues 9.1a-g at the glucosamine nitrogen suggested that protected
intermediate a-glycosyl-1-phosphate 9.4 should provide access to all the targeted
compounds 9.1 after N-Alloc deprotection and N-functionalisation of the resulting
secondary amine (Scheme 9.1a). Three strategies are widely employed in the syntheses of
glucosamine-1-phosphates such as 9.4 (Scheme 9.1b). The first strategy involves the
formation of an electrophilic oxazoline 9.7 from a sugar precursor (e.g. acetate-protected
9.6), followed by the phosphorolytic opening of the oxazoline sugar 9.7 with an excess of
dibenzyl phosphate 9.8 (route i).2>**** The second and third strategies employ a sugar lactol
9.10, and proceed either step-wise via the phosphite 9.11 (route ii),”*® or directly via low
temperature metalation of the glycosyl oxygen of 9.10 and reaction with tetrabenzyl

pyrophosphate 9.12 (route iii).”*’

Generally, the thermodynamic a-phosphate is obtained as
the sole product for each of the three methodologies; it is believed that a trans

2-acetamido group will destabilise the B-phosphate by neighbouring group participation.?*
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The third strategy (route iii) was chosen as it would facilitate rapid access to glycosyl

phosphate 9.4 from a known intermediate 9.5°*° (Scheme 9.1a).
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OH N-deprotegtiop, Ac de-acetylato.n, Ac
HO o N-functionalisation ACO o phosphorylation ACO O oac
HO o) AcO AcO
HN o-p_o” AllocHN [&-p_ogn NHAlloc
R (l)’ 6Bn
9.1a-g 9.4 9.5
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I
OAc Ac (BnO),POH Ac
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Scheme 9.1. (a) Retrosynthetic analysis of the N-functionalised GIcN-1-P analogues 9.1a-g. (b) Strategies for the
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synthesis of glycosyl-1-phosphates: i) the oxazoline strategy ; ii) the phosphite strategym; iii) metalation of

sugar lactol 9.10 and reaction with tetrabenzyl pyrophosphate 9.12.*%

Synthesis began with a four step procedure to generate the per-O-acetylated N-Alloc
glucosamine 9.5 from glucosamine hydrochloride 9.13**%?* (Scheme 9.2). Reaction
between 9.13 and p-anisaldehyde protected the amine group as the anisaldehyde imine
9.14; per-acetylation of the hydroxyl groups by treatment of 9.14 with acetic anhydride and
DMAP in pyridine gave fully-protected 9.15; acid mediated hydrolysis of the imine
protecting group gave 9.16; and protection of the amine as the allyl carbamate afforded

intermediate 9.5 in 50% yield over the four steps. Selective deprotection of the anomeric
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acetate with benzylamine then furnished the sugar lactol 9.17 in 66 % yield. Installation of
the phosphate functionality proceeded smoothly on sequential treatment of 9.17 with LDA
and tetrabenzyl pyrophosphate. The glycosyl-1-phosphate 9.4 was produced in 69% yield
exclusively as the thermodynamic a-anomer (none of the B-anomer was detected),
confirmed by the signal for the anomeric proton in the '*H NMR spectrum (doublet of
doublets, Jy12 = 3.5 Hz, Jy1p = 6.0 Hz). Finally, treatment of phospho-sugar 9.4 with
palladium tetrakis(triphenylphosphine) and diethylamine removed the allyl carbamate

protecting group to give the unmasked glucosamine-1-phosphate 9.18 in 91% yield.

HO (0] AcO (0] OAc
H HO/&/OH 200/&/0AC ACO
HO 0 a) /N b) p) c) AcO Ac
HO NH,
NH, OH HCI
HCI 9.14 9.15
9.13 9.16
OMe OMe

Ac
AcO <_ AcO <— AcO <— AcO 0 Ac
AcO AcO AcO AcO

HoN o P OB AllocHN o AllocHN &y, NH

NP

9.18 9.4 9.17 oo
9.5

Scheme 9.2 a) 1 M ag. NaOH, p-anisaldehyde. b) Ac,0, DMAP, pyridine. c) 5 M HCI, acetone, reflux. d) allyl
carbonochloridate, NaHCO3;,DCM, H,0, 50% over 4 steps from 9.13. e) BnNH,, THF, 66%. f) LDA, 9.17, THF,
-78°C, then tetrabenzyl pyrophosphate, 69%. g) Pd(PhsP),, Et,NH, THF, 91%.

Syntheses of the targeted compounds 9.1a-b and 9.1d-g then proceeded as detailed in
Scheme 9.3. Reaction of amine 9.18 with mesyl chloride in the presence of triethylamine
afforded sulfonamide 9.19a in 57% vyield. Global deprotection of 9.19a was achieved via a
two step procedure, initiating with the palladium-mediated hydrogenolysis of the
phosphate benzyl esters. Selective cleavage of the hydroxyl acetate groups with a mixture
of methanol, water and triethylamine (7:3:1) subsequently gave the targeted analogue 9.1a
in near-quantitative vyield over the two steps. Treatment of amine 9.18 with
dimethylphosphinic chloride in the presence of N-methyl morpholine furnished the
phosphinic amide 9.19b in 63% yield (Scheme 9.3ii). All efforts to isolate the intermediate

9.20 after hydrogenolysis of 9.19b failed however, as degradation of 9.20 during the
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reaction was repeatedly observed (under the same conditions as for 9.19a). Phosphinic

amides are known to be susceptible to hydrolysis under acidic conditions;**"***

it is possible
that degradation occurred upon unmasking of the acidic phosphate di-acid. Due to these
stability issues, phosphinic amide 9.1b was not pursued further. Amide intermediates
9.19d-g were synthesised from amine 9.18 and the appropriate acid chloride or carboxylic
acid in 73-91% vyields (Scheme 9.3iii). Global deprotection of the intermediates 9.19d-g

yielded final compounds 9.1d-g in excellent yields over the two steps.
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Scheme 9.3. a) MsCl, NEt;, DCM, 57%. b) Pd/C, H, (1 atm.), MeOH. c) MeOH-H,0-Et;N (7:3:1), 93-100% yield
over 2 steps. d) Me,POCI, N-methyl morpholine, DCM, 63%. e) For 9.19d-f, 9.18, RCOCI, NEt;, DCM. 9.19d = 91%
9.19e = 74%, 9.19f = 84% OR for 9.19g, 4-acetamidobutanoic acid, DIPEA, COMU, DMF, then 9.18, 73%.

Retrosynthetic disconnection of truncated-CoA sulfonamide analogue 9.1c yielded the
glucosamine-1-phosphate 9.18, the appropriately protected D-pantothenic acid 9.21°** and

known 3-azidopropane-1-sulfonyl chloride 9.22*** (Scheme 9.4).
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Scheme 9.4. Retrosynthetic disconnection of sulfonamide 9.1c afforded glucosamine-1-phosphate 9.18,

protected D-pantothenic acid 9.21°” and 3-azidopropane-1-sulfonyl chloride 9.22°

Ring opening of 1,3-propanesultone 9.23 with sodium azide afforded 3-azidopropane
sulfonic acid 9.24 as the sodium salt in 67% vyield (Scheme 9.5i). Conversion of 9.24 into
sulfonyl chloride 9.22 was then effected in 80% yield by phosphorus pentachloride.”** The
protected D-pantothenic acid 9.21 was synthesised according to a published two-step
procedure®® as follows (Scheme 9.5ii): treatment of D-pantothenic acid sodium salt 9.25
with acetic anhydride and catalytic iodine gave mixed anhydride 9.26. Stirring this
intermediate 9.26 in a mixture of THF and water hydrolysed the anhydride to give the

carboxylic acid 9.21 in 59% over two steps.

With the required fragments 9.21 and 9.22 in hand, amino-sugar 9.18 was reacted with the
sulfonyl chloride 9.22 to give the sulfonamide 9.27 in 82% yield (Scheme 9.5iii). Reduction
of the azide 9.27 was then achieved by treatment with zinc and acetic acid. The resulting
amine intermediate 9.28 was used directly in the ensuing amide coupling reaction, pairing
9.28 with the acid 9.21 to afford the advanced intermediate 9.19c in 50% yield over the two

steps. Global deprotection of 9.19¢ gave 9.1c in quantitative yield.

165



” \\o ” \\O
9.23 9.24 9.22
(i) o) o 0 0 0 0
Ho ML o M _L
- H/\)J\ONa Ac ' H/\)J\OAC Acl /\)J\OH
OH OAc OAc
9.25 9.26 9.21
(iii)
Ac Ac Ac
o) e) o) f) o)
AcO — AcO —t AcO
AcO o AcO o AcO o
|1 1] I
HN- 0-p-o8n W 6-p-o8n HN o-p-oBn
OBn Nas_~_-S70 o0OBn HaN_~_-$70C oBn
9.18 e} e}
9.27 9.28
J )]
H OAc
o) h) i) o)
HO — AcO
HO 0 AcO
1] 1
" HN O-P-OH.NEt " HN O-P-0Bn
o 50 OH O 570 OBn
o) o)
OH OAc
HN\H/><\OH HNWOAC
o) o)
9.1c 9.19¢c

Scheme 9.5. a) NaN; H,0, acetone, 67%. b) PCls, toluene, reflux, 80%. c) Ac,0, |, (cat.). d) THF, H,0, 59% over 2
steps. e) 9.22, NEt;, DCM, 82%. f), AcOH, Zn, DCM. g) 9.21, HATU, DIPEA, DMF then 9.28, 50% over 2 steps.
h) Pd/C, H, (1 atm.), MeOH. i) MeOH-H,0-Et3N (7:3:1), 100% over 2 steps.

9.3 Biological Evaluation of GIcN-1-P Analogues 9.1a-g

Analogues 9.1a-g were screened in the GSK GImU acetyltransferase assay at a
concentration of 5 mM (the assay biochemistry is detailed in Appendix Al). Table 9.1

displays the activity data for analogues 9.1a-g.
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Table 9.1. Potency data for the substrate analogues 9.1a-g against the M.tb GImU acetyltransferase activity.

H
HO O
HO
R O-p-OH.NEt,
OH
Analogue R % Inhibition®
o
9.1a ;H%’x 75
O\
eASH:Sé\D/\/N O
9.1c H 25
HO%}/NH
o}
GlcNAC-1-P° ?{Hj\ No inhibition

9.1d T 45
“N

9.1e \‘ﬁujf\( 60
9.1f ;éuj\o 60

9.1g ?{Nj\/VHY 50
(@]

?9% inhibition at 5 mM of inhibitor 9.1a-g. ® GIcNAc-1-P was commercially available as the disodium salt.

The biological data in Table 9.1 show that the designed analogues 9.1a and 9.1c-g were
weak inhibitors of the M.tb GImU acetyltransferase activity, exhibiting between 25-75%
inhibition at a concentration of 5 mM. The sulfonamide 9.1a demonstrated the greatest
inhibitory effect (75% inhibition), whilst the truncated-CoA sulfonamide analogue 9.1c was
only very weakly active (25% inhibition). Whilst GIcNAc-1-P did not show any inhibition of
the GImU acetyltransferase activity, amides 9.1d-g were active; branched amides 9.1e and

9.1f showed greater inhibition than the linear amide analogues 9.1d and 9.1g.
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The analogues 9.1a and 9.1c designed to mimic the tetrahedral intermediate 9.2 were not
significantly biologically active against GImU, suggesting that the sulfonamide group was
not an effective isostere of the tetrahedral oxyanion in this case. This may be because the
sulfonamide group adopts a conformation or geometry too dissimilar to that of the
tetrahedral intermediate 9.2, or because it does not possess the same charge and
electrostatic potential as 9.2. Houk and co-workers performed a computational analysis to
investigate how faithfully sulfonamide groups reproduce the transition state of protease-

**> They reported that whilst the conformational

catalyzed amide hydrolysis (Fig. 9.4a).
minima of sulfonamide 9.31 did differ from the tetrahedral intermediate 9.30, the major
inconsistency was the difference in charge and electrostatic potential. The authors
concluded that any hydrogen bonding or electrostatic interactions between the tetrahedral
intermediate 9.30 and the protease would not be mimicked effectively by the sulfonamide

9.31. In M.tb GImU, the catalytic alanine Ala®Y

is believed to stabilise the charge on
intermediate 9.2 via a hydrogen bonding interaction®”’ (Sect. 8.3.1; Fig. 9.4b). Based on the
analysis by Houk et al., it is plausible to suggest that this interaction was not effectively

reproduced by the sulfonamides 9.1a and 9.1c.

(a)
0 HO o O O
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)J\N/ > )\N/ Vs. /S\N/
H H H
9.29 9.30 9.31
(b)
JCJ)\ o)
N g N g
(0] H (‘)‘
s >N 0=S-g
9.2 ' 9.1a or
GIcN-1-P N‘H ) GIcN-1-P N\H 9.1¢c

Figure 9.4. (a) Houk and co-workers performed calculations to evaluate how faithfully the sulfonamide 9.31

245

mimics the tetrahedral intermediate 9.30 of the protease-catalysed hydrolysis of amide 9.29.”" (b) The GImU

catalytic alanine Ala**! likely stabilises the charge on tetrahedral intermediate 9.2207; this interaction may not be

faithfully reproduced by sulfonamides 9.1a or 9.1c.

Conversely, Pisabarro et al. demonstrated that sulfonamides can be effective isosteres of a

charged tetrahedral intermediate, reporting that transition state analogue 9.33 was a

168



tight-binding inhibitor of human synovial fluid nonpancreatic secretory phospholipase A,
(HSF-PLA,; Fig. 9.5).22 The activity of this analogue was attributed to both the sulfonamide
tetrahedral geometry and to a hydrogen bond between the sulfonamide N-H and a nitrogen
of the catalytic histidine His*®. The M.tb GImU acetyltransferase domain also has a catalytic
histidine residue (His*’%; Sect. 8.3.1; Fig. 8.5), but presumably a comparable hydrogen
bonding interaction is not as important for recognition of the sulfonamides 9.1a and 9.1c,

or that these inhibitors do not interact with this residue.

Re—4 O Q oH >R Q0
O—[ 0 HSF-PLA, Rz_\“\\ o 4 (CH2)4CH3

/ i CH3(CHa)g—S,
o-H —0-P-0-R o 0 — HNW[ 0
H , o~ O-P-0-R; O-P—0(CH,),0Bn
M, I |
4& N o o~
) His®
H 9.32 9.33

X(50) = 0.0036

Figure 9.5. Sulfonamide 9.33 was an effective analogue of the charged tetrahedral intermediate 9.32, and was a
tight binding inhibitor of HSF-PLAZ.222 Xi(50) = mole fraction of 9.33 giving 50% HSF-PLA, activity as expressed by

the initial enzymatic rate.”?

Finally, it is interesting to compare the difference in activity between sulfonamides 9.1a and
9.1c. Both analogues were designed to mimic the tetrahedral intermediate 9.2, but 9.1c
also incorporated sulfonamide substitution to mimic the lipophilic CoA carbon chain (Fig.
9.2c). Analogue 9.1c was less active than 9.1a, suggesting that the CoA side chain of 9.1c
did not enhance inhibitor binding. Jagtap and co-workers identified that interactions
between the AcCoA backbone phosphates and the GImU residues Trp*® and Lys**

207 Furthermore, interactions

appeared to be important for the binding of AcCoA (Fig. 9.6a).
between GImU and the adenosine component of AcCoA stabilise the unique “U”-shaped
binding mode of the cofactor, which facilitates optimal M.tb GImU acetyltransferase activity
(Fig. 9.6a; Sect.8.3.1).”” Analogue 9.1c lacked both the CoA adenosine and diphosphate

motif, perhaps explaining why 9.1c was a particularly weak GImU inhibitor.
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Figure 9.6. (a) The adenosine diphosphate motif of AcCoA makes interactions with GImU that are important for
the binding of the cofactor.””’ Hydrophobic contacts are indicated with dashed blue lines; hydrogen bonding
interactions are indicated with dashed red lines. (b) The structure of 9.1c. Whilst inhibitor 9.1c incorporated a

mimic of the lipophilic carbon backbone of AcCoA, it did not contain an adenosine diphosphate motif.
9.4 Conclusions

In conclusion, a set of M.tb GImU acetyltransferase inhibitors 9.1a-g were designed and
their syntheses were successfully accomplished in good yields. The compounds 9.1a-g were
shown to exhibit between 25-75% inhibition of GImU, and provided useful tools to help
establish the GImU acetyltransferase assay. Sulfonamides 9.1a and 9.1c were designed to
mimic the tetrahedral intermediate 9.2, but unfortunately they were not significantly
active. Analogues of enzyme-catalysed reaction transition states and intermediates have
potential to be highly active tight-binding inhibitors, provided they accurately simulate any
geometric constraints and contacts with the enzyme.”?® As 9.1a and 9.1c did not
demonstrate such activity, it appeared that the sulfonamide was not a good mimic of the
tetrahedral intermediate 9.2. This was attributed to the difference in charge and

electrostatic potential between oxyanion 9.2 and sulfonamides 9.1a and 9.1c.
9.5 Future Work

Further work should focus on identifying isosteres that better replicate the oxyanion
intermediate 9.2. Phosphonamidates have proven to be highly successful isosteres of amide
bond hydrolysis transition states. Houk et al. demonstrated that the charges and

electrostatic potential of phosphonamidates are nearly identical to those of the amide

170



245

bond hydrolysis tetrahedral intermediate 9.30 (Fig.9.4a). The effectiveness of a

phosphonamidate isostere is exemplified by the tight-binding E.coli NagA inhibitor 9.36

2 (Fig.9.7a), which was designed to mimic amide bond

reported by Xu and colleagues
hydrolysis intermediate 9.35. Phosphonamidate analogues 9.37 and 9.38 therefore
represent attractive targets to pursue as potential GImU acetyltransferase inhibitors (Fig.

9.7b; the glucosamine-1-phosphonate analogue 9.38 would likely be more stable than the

phosphate 9.37).
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-0-P=0 -0-P=0 -0-P=0
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NagA Design
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Figure 9.7. (a) The phosphonamidate 9.36 was a tight binding inhibitor of the E.coli N-acetyl-D-glucosamine-6-
phosphate deacetylase (NagA), illustrating that phosphonamidates can be effective mimics of tetrahedral
intermediates.”?? (b) Proposed phosphonamidate analogues of 9.2 as potential M.tb GImU acetyltransferase

inhibitors.

A second consideration for the design of further GIcN-1-P analogues as GImU
acetyltransferase inhibitors stems from the conclusions made about the truncated-CoA
sulfonamide analogue 9.1c. It was postulated that analogue 9.1c was a particularly weak
inhibitor of the GImU acetyltransferase activity as it lacked the CoA adenosine and
diphosphate motif, and therefore it could not form the key interactions important for
AcCoA binding (Fig. 9.6a). Consequently, it would be interesting to test the inhibitory

potential of an analogue which did contain both motifs, such as 9.1h (Fig.9.8).
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Fig.9.8. Newly designed analogue 9.1h contains the CoA adenosine and diphosphate motif, and may be a more

active inhibitor of the GImU acetyltransferase activity than 9.1c.

The GImU acetyltransferase inhibitors 9.1a-g synthesised in this Chapter are structurally
similar to GIcNAc-1-P, the substrate of the GImU uridyltransferase domain. This domain
catalyses the conversion of GIcNAc-1-P into UDP-GIcNAc (Sect. 8.3). Recently, various
academic groups have become interested in exploiting uridyltransferase enzymes to
perform the synthesis of UDP-GIcNAc and unnatural analogues thereof,***>*® as these
activated sugar donors are challenging to synthesise chemically and yields are often
poor.”*® Unnatural analogues of UDP-GIcNAc are precursors to unnatural polysaccharides,
which  are particularly desirable for glycobiology research.”® In efforts to develop
enzymatic syntheses of unnatural UDP-GIcNAc analogues, Masuko and co-workers designed
a small set of GIcNAc-1-P analogues 9.39 to test as substrates of the E.coli GImU ortholog,
including the propiolamide analogue with a handle for click chemistry (Fig.9.9a).>*’ They
demonstrated that the GIcNAc-1-P analogues bearing an amide at the C-2 nitrogen did act
as substrates, affording the unnatural UDP-GIcNAc analogues 9.40 in moderate to good
yields. Similarly, it would be interesting to investigate whether the analogues 9.1a-g would
serve as substrates for the M.tb GImU uridyltransferase domain (Fig. 9.9b). Masuko et al.
did not investigate amides with branched or lengthy substitution such as 9.1e-g, and

sulfonamides also remain unexplored as GImU uridyltransferase substrates.
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Figure 9.9. (a) Masuko and co-workers demonstrated that GImU from E.coli can utilise three unnatural

7 N.C. = no conversion. (b) Analogues

GIcNAc-1-P analogues as substrates for the uridyltransferase reaction.
9.1a-g could be tested as substrates of the M.tb GImU uridyltransferase domain to investigate substrate scope

of the M.tb ortholog.
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10. Perspectives and Future Directions

10.1 A Combined Phenotypic/Target-Based Approach to

Tuberculosis Drug Discovery

Historically, phenotypic screening approaches have been the only successful platform for
identifying TB drugs: all current TB medicines are derived from phenotypic screens (Sect.
1.2). In contrast, target-based screening approaches have been unsuccessful, despite the
benefits of high-throughput biochemical assays and structure-based drug design. Combined
approaches however, in which a phenotypic hit is “de-orphaned” and subsequent discovery
efforts can adopt a target-based strategy, are anticipated to deliver the next generation of
TB therapies.” De-orphaning (target identification) has been made possible by recent

advances in M.tb genomics and proteomics.

The work presented in Chapter 5 demonstrates the prosecution of a combined phenotypic/
target-based strategy (Fig. 10.1a illustrates the work-flow). GSK’710 was identified in a
phenotypic screen,™’ and this hit was de-orphaned through the use of an M.tb DprE1 over-
expressor strain.'*®* Subsequent cloning and expression of DprEl protein facilitated the
development of DprEl enzymatic assays, which in turn enabled rapid SAR and SPR
delineation around the GSK’710 structure. Ultimately, this expedited the discovery of the
highly promising lead compounds GSK’932 and pyrimidin-2(1H)-ones 5.32b-c. Identification
of DprEl as the target also prompted concurrent crystallography efforts to facilitate
structure-based drug design. Encouragingly, a crystal structure of a GSK‘932 analogue
bound to the C.bovis DprE1 ortholog was obtained during the completion of this thesis.
Finally, target identification enabled the design of substrate analogues as potential
inhibitors of DprE1 (Chapter 7). Whilst these compounds were only weakly active, certain
analogues were used as tool molecules to probe the nature of DprEl, providing valuable
insight into the binding of GSK small molecule DprE1 inhibitors (including an analogue of
GSK’710, 7.60). In conclusion, the combined phenotypic/target-based hit-to-lead strategy
has enabled the rapid identification of highly potent cell-active DprEl lead molecule
inhibitors with good physicochemical properties, and facilitated a structural and
mechanistic understanding of how the molecules interact with DprE1. This information will

collectively support future lead-optimisation efforts (Fig. 10.1a). Figure 10.1b illustrates a
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generalised work-flow for a combined phenotypic/target-based strategy, which could be

applied to future TB drug discovery programmes.

(a)
N
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: e

GSK'710
phenotypic hit

M.tb DprE1 over-
expressor strain

DprE1
Substrate analogues; enzyme assay
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whion | ¢ et | | 5 | Tonzyme
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of new analogues; Confirm
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Figure 10.1. (a) A schematic of the hit-to-lead activities performed around GSK’710. (b) A generalised work-flow
for a combined phenotypic/target-based approach to TB drug discovery. MOA = mechanism of action; SBDD =

structure-based drug design.
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10.2 Relationship Between Lipophilicity and Antimycobacterial
Activity

It is generally believed that improved antimycobacterial activity correlates with lipophilicity
across a series, where the more lipophilic analogues have a lower MIC than the more
hydrophilic congeners. Smith and Manjunatha at the Novartis Institute for Tropical Diseases
illustrated that for four series of molecules (derived from four phenotypic screening hits),
an improvement in MIC was accompanied by a significant increase in Iipophilicity.27 The
authors linked this result to permeability across the highly lipophilic mycolic acid
component of the M.tb cell wall. The correlation between MIC and lipophilicity was also
demonstrated recently in a comparison between fluoroquinolone analogues (Fig. 10.2), in
which the more lipophilic moxifloxacin (cLog P = 0.6) had an 32-fold improved MIC (against

M.smeg) over the more hydrophilic norfloxacin (cLog P = -0.1).%"

~ Yo V N
N N ()\1 N(
| |
0 o o o

H

Moxifloxacin Norfloxacin
cLogP =0.6 cLog P =-0.1
MIC =0.1 uM MIC = 3.2 uM

Figure 10.2. The more lipophilic fluoroquinolone moxifloxacin was 32-fold more potent against M.smeg than

. .1s . . 251
the less lipophilic fluoroquinolone norfloxacin. >

Analysis of the pyrimidin-2(1H)-ones 5.6a and 5.32a-e however, revealed that MIC
remained roughly constant (0.8 > MIC (uM) = 3.0) as lipophilicity was increased between
the limits 3.6 2 Chrom Log D;,25.1 (Table 10.1). Furthermore, the highly lipophilic
phenotypic screening hit GSK’710 from which 5.6a and 5.32a-e were derived (Chrom
Log D, 4 = 6.4) exhibited a similar MIC of 3.8 uM. This result indicated that lipophilicity may
not always be a key driver of MIC within a series, and highlights that there is no generalised
route by which xenobiotics transit across the hydrophobic M.tb cell wall. One possibility is
that the pyrimidin-2(1H)-ones and related analogues may cross the M.tb cell wall via

facilitated diffusion or active transport.”
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Table 10.1. MIC, Chrom Log D4 and pICsg values for 5.6, 5.32a-e and GSK’710.°

adihe'e:

5.6a, 5.32a-e 0

ji JNJL@
N S5
O
N~N
GSK'710

| | | | | |
H o] Cl CF3 cl CF3 GSK’710
5.6a 5.32a 5.32b 5.32¢ 5.32d 5.32e
MIC (uM)® 3.0 2.5 1.3 2.5 0.8 1.3 3.8
Chrom
3.6 4.4 4.5 4.6 5.0 5.1 6.4
Log D74
pICsy” 7.4* 7.3* 7.7* 7.8* 7.9* 8.2* 7.3*

Key: ®MiC against M.tb H37Rv. “ plCsy measured in the DprE1 fluorescence assay. * Denotes activity at or above

the tight binding limit.

10.3 Modified Carbohydrates as Scaffolds for Interrupting M.tb
Cell Wall Biosynthesis

Enzymes implicated in the synthesis of the mycobacterial cell wall are important targets for
the development of novel TB drugs (Sect. 1.3). A large proportion of enzymes involved
process carbohydrates, and as such modified sugars are considered to be good scaffolds
with which to interfere with cell wall biosynthesis.”*>*® The work presented in Chapters 7
and 9 of this thesis demonstrated the use of carbohydrates as tool compounds to enhance
the understanding of the M.tb cell wall target DprE1, and to help establish an enzymatic
assay for GImU. Whilst useful as tool molecules, the designed sugar analogues were
insufficiently active to be useful start-points for drug discovery. However, recent
publications concerning a series of deoxysugars indicate that there is promise for
carbohydrate analogues as potential new TB drugs acting via interference of cell wall

253,256

synthesis. 2,3-Dideoxy hex-2-enopyranosid-4-ulose 10.1 (Fig. 10.3) is believed to

inhibit the mycobacterial alpha-mannosidase (involved in the metabolism of cell wall
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mannosylated glycoconjugates), and was shown to have an MIC of 2.7 uM. Furthermore,
10.1 was active against MDR-TB strains. In conclusion, we have further demonstrated that
modified carbohydrates can be highly useful tools for investigating M.tb cell wall
biosynthesis targets, and emerging data suggests they may also have utility as new

medicines.

%
O
0%3 MIC = 2.7 uM
O,

Figure 10.3. Deoxysugar 10.1 shows encouraging antimycobacterial activity against M.tb and is active against

MDR-TB strains. 10.1 is believed to act via inhibition of the mycobacterial alpha-mannosidase.256
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11. Experimental

11.1 General Experimental

All solvents and reagents, unless otherwise stated, were commercially available and were

used without further purification.

11.1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

'H NMR spectra were obtained on a Bruker AVI Il (600 MHz) spectrometer or Bruker
DPX400 (400 MHz) spectrometer. *C NMR spectra were obtained on a Bruker AVI500 (125
MHz) spectrometer or Bruker DPX400 (100 MHz) spectrometer. F NMR and *'P NMR
spectra were obtained on a Bruker DPX400 (400 MHz) spectrometer. Chemical shifts were
reported in parts per million (ppm) to the nearest 0.01 ppm (*H NMR) or 0.1 ppm (**C), and
were referenced to tetramethylsilane. Coupling constants (J) were reported in Hz to the
nearest 0.1 Hz (*H NMR), or to the nearest 1.0 Hz (**C, *°F, *'P NMR). Spectra were recorded

at room temperature unless otherwise stated. Heated spectra were recorded at 120 °C.

11.1.2 Liquid Chromatography Mass Spectroscopy (LCMS)

The UPLC analysis was conducted on an Acquity UPLC BEH C;5 column (50 mm x 2.1 mm, i.d.
1.7 um packing diameter) at 40 °C. The UV detection was a summed signal from wavelength
of 210 nm to 350 nm. Mass spectrometry was conducted on a Waters ZQ mass
spectrometer, with ionisation by alternate—scan positive and negative electrospray. tz = LC
retention time. The quoted “area % total” reports the integrated UV peak area as a

percentage of the total integrated area of UV peaks present.

Method Using Formic Acid Modifier — “LCMS (formic)”: LC and MS conditions as reported

above. The solvents used were: A = 0.1% v/v solution of formic acid in water; B = 0.1% v/v

solution of formic acid in acetonitrile. The gradient (A:B) was 97:3 to 3:97 over 2 min.

Method Using Ammonium Bicarbonate Modifier — “LCMS (high pH)”: LC and MS conditions

as reported above. The solvents used were: A = 10 mM ammonium bicarbonate in water
adjusted to pH 10 with ag. ammonia solution; B = acetonitrile. The gradient (A:B) was 99:1

to 0:100 over 2 min.
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11.1.3 Mass Directed Auto-Preparative HPLC (MDAP)

The HPLC separations were conducted on either a Sunfire Cy5 column (100 mm x 19 mm, i.d
5 um packing diameter) or a Sunfire Ci3 column (150 mm x 30 mm, i.d. 5 um packing
diameter) at ambient temperature. The UV detection was a summed signal from
wavelength of 210 nm to 350 nm. Mass spectrometry was conducted on a Waters ZQ mass
spectrometer, with an ionisation mode of alternate—scan positive and negative

electrospray.

Method Using Formic Acid Modifier — “MDAP (formic)”: LC and MS conditions as reported

above. The solvents employed were: A = 0.1% v/v solution of formic acid in water; B=0.1%
v/v solution of formic acid in acetonitrile. The purification was run as a gradient (A:B) over
either 15 min or 25 min, with a flow rate of 20 ml/min (100 mm x 19 mm, i.d 5 um packing
diameter) or 40 ml/min (150 mm x 30 mm, i.d. 5 um packing diameter). See Table 10.1 for

method gradients.

Method Using Ammonium Bicarbonate Modifier — “MDAP (high pH)”: LC and MS conditions

as reported above. The solvents employed were: A = 10 mM ammonium bicarbonate in
water, adjusted to pH 10 with ag. ammonia solution; B = acetonitrile. The purification was
run as a gradient (A:B) over either 15 min or 25 min, with a flow rate of 20 ml/min (100 mm
x 19 mm, i.d 5 um packing diameter) or 40 ml/min (150 mm x 30 mm, i.d. 5 pum packing

diameter). See Table 10.1 for method gradients.

Table 10.1. Method Gradients for MDAP purification

Method Name Gradient of MeCN (%) in modified H,0O
Method A 5-30
Method B 15-55
Method C 30-85
Method D 50-99
Method E 80-99
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11.1.4 High Resolution Mass Spectroscopy (HRMS)

An Agilent 1100 Liquid Chromatograph equipped with a model G1367A autosampler, a
model G1312A binary pump and a HP1100 model G1315B diode array detector was used.
All separations were achieved using a Phenomenex Luna C18 (2) reversed phase column
(100 x 2.1 mm, 3 um particle size). ESI (+) high resolution mass spectra (HRMS) were
obtained on a Micromass Q-Tof 2 hybrid quadrupole time-of-flight mass spectrometer,
equipped with a Z-spray interface, over a mass range of 100 — 1100 Da, with a scan time of
0.9 s and an interscan delay of 0.1 s. Reserpine was used as the external mass calibrant
([M+H]" = 609.2812 Da). The elemental composition was calculated using MassLynx v4.1 for

the [M+H]". All measured masses are accurate to within 5 ppm of the calculated mass.

11.1.5 Melting Points

Melting points were measured on a Stuart automatic melting point apparatus SMP40. For
compounds that decomposed over a wide temperature range, it was possible to watch a

recorded video of the experiment to manually determine the melting point range.

11.1.6 Optical Rotations

Optical rotation values were measured on a Jasco P1030 polarimeter and [ap] values were

reported in 10" deg cm® g ™.

11.1.7 Infrared (IR) Spectroscopy

IR spectra were obtained on a Perkin Elmer Spectrum One machine and the data was
processed using Perkin Elmer Spectrum software. Absorption frequencies of the higher

intensity peaks are reported in wavenumbers (cm™).

11.1.8 Purification by Column Chromatography

Column chromatography was conducted on a Teledyne Isco Combiflash® Rf automated
flash chromatography system, using disposable, normal or reversed phase Redisep
cartridges (4 g to 330 g). The system was equipped with a UV variable dual-wavelength
detector and a Foxy® fraction collector that enabled automated peak cutting, collection,
and tracking. Reversed phase chromatography employing modified water (high pH) used a

10 mM aqueous ammonium bicarbonate solution, adjusted to pH 10 with ag. ammonia
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solution. Reversed phase chromatography employing modified water (formic) used a 0.1%

v/v solution of formic acid in water.

11.1.9 Purification by Solid Phase Extraction

Strong cation exchange chromatography was performed using Biotage ISOLUTE Flash SCX 2
solid phase extraction cartridges. The cartridge was wetted with 1 column volume of MeOH
before the sample was loaded onto the column head in a minimal volume of MeOH. The
column was washed with 3 column volumes of MeOH then the compound was eluted in 4

column volumes of 2 M NH; in MeOH.

Weak anion exchange chromatography was performed using Biotage ISOLUTE Flash NH,
(aminopropyl) solid phase extraction cartridge. The cartridge was wetted with 1 column
volume of MeOH before the sample was loaded onto the column head in a minimal volume
of MeOH. The column was washed with 3 column volumes of MeOH then the compound

was eluted in 4 column volumes of MeCN containing 15% v/v conc. NH,OH solution.

11.1.10 Microwave Chemistry

Microwave chemistry was performed using a Biotage Initiator™ Microwave Synthesiser.
Reaction mixtures were sealed in a Biotage microwave reaction vial (0.5 mL, 2.0 mL or 20

mL) with a Teflon cap.
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11.2 Synthesis of Compounds in Chapter 5

NA4-((3-Isobutylisoxazol-5-yl)methyl)-6-morpholinopyrimidine-2,4-diamine (GSK’295)

N N

NH,

A solution of HCl in 1,4-dioxane (4 M, 2 mL) was added to di-tert-butyl (4-chloro-6-
morpholinopyrimidin-2-yl)imidodicarbamate 5.19 (13.0 mg, 24.0 umol). This mixture was
stirred for 16 hours, after which it was concentrated under reduced pressure. The residue
was adsorbed onto diatomaceous earth and purified by reversed phase chromatography,
eluting under a gradient of MeCN (10-40%) in modified water (high pH) to afford the title
compound GSK’295 (6.2 mg, 19.0 umol, 76 % yield) as a straw-coloured gum. 'H NMR (400
MHz, MeOD-d,): & 0.95 (d, J = 6.9 Hz, 6H), 1.89-2.02 (m, 1H), 2.51 (d, J = 7.3 Hz, 2H), 3.42-
3.45 (m, 4H), 3.70-3.73 (m, 4H), 4.58 (s, 2H), 5.19 (s, 1H), 6.15 (s, 1H). Exchangeable protons
not observed. *C NMR (100 MHz, MeOD-d,): & 22.8 (2C), 29.2, 35.9, 38.1, 46.1 (2C), 67.8
(2C), 75.3, 103.1, 164.3, 164.9, 165.9, 166.0, 172.7. IR v (neat): 3335 (br.), 2958, 2856,
1562, 1507, 1436, 1368, 1267, 1228, 1179, 1115, 1002, 873, 792 cm™. HR-MS (ESI):
C16H25Ns0, [M+H'] requires 333.2034, found 333.2035.

(1-(2-Amino-6-morpholinopyrimidin-4-yl)piperidin-4-yl)(4-benzylpiperidin-1-
yl)methanone (5.3a)

o
N)KG (\
Nm/N\j

To a solution of (4-benzylpiperidin-1-yl)(piperidin-4-yl)methanone hydrochloride
(‘932-amine.HCI, 120 mg, 0.373 mmol) in EtOH (0.9 mL) was added 4-chloro-6-
morpholinopyrimidin-2-amine 5.17 (40.0 mg, 0.186 mmol) and DIPEA (98.0 pL, 0.559
mmol). The mixture was heated at 150 °C in the microwave for 3 hours, after which time
direct purification of the mixture by MDAP (high pH, Method C) afforded the title
compound 5.3a (64.1 mg, 0.138 mmol, 74 % yield) as a straw-coloured foam. *H NMR (600
MHz, DMSO-de): & 0.93-1.01 (m, 1H), 1.04-1.12 (m, 1H), 1.40-1.48 (m, 2H), 1.56-1.64 (m,
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4H), 1.72-1.77 (m, 1H), 2.45 (t, J = 12.2 Hz, 1H), 2.52 (s, 2H), 2.75-2.80 (m, 2H), 2.85 (tt, J =
3.7, 11.3 Hz, 1H), 2.95 (t, J = 12.2 Hz, 1H), 3.40-3.42 (m, 4H), 3.61-3.62 (m, 4H), 3.97 (d, J =
12.6 Hz, 1H), 4.27 (d, J = 12.6 Hz, 2H), 4.35 (d, J = 12.6 Hz, 1H), 5.30 (s, 1H), 5.56 (s, 2H),
7.17-7.20 (m, 3H), 7.27-7.29 (m, 2H). *C NMR (125 MHz, DMSO-dj): § 27.8, 28.0, 31.4, 32.6,
37.5(2C), 41.2, 42.0, 43.3 (2C), 44.3 (2C), 44.8, 66.0 (2C), 73.1, 125.8, 128.1 (2C), 129.0 (2C),
140.0, 162.2, 164.0, 164.6, 172.1. IR v, (neat): 3342, 2917, 2848, 1628, 1565, 1418, 1370,
1252, 1210, 1188, 1115, 987, 967, 898, 789, 745, 700 cm™*. HR-MS (ESI): Cy6H37,Ns0, [M+H']
requires 465.2973, found 465.2980.

(1-(4-Amino-6-morpholinopyrimidin-2-yl)piperidin-4-yl)(4-benzylpiperidin-1-

yl)methanone (5.3b)
N~

The title compound 5.3b (22.6 mg, 49.0 umol, 35 % yield, brown solid) was prepared in the
same manner as 5.3a using the following reagents and solvents: ‘932-amine.HCI (90.0 mg,
0.280 mmol), 2-chloro-6-morpholinopyrimidin-4-amine 5.21 (30.0 mg, 0.140 mmol), DIPEA
(73.0 pL, 0.419 mmol), EtOH (0.9 mL). The compound was purified by MDAP (high pH,
Method C). M.pt. 218-224 °C (decomp.). *H NMR (400 MHz, DMSO-dj, heated): & 1.06-1.18
(m, 2H), 1.48-1.71 (m, 6H), 1.79-1.89 (m, 1H), 2.58 (d, J = 7.0 Hz, 2H), 2.82-2.92 (m, 5H),
3.39-3.42 (m, 4H), 3.65-3.67 (m, 4H), 4.10-4.17 (m, 2H), 4.47-4.54 (m, 2H), 5.13 (s, 1H), 5.36
(br.s, 2H), 7.17-7.21 (m, 3H), 7.25-7.31 (m, 2H). *C NMR (125 MHz, DMSO-d,): & 28.1, 28.2,
31.5, 32.6, 37.5, 37.7, 41.2, 42.0, 42.9 (2C), 44.2 (2C), 44.8, 65.9 (2C), 73.7, 125.8, 128.1
(2C), 129.0 (2C), 140.0, 160.7, 163.7, 164.9, 172.2. IR vy (neat): 3415, 3322, 2913, 2843,
1619, 1579, 1556, 1431, 1308, 1223, 1117, 998, 786, 698 cm™. HR-MS (ESI): CysH37NgO,
[M+H"] requires 465.2973, found 465.2989.
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(1-(6-Amino-2-morpholinopyrimidin-4-yl)piperidin-4-yl)(4-benzylpiperidin-1-

yl)methanone (5.3c)

The title compound 5.3c (40.1 mg, 86.0 umol, 46 % yield, off-white solid) was prepared in
the same manner as 5.3a using the following reagents and solvents: ‘932-amine.HCl (120
mg, 0.373 mmol), 6-chloro-2-morpholinopyrimidin-4-amine 5.22 (40.0 mg, 0.186 mmol),
DIPEA (98.0 pL, 0.559 mmol), EtOH (0.9 mL). The compound was purified by MDAP (high
pH, Method C). M.pt. 186-195 °C (decomp.). *H NMR (400 MHz, DMSO-d,, heated): § 1.07-
1.16 (m, 2H), 1.57-1.69 (m, 6H), 1.83-1.86 (m, 1H), 2.58 (d, J = 7.3 Hz, 2H), 2.82-2.94 (m,
5H), 3.61 (br.s, 8H), 4.10-4.16 (m, 4H), 5.18 (s, 1H), 5.29 (br.s, 2H), 7.16-7.22 (m, 3H), 7.27-
7.31 (m, 2H). *C NMR (125 MHz, DMSO-d;): & 27.6, 27.9, 31.5, 32.6, 37.5, 37.5, 41.2, 42.1,
43.4 (2C), 44.0 (2C), 44.8, 66.1 (2C), 74.1, 125.8, 128.1 (2C), 129.0 (2C), 140.0, 161.2, 163.0,
164.9, 172.0. IR v (neat): 3343, 2915, 2847, 1609, 1562, 1427, 1254, 1208, 1112, 998,
966, 789, 749, 702 cm™. HR-MS (ESI): ChH3,NgO, [M+H'] requires 465.2973, found
465.2973.

4-Morpholino-6-(piperidin-1-yl)pyrimidin-2-amine (5.4a)

(A AT
Ha

The title compound 5.4a (55.0 mg, 0.209 mmol, 90 % vyield, straw coloured gum) was
prepared in the same manner as 5.3a using the following reagents and solvents: piperidine
(69.0 pL, 0.699 mmol), 4-chloro-6-morpholinopyrimidin-2-amine 5.17 (50.0 mg, 0.233
mmol), DIPEA (0.122 mL, 0.699 mmol), EtOH (0.9 mL). The compound was purified by
MDAP (high pH, Method B). "H NMR (400 MHz, DMSO-d): 6 1.43-1.49 (m, 4H), 1.56-1.62
(m, 2H), 3.39-3.41 (m, 4H), 3.45-3.48 (m, 4H), 3.60-3.62 (m, 4H), 5.28 (s, 1H), 5.55 (m, 2H).
3C NMR (100 MHz, DMSO-d): & 24.4, 25.2 (2C), 44.3 (2C), 44.6 (2C), 66.0 (2C), 73.0, 162.1,
163.9, 164.6. IR v (neat): 3324, 2932, 2852, 1661, 1612, 1564, 1497, 1442, 1419, 1371,
1256, 1226, 1115, 1020, 990, 900, 854, 790, 727 cm™. HR-MS (ESI): C13H;NsO [M+H']
requires 264.1819, found 264.1828.
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N-((3-Isobutylisoxazol-5-yl)methyl)-6-morpholinopyrimidin-4-amine (5.5)
N-o
S PUY
Y

To a solution of (3-isobutylisoxazol-5-yl)methanamine hydrochloride 5.16 (50.0 mg, 0.262
mmol) in EtOH (0.9 mL) was added 4,6-dichloropyrimidine 5.23 (39.1 mg, 0.262 mmol) and
DIPEA (0.114 mL, 0.656 mmol). The mixture was heated to 150 °C in the microwave for 5
minutes. After this time, morpholine (0.115 mL, 1.31 mmol) was added and the reaction
mixture was heated in the microwave at 150 °C for 1 hour. Direct purification of the
mixture by MDAP (high pH, Method C) afforded the title compound 5.5 (52.4 mg, 0.165
mmol, 63 % yield) as a cream solid. M.pt. 121-123 °C. *H NMR (400 MHz, MeOD-d,): § 0.95
(d, J = 6.6 Hz, 6H), 1.89-2.02 (m, 1H), 2.51 (d, J = 7.1 Hz, 2H), 3.49-3.51 (m, 4H), 3.74-3.76
(m, 4H), 4.63 (s, 2H), 5.73 (s, 1H), 6.16 (s, 1H), 8.06 (s, 1H). Exchangeable protons not
observed. *C NMR (100 MHz, MeOD-d,): § 22.8 (2C), 29.2, 35.9, 38.0, 45.9 (2C), 67.7 (2C),
83.7,103.2, 158.5, 164.4, 164.6, 164.9, 172.1. IR v, (neat): 3237, 3116, 2957, 2869, 1586,
1480, 1433, 1333, 1298, 1258, 1227, 1205, 1115, 982, 961, 882, 846, 800, 761, 700 cm™.
HR-MS (ESI): C1¢H24NsO, [M+H"] requires 318.1925, found 318.1922.

4-(4-(4-Benzylpiperidine-1-carbonyl)piperidin-1-yl)-6-morpholinopyrimidin-2(1H)-one
(5.6a)

(0]

2N

|
HN.__N
g
o

To a solution of 4-(6-chloro-2-((4-methoxybenzyl)oxy)pyrimidin-4-yl)morpholine 5.24a (75.0
mg, 0.223 mmol) and DIPEA (0.117 mL, 0.670 mmol) in EtOH (0.9 mlL) was added
‘932-amine.HCl (144 mg, 0.447 mmol). The mixture was heated to 150 °C in the microwave
for 8 hours, after which time direct purification of the reaction mixture by MDAP (high pH,
Method B) afforded the title compound 5.6a (84.2 mg, 0.181 mmol, 81 % yield) as a straw
coloured glass that was scratched to give an amorphous white solid. M.pt. 117-123 °C. 'H
NMR (400 MHz, DMSO-dg): 6 0.95-1.01 (m, 1H), 1.05-1.12 (m, 1H), 1.44-1.65 (m, 6H), 1.70-
1.81 (m, 1H), 2.42-2.49 (m, 1H), 2.52-2.54 (m, 2H), 2.86-2.99 (m, 4H), 3.42-3.45 (m, 4H),
3.60-3.63 (m, 4H), 3.98 (d, J = 12.6 Hz, 1H), 4.12-4.17 (m, 2H), 4.36 (d, J = 12.6 Hz, 1H), 5.21
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(s, 1H), 7.17-7.21 (m, 3H), 7.27-7.31 (m, 2H), 9.41 (br.s, 1H). *C NMR (125 MHz, DMSO-d,):
6 27.8, 28.0, 31.5, 32.6, 37.0, 37.5, 41.2, 42.0, 44.3, 44.8, 44.9 (2C), 48.6, 65.8 (2C), 71.1,
125.8, 128.1 (2C), 129.0 (2C), 140.0, 158.0, 160.6, 162.2, 171.9. IR V., (neat): 2918, 2851,
1596, 1507, 1441, 1366, 1255, 1205, 1115, 967, 747, 701 cm™. HR-MS (ESI): CyH3sNsO3
[M+H] requires 466.2813, found 466.2814.

2-(4-(4-Benzylpiperidine-1-carbonyl)piperidin-1-yl)-6-morpholinopyrimidin-4(3H)-one
(5.6b)

The title compound 5.6b (32.5 mg, 70.0 umol, 47 % vyield, straw coloured glass) was
prepared in the same manner as 5.6a using the following reagents and solvents: 4-(2-
chloro-6-((4-methoxybenzyl)oxy)pyrimidin-4-yl)morpholine 5.24b (50.0 mg, 0.149 mmol)
DIPEA (78.0 pL, 0.447 mmol), ‘932-amine.HCl (96.0 mg, 0.298 mmol), EtOH (0.9 mL). The
compound was purified by MDAP (high pH, Method C). '"H NMR (400 MHz, DMSO-dq): &
0.93-1.02 (m, 1H), 1.04-1.13 (m, 1H), 1.40-1.52 (m, 2H), 1.55-1.65 (m, 4H), 1.74-1.78 (m,
1H), 2.41-2.48 (m, 1H), 2.51-2.53 (m, 2H), 2.85-2.98 (m, 4H), 3.38-3.40 (m, 4H), 3.61-3.63
(m, 4H), 3.98 (d, J = 12.9 Hz, 1H), 4.30-4.37 (m, 3H), 4.84 (s, 1H), 7.17-7.21 (m, 3H), 7.27-
7.31 (m, 2H), 10.32 (br.s, 1H). *C NMR (125 MHz, DMSO-d,): 6 27.8, 28.0, 31.4, 32.6, 37.0,
37.5,41.2, 42.0, 43.7, 44.2 (3C), 44.8, 65.8 (2C), 76.3, 125.8, 128.1 (2C), 129.0 (2C), 140.0,
154.0, 163.3, 165.4, 171.9. IR v, (neat): 2916, 2849, 1624, 1559, 1438, 1370, 1296, 1230,
1190, 1114, 999, 967, 785, 747, 700 cm“.HR-MS (ESI): CyeH3cNsO; [M+H'] requires
466.2813, found 466.2804.

6-(4-(4-Benzylpiperidine-1-carbonyl)piperidin-1-yl)-2-morpholinopyrimidin-4(3H)-one

(5.6¢)
Nj\G (\o
[0

(0]

The title compound 5.6¢ (42.5 mg, 91.0 umol, 41 % yield, white solid), was prepared in the
same manner as 5.6a using the following reagents and solvents: 4-(4-chloro-6-((4-

methoxybenzyl)oxy)pyrimidin-2-yl)morpholine 5.24c¢ (75.0 mg, 0.223 mmol), DIPEA (0.117
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mL, 0.670 mmol), “932-amine.HCl (144 mg, 0.447 mmol), EtOH (0.9 mL). The compound was
purified by MDAP (high pH, Method C). M.pt. 119-122 °C. *H NMR (400 MHz, DMSO-d,): &
0.92-1.13 (m, 2H), 1.42-1.51 (m, 2H), 1.57-1.64 (m, 4H), 1.70-1.82 (m, 1H), 2.43-2.48 (m,
1H), 2.51-2.54 (m, 2H), 2.81-2.99 (m, 4H), 3.52-3.54 (m, 4H), 3.60-3.63 (m, 4H), 3.97 (d, J =
12.8 Hz, 1H), 4.14-4.19 (m, 2H), 4.35 (d, J = 12.8 Hz, 1H), 4.92 (s, 1H), 7.17-7.21 (m, 3H),
7.27-7.31 (m, 2H), 10.30 (br.s, 1H). 3C NMR (125 MHz, DMSO-dj): 6 27.7, 28.0, 31.5, 32.16,
37.3, 37.5, 41.2, 42.1, 43.5 (2C), 44.4 (2C), 44.8, 65.7 (2C), 76.3, 125.8, 128.1 (2C), 129.0
(2C), 140.0, 155.3, 162.7, 165.9, 172.0. IR v, (neat): 2914, 2850, 1621, 1554, 1440, 1378,
1255, 1211, 1115, 968, 783, 746, 700 cm™. HR-MS (ESI): CyH3NsOs [M+H'] requires
466.2813, found 466.2821.

4-Morpholino-6-(piperidin-1-yl)pyrimidin-2(1H)-one (5.7a)

O

|
HN N

b

o)
4-(2-((4-methoxybenzyl)oxy)-6-(piperidin-1-yl)pyrimidin-4-yl)morpholine 5.25a (60.0 mg,
0.156 mmol) was dissolved in a mixture of DCM/TFA (3 mL, 1:1). This mixture was stirred
for 1 hour, after which time it was concentrated to dryness under reduced pressure. The
residue was dissolved in DMF (1 mL) and subjected to MDAP purification (high pH, Method
A) to give the title compound 5.7a (36.7 mg, 0.139 mmol, 89 % yield) as a white solid. M.pt.
259-270 °C (decomp.). *H NMR (400 MHz, DMSO-dg): & 1.47-1.51 (m, 4H), 1.56-1.62 (m, 2H),
3.41-3.45 (m, 8H), 3.60-3.63 (m, 4H), 5.18 (s, 1H), 8.39 (s, 1H). °C NMR (125 MHz, DMSO-
ds): 6 24.0, 25.1 (2C), 44.9 (2C), 45.7 (2C), 65.8 (2C), 70.8, 157.9, 160.6, 162.3. IR Vs (neat):
2927, 2840, 1596, 1534, 1498, 1427, 1382, 1360, 1265, 1228, 1207, 1115, 1028, 1000, 896,
861, 828, 778, 747 cm™. HR-MS (ESI): Ci3H»:N,O, [M+H'] requires 265.1659, found
265.1665.

6-Morpholino-2-(piperidin-1-yl)pyrimidin-4(3H)-one (5.7b)

(e}

The title compound 5.7b (38.7 mg, 0.146 mmol, 66 % vyield, white solid), was prepared in
the same manner as 5.7a using the following reagents and solvents: 4-(6-((4-

methoxybenzyl)oxy)-2-(piperidin-1-yl)pyrimidin-4-yl)morpholine 5.25b (85.0 mg, 0.221
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mmol), DCM/TFA (3 mL, 1:1). The compound was purified by MDAP (high pH, Method B).
M.pt. 234-243 °C (decomp.). *H NMR (400 MHz, DMSO-dj): & 1.45-1.51 (m, 4H), 1.56-1.61
(m, 2H), 3.37-3.39 (m, 4H), 3.53-3.56 (m, 4H), 3.60-3.62 (m, 4H), 4.81 (s, 1H), 10.31 (br.s,
1H). *C NMR (125 MHz, DMSO-d): 6 24.0 25.1 (2C), 44.3 (2C), 45.0 (2C), 65.9 (2C), 76.1,
154.1, 163.3, 165.5. IR v.x (neat): 2925, 2849, 1642, 1556, 1444, 1397, 1366, 1278, 1226,
1211, 1120, 1011, 900, 864, 780, 711, 673 cm™. HR-MS (ESI): Cy3H,.N40, [M+H'] requires
265.1659, found 265.1649.

2-Morpholino-6-(piperidin-1-yl)pyrimidin-4(3H)-one (5.7c)

@

\J

(e}

The title compound 5.7c (37.5 mg, 0.142 mmol, 84 % yield, white solid), was prepared in
the same manner as 5.7a using the following reagents and solvents: 4-(4-((4-
methoxybenzyl)oxy)-6-(piperidin-1-yl)pyrimidin-2-yl)morpholine 5.25c (65.0 mg, 0.169
mmol), DCM/TFA (3 mL, 1:1). The compound was purified by MDAP (high pH, Method B).
M.pt. 231-253 °C (decomp.). ‘*H NMR (400 MHz, DMSO-dj): & 1.44-1.50 (m, 4H), 1.56-1.60
(m, 2H), 3.42-3.45 (m, 4H), 3.51-3.53 (m, 4H), 3.60-3.63 (m, 4H), 4.89 (s, 1H), 8.39 (s, 1H).
3C NMR (100 MHz, DMSO-dj): & 24.2, 25.1 (2C), 44.4 (2C), 44.8 (2C), 65.7 (2C), 76.0, 155.5,
162.7, 166.0. IR vy (neat): 2915, 2848, 1621, 1554, 1479, 1441, 1375, 1304, 1267, 1220,
1119, 1023, 1016, 900, 858, 781 cm™. HR-MS (ESI): Cy3H23N,0, [M+H'] requires 265.1659,
found 265.1664.

4-(((3-1sobutylisoxazol-5-yl)methyl)amino)-6-morpholinopyrimidin-2(1H)-one (5.8a)

H

The title compound 5.8a (13.3 mg, 40.3 umol, 50 % yield, off-white solid), was prepared in
the same manner as 5.7a using the following reagents and solvents: N-((3-isobutylisoxazol-
5-yl)methyl)-2-((4-methoxybenzyl)oxy)-6-morpholinopyrimidin-4-amine 5.26a (36.0 mg,
79.1 pmol), DCM/TFA (3 mL, 1:1). The compound was purified by MDAP (high pH, Method
B). M.pt. 227-230 °C (decomp.). *H NMR (400 MHz, DMSO-d,): & 0.89 (d, J = 6.7 Hz, 6H),
1.86-1.97 (m, 1H), 2.46 (d, J = 7.1 Hz, 2H), 3.38-3.40 (m, 4H), 3.59-3.62 (m, 4H), 4.54 (d, J =
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5.0 Hz, 2H), 5.07 (s, 1H), 6.24 (s, 1H), 7.32 (br.s, 1H), 10.06 (br.s, 1H). *C NMR (125 MHz,
DMSO-ds): & 22.1 (2C), 27.2, 34.1, 36.5, 44.8 (2C), 65.7 (2C), 69.6, 102.1, 156.5, 162.6,
169.3. Two *c signals not observed due to line broadening. IR v, (neat): 3675, 2961, 2901,
1668, 1598, 1517, 1418, 1367, 1318, 1235, 1115, 1066, 872, 778, 721 cm™. HR-MS (ESI):
C16H24NsO5 [M+H'] requires 334.1874, found 334.1899.

2-(((3-Isobutylisoxazol-5-yl)methyl)amino)-6-morpholinopyrimidin-4(3H)-one (5.8b)

The title compound 5.8b (17.1 mg, 51.0 umol, 47 % yield, off-white solid), was prepared in
the same manner as 5.7a using the following reagents and solvents: N-((3-isobutylisoxazol-
5-yl)methyl)-4-((4-methoxybenzyl)oxy)-6-morpholinopyrimidin-2-amine 5.26b (50.0 mg,
0.110 mmol), DCM/TFA (3 mL, 1:1). The compound was purified by MDAP (high pH, Method
B). M.pt. 175-177 °C. *H NMR (400 MHz, DMSO-de): 6 0.88 (d, J = 6.8 Hz, 6H), 1.83-1.98 (m,
1H), 2.44 (d, J = 7.1 Hz, 2H), 3.33-3.36 (m, 4H), 3.56-3.58 (m, 4H), 4.51 (d, J = 5.4 Hz, 2H),
4.74 (s, 1H), 6.19 (s, 1H), 7.18 (br.s, 1H), 8.41 (s, 1H). *C NMR (125 MHz, DMSO-dj): § 22.1
(2€), 27.3, 34.2, 36.2, 44.3 (2C), 65.8 (2C), 77.2, 101.6, 153.4, 162.6, 163.0, 165.8, 170.2. IR
Vmax (neat): 3162, 2844, 1617, 1581, 1522, 1443, 1319, 1231, 1115, 1022, 948, 866, 778, 675
cm™. HR-MS (ESI): C16H24NsO5 [M+H'] requires 334.1874, found 334.1873.

6-(((3-1sobutylisoxazol-5-yl)methyl)amino)-2-morpholinopyrimidin-4(3H)-one (5.8c)
N~ o
= H N\)

(o)

The title compound 5.8c (13.7 mg, 0.041 mmol, 50 % yield, white solid), was prepared in
the same manner as 5.7a using the following reagents and solvents: N-((3-isobutylisoxazol-
5-yl)methyl)-6-((4-methoxybenzyl)oxy)-2-morpholinopyrimidin-4-amine 5.26¢c (37.0 mg,
0.082 mmol), DCM/TFA (3 mL, 1:1). The compound was purified by MDAP (high pH, Method
B). M.pt. 197-201 °C. *H NMR (400 MHz, DMSO-d,): & 0.88 (d, J = 6.6 Hz, 6H), 1.83-1.97 (m,
1H), 2.44 (d, J = 7.1 Hz, 2H), 3.50-3.53 (m, 4H), 3.57-3.60 (m, 4H), 4.45-4.47 (m, 2H), 4.76 (s,
1H), 6.16 (s, 1H), 7.17 (br.s, 1H), 10.27 (br.s, 1H). *C NMR (125 MHz, DMSO-dy): 6 22.1 (2C),
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27.3, 34.2, 36.5, 44.3 (2C), 65.7 (2C), 76.5, 101.6, 156.0, 162.5, 163.3, 165.4, 170.6. IR Vyax
(neat): 2958, 1594, 1553, 1524, 1461, 1411, 1351, 1296, 1270, 1209, 1175, 1022, 923, 866,
744 cm™. HR-MS (ESI): C1H24NsO5 [M+H'] requires 334.1874, found 334.1876.

Tert-butyl ((3-isobutylisoxazol-5-yl)methyl)carbamate (5.15)

W%%

To a solution of hydroxylamine hydrochloride (0.847 g, 12.2 mmol) in water (24 mL) and
tert-butanol (24 mL) was added 3-methylbutanal 5.14 (1.25 mL, 11.6 mmol) followed by
sodium hydroxide (0.488 g, 12.2 mmol). This mixture was stirred for 0.5 hours at room
temperature. Chloramine-T trihydrate (3.43 g, 12.2 mmol) was added in small portions,
followed by copper(ll) sulfate pentahydrate (87.0 mg, 0.348 mmol) and copper turnings
(25.0 mg). Tert-butyl prop-2-yn-1-ylcarbamate (1.89 g, 12.2 mmol) was added and the pH
was adjusted to 6 by addition of 1 M NaOH. Stirring was continued for a further 16 hours.
The reaction mixture was poured into ice water (100 mL) and dilute NH,OH (15 mL) was
added, and then the mixture was filtered. The filtrate was adsorbed onto diatomaceous
earth and purified by reversed phase chromatography, eluting under a gradient of MeOH
(25-60%) in modified water (high pH), affording the title compound 5.15 (1.73 g, 6.80
mmol, 59 % vyield) as an orange oil. 'H NMR (400 MHz, MeOD-d,): 6 0.97 (d, J = 6.8 Hz, 6H),
1.47 (s, 9H), 1.91-2.04 (m, 1H), 2.52 (d, J = 7.1 Hz, 2H), 4.33 (s, 2H), 6.14 (s, 1H).
Exchangeable protons not observed. LCMS (high pH): tx = 1.09 min, [M+H'] 255,
[M+H"+MeCN] 296; (area % total: 100).

(3-Isobutylisoxazol-5-yl)methanamine hydrochloride salt (5.16)

N-O H,.HCI

|/
Tert-butyl ((3-isobutylisoxazol-5-yl)methyl)carbamate 5.15 (1.48 g, 5.82 mmol) was
dissolved in a solution of HCl in 1,4-dioxane (4 M, 25 mL). This mixture was stirred for 2
hours, after which the solvent was removed under reduced pressure. The resulting solid
was triturated with Et,0 to afford the title compound 5.16 (1.03 g, 5.40 mmol, 93 % yield)
as an off-white solid. "H NMR (400 MHz, MeOD-d,): § 0.99 (d, J = 6.6 Hz, 6H), 1.94-2.08 (m,
1H), 2.59 (d, J = 7.1 Hz, 2H), 4.35 (s, 2H), 6.49 (s, 1H). Exchangeable protons not observed.
LCMS (high pH): tz = 0.70 min, [M+H"] 196; (area % total: 100).
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Di-tert-butyl (4-chloro-6-morpholinopyrimidin-2-yl)imidodicarbamate (5.18)

O, N\Nf O
i

To a solution of 4-chloro-6-morpholinopyrimidin-2-amine 5.17 (250 mg, 1.17 mmol) in DMF
(7 mL) at 0°C was added NaH (279 mg, 6.99 mmol, 60% wt/wt). The mixture was stirred for
20 minutes before di-tert-butyl dicarbonate (1.02 g, 4.66 mmol) in DMF (3 mL) was added.
The solution was stirred for 16 hours, after which time water (30 mL) and EtOAc (30 mL)
were added and the organics were separated, dried over MgSO, and concentrated under
reduced pressure. The crude material was adsorbed onto diatomaceous earth and purified
by reversed phase chromatography, eluting under a gradient of MeCN (30-80%) in modified
water (high pH) to afford the title compound 5.18 (417 mg, 1.01 mmol, 86 % yield) as a pale
orange solid. '"H NMR (400 MHz, CDCls): & 1.42 (s, 18H), 3.61-3.67 (m, 8H), 6.92 (s, 1H).
LCMS (high pH): tz = 1.23 min, [M-Boc+H"] 315, 317, [M+H"] 415, 417; (area % total: 100).

Di-tert-butyl (4-(((3-isobutylisoxazol-5-yl)methyl)amino)-6-morpholinopyrimidin-2-
yl)dicarbamate (5.19)

To a solution of di-tert-butyl (4-chloro-6-morpholinopyrimidin-2-yl)imidodicarbamate 5.18
(100 mg, 0.241 mmol) in DMF (2 mL) was added caesium carbonate (353 mg, 1.09 mmol),
(3-isobutylisoxazol-5-yl)methanamine hydrochloride 5.16 (68.9 mg, 0.362 mmol), XPhos
(34.5 mg, 72.0 umol) and Pd,(dba); (24.3 mg, 27.0 umol). The resulting solution was heated
to 80 °C in the microwave for 2 hours. Additional (3-isobutylisoxazol-5-yl)methanamine
hydrochloride 5.16 (68.9 mg, 0.362 mmol) and caesium carbonate (118 mg, 0.362 mmol)
were added and the mixture was heated to 100 °C for 3 hours in the microwave. After this
time aq. sat. NH,Cl solution (10 ml) was added and the mixture was extracted with EtOAc
(10 mL). The organics were washed with aq. sat. NH,Cl solution and brine, then

concentrated under reduced pressure. The residue was dissolved in DMSO (1 mL); MDAP
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purification of this mixture (high pH, Method C) afforded the title compound 5.19 (16.1 mg,
30.0 umol, 13 % yield) as an orange glass. "H NMR (400 MHz, CDCls): § 0.95 (d, J = 6.6 Hz,
6H), 1.49 (s, 18H), 1.90-2.02 (m, 1H), 2.51 (d, J = 7.0 Hz, 2H), 3.50-3.52 (m, 4H), 3.73-3.75
(m, 4H), 4.59 (d, J = 6.3 Hz, 2H), 5.28 (br.s, 1H), 5.32 (s, 1H), 6.04 (s, 1H). LCMS (high pH): tg
=1.36 min, [M-Boc+H"] 433, [M+H"] 533; (area % total: 91).

2-Chloro-6-morpholinopyrimidin-4-amine (5.21) & 6-Chloro-2-morpholinopyrimidin-4-

amine (5.22)
o
ch N r\Q @\1 N__Cl
L oa
N__— N~
NH, NH,
5.21 5.22

Three separate 20 mL microwave vials each containing a mixture of morpholine (0.531 mL,
6.10 mmol), 2,6-dichloropyrimidin-4-amine 5.20 (1.00 g, 6.10 mmol) and DIPEA (2.66 mL,
15.2 mmol) in ethanol (18 mL) were stirred at 150 °C in the microwave for 10 minutes. The
mixtures were combined, evaporated to dryness, and purified by reversed phase
chromatography, eluting under a gradient of MeOH (10-50%) in modified water (high pH),
affording 6-chloro-2-morpholinopyrimidin-4-amine 5.22 (2.93 g, 13.7 mmol, 75% yield) as
an off-white solid and 2-chloro-6-morpholinopyrimidin-4-amine 5.21 (270 mg, 1.26 mmol, 7
% yield) as a white solid. 2-Chloro-6-morpholinopyrimidin-4-amine 5.21: "H NMR (400 MHz,
DMSO-ds): 6 3.37-3.39 (m, 4H), 3.63-3.65 (m, 4H), 5.50 (s, 1H), 6.68 (br.s, 2H). LCMS
(formic): tg = 0.57 min, [M+H'] 215, 217; (area % total: 100). 6-Chloro-2-
morpholinopyrimidin-4-amine 5.22: 'H NMR (400 MHz, DMSO-dj): & 3.58-3.61 (m, 8H), 5.77
(s, 1H), 6.76 (br.s, 2H). LCMS (formic): tg = 0.66 min, [M+H"] 215, 217; (area % total: 100).
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4-(6-Chloro-2-((4-methoxybenzyl)oxy)pyrimidin-4-yl)morpholine (5.24a), 4-(2-Chloro-6-
((4-methoxybenzyl)oxy)pyrimidin-4-yl)morpholine (5.24b) & 4-(4-Chloro-6-((4-

257

methoxybenzyl)oxy)pyrimidin-2-yl)morpholine (5.24c)

1 D el
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5.24a 5.24b 5.24c

To a solution of 2,4,6-trichloropyrimidine 5.12 (2.51 mL, 21.8 mmol) and caesium carbonate
(21.3 g, 65.4 mmol) in acetonitrile (50 mL) was added (4-methoxyphenyl)methanol (2.71
mL, 21.8 mmol). This mixture was stirred at room temperature for 72 hours, after which
morpholine (2.28 mL, 26.2 mmol) was added. The resulting mixture was stirred for 16
hours, after which the solvent was removed under reduced pressure. The resulting solid
was suspended in EtOAc (200 mL). Water (200 mL) was added and the mixture was
separated. The organic layer was washed with water (2 x 200 mL), brine (100 mL), dried
over MgS0, and concentrated under reduced pressure. The resulting residue was adsorbed
onto diatomaceous earth and purified by flash chromatography, eluting under a gradient of
TBME (0-25%) in cyclohexane to afford the three regioisomers, which eluted in the
following order: 4-(4-chloro-6-((4-methoxybenzyl)oxy)pyrimidin-2-yl)morpholine 5.24¢*’
(2.95 g, 8.79 mmol, 40 % yield, white solid), 4-(2-chloro-6-((4-methoxybenzyl)oxy)pyrimidin-
4-yl)morpholine 5.24b*’ (412 mg, 1.23 mmol, 6 % yield, opaque gum), 4-(6-chloro-2-((4-
methoxybenzyl)oxy)pyrimidin-4-yl)morpholine 5.24a*’ (1.52 g, 4.53 mmol, 21 % vyield,
transparent gum). Compound 5.24a: 'H NMR (400 MHz, DMSO-dg): & 3.59-3.65 (m, 8H),
3.76 (s, 3H), 5.22 (s, 2H), 6.61 (s, 1H), 6.92-6.95 (m, 2H), 7.35-7.38 (m, 2H). LCMS (high pH):
tg = 1.19 min, [M+H’] 336; (area % total: 99). Compound 5.24b: 'H NMR (400 MHz, DMSO-
ds): 6 3.53-3.55 (m, 4H), 3.63-3.64 (m, 4H), 3.76 (s, 3H), 5.23 (s, 2H), 6.13 (s, 1H), 6.93-6.96
(m, 2H), 7.36-7.38 (m, 2H). LCMS (high pH): tg = 1.29 min, [M+H'] 336; (area % total: 100).
Compound 5.24c: ‘H NMR (400 MHz, DMSO-dg): & 3.64-3.66 (m, 4H), 3.70-3.72 (m, 4H),
3.76 (s, 3H), 5.30 (s, 2H), 6.21 (s, 1H), 6.93-6.95 (m, 2H), 7.36-7.39 (m, 2H). LCMS (high pH):
tg = 1.40 min, [M+H"] 336; (area % total: 99).
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4-(2-((4-Methoxybenzyl)oxy)-6-(piperidin-1-yl)pyrimidin-4-yl)morpholine (5.25a)

oWe

To a solution of 4-(6-chloro-2-((4-methoxybenzyl)oxy)pyrimidin-4-yl)morpholine 5.24a (75.0
mg, 0.223 mmol) and DIPEA (0.117 mL, 0.670 mmol) in EtOH (0.9 mL) was added piperidine
(66.0 uL, 0.670 mmol). The mixture was heated to 150 °C in the microwave for 5 hours,
after which time direct purification of the reaction mixture by MDAP (high pH, Method C)
afforded the title compound 5.25a (61.0 mg, 0.159 mmol, 71 % vyield) as a red glass. ‘H
NMR (400 MHz, MeOD-d,): 6 1.55-1.61 (m, 4H), 1.65-1.72 (m, 2H), 3.49-3.51 (m, 4H), 3.55-
3.58 (m, 4H), 3.71-3.73 (m, 4H), 3.79 (s, 3H), 5.42 (s, 2H), 5.48 (s, 1H), 6.88-6.91 (m, 2H),
7.34-7.38 (m, 2H). LCMS (high pH): tg = 1.35 min, [M+H"] 385; (area % total: 100).

4-(6-((4-Methoxybenzyl)oxy)-2-(piperidin-1-yl)pyrimidin-4-yl)morpholine (5.25b)

b 47
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The title compound 5.25b (85.0 mg, 0.221 mmol, 93 % yield, white solid) was prepared in
the same manner as 5.25a using the following reagents and solvents: 4-(2-chloro-6-((4-
methoxybenzyl)oxy)pyrimidin-4-yl)morpholine 5.24b (80.0 mg, 0.238 mmol), DIPEA (0.125
mL, 0.715 mmol), piperidine (71.0 uL, 0.715 mmol), EtOH (0.9 mL). The compound was
purified by MDAP (high pH, Method D). *H NMR (400 MHz, MeOD-d,): & 1.52-1.58 (m, 4H),
1.64-1.70 (m, 2H), 3.46-3.48 (m, 4H), 3.69-3.75 (m, 8H), 3.80 (s, 3H), 5.22 (s, 2H), 5.33 (s,
1H), 6.89-6.92 (m, 2H), 7.33-7.35 (m, 2H). LCMS (high pH): tz = 1.54 min, [M+H"] 385; (area
% total: 100).

4-(4-((4-Methoxybenzyl)oxy)-6-(piperidin-1-yl)pyrimidin-2-yl)morpholine (5.25c)
s
N.__N__N
Cx -
N LONQ
LT

The title compound 5.25¢ (69.0 mg, 0.179 mmol, 80 % yield, off-white solid) was prepared
in the same manner as 5.25a using the following reagents and solvents: 4-(4-chloro-6-((4-

methoxybenzyl)oxy)pyrimidin-2-yl)morpholine 5.24c¢ (75.0 mg, 0.223 mmol), DIPEA (0.117
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mL, 0.670 mmol), piperidine (66.0 uL, 0.670 mmol), EtOH (0.9 mL). The compound was
purified by MDAP (high pH, Method D). *H NMR (400 MHz, MeOD-d,): & 1.55-1.60 (m, 4H),
1.66-1.70 (m, 2H), 3.53-3.56 (m, 4H), 3.71 (s, 8H), 3.80 (s, 3H), 5.22 (s, 2H), 5.38 (s, 1H),
6.89-6.93 (m, 2H), 7.32-7.36 (m, 2H). LCMS (high pH): tz = 1.52 min, [M+H'] 385; (area %
total: 100).

N-((3-Isobutylisoxazol-5-yl)methyl)-2-((4-methoxybenzyl)oxy)-6-morpholinopyrimidin-4-

%HW@
ot

To a solution of 4-(6-chloro-2-((4-methoxybenzyl)oxy)pyrimidin-4-yl)morpholine 5.24a (150

amine (5.26a)

mg, 0.447 mmol) in DMF (3 mL) was added caesium carbonate (655 mg, 2.01 mmol), (3-
isobutylisoxazol-5-yl)methanamine hydrochloride 5.16 (128 mg, 0.670 mmol), XPhos (63.9
mg, 0.134 mmol) and Pd,(dba); (45.0 mg, 49.0 umol). The resulting solution was heated to
80 °C in the microwave for 5 hours. Sat. aq. NH,Cl (10 ml) was added and the mixture was
extracted with EtOAc (10 mL). The organics were washed with sat. agq. NH,Cl solution and
brine, dried over sodium sulfate then concentrated in vacuo. The residue was dissolved in
DMF (2.5 mL); MDAP (high pH, Method C) purification of this mixture afforded the title
compound 5.26a (36.3 mg, 80.0 pmol, 18 % yield) as a fluffy white solid. *H NMR (400 MHz,
DMSO-d;): 6 0.88 (d, J = 6.6 Hz, 6H), 1.84-1.94 (m, 1H), 2.44 (d, J = 7.2 Hz, 2H), 3.38-3.41 (m,
4H), 3.61-3.65 (m, 4H), 3.75 (s, 3H), 4.55 (d, J = 6.0 Hz, 2H), 5.13 (s, 2H), 5.41 (s, 1H), 6.12 (s,
1H), 6.88-6.92 (m, 2H), 7.30-7.35 (m, 3H). LCMS (high pH): tz = 1.27 min, [M+H"] 454; (area
% total: 100).

N-((3-Isobutylisoxazol-5-yl)methyl)-4-((4-methoxybenzyl)oxy)-6-morpholinopyrimidin-2-
amine (5.26b)

The title compound 5.26b (54.2 mg, 0.120 mmol, 22 % yield, transparent glass) was

prepared in the same manner as 5.26a using the following reagents and solvents: 4-(2-

196



chloro-6-((4-methoxybenzyl)oxy)pyrimidin-4-yl)morpholine 5.24b (180 mg, 0.536 mmol),
caesium carbonate (786 mg, 2.41 mmol), (3-isobutylisoxazol-5-yl)methanamine
hydrochloride 5.16 (153 mg, 0.804 mmol), XPhos (77.0 mg, 0.161 mmol), Pd,(dba); (54.0
mg, 59.0 umol), DMF (4 mL). The compound was purified by MDAP (high pH, Method C). 'H
NMR (400 MHz, MeOD-d,): & 0.93 (d, J = 6.6 Hz, 6H), 1.85-1.98 (m, 1H), 2.47 (d, J = 7.2 Hz,
2H), 3.45-3.47 (m, 4H), 3.66-3.68 (m, 4H), 3.78 (s, 3H), 4.60 (s, 2H), 5.18 (s, 2H), 5.40 (s, 1H),
6.06 (s, 1H), 6.86-6.90 (m, 2H), 7.29-7.39 (m, 2H). Exchangeable protons not observed.
LCMS (high pH): tz = 1.36 min, did not ionize; (area % total: 90).

Alternatively, a solution of 4-(2-chloro-6-((4-methoxybenzyl)oxy)pyrimidin-4-yl)morpholine
5.24b (100 mg, 0.298 mmol), (3-isobutylisoxazol-5-yl)methanamine hydrochloride 5.16
(68.1 mg, 0.357 mmol), sodium tert-butoxide (86.0 mg, 0.893 mmol), BrettPhos Pd G1
methyl-t-butyl ether adduct (11.9 mg, 15.0 pmol) and BrettPhos (8.0 mg, 15.0 umol) in
1,4-Dioxane (3 mL) was heated to 100 °C in the microwave for 1 hour. After this time, the
mixture was diluted with EtOAc (10 mL), washed with water (10 mL) and concentrated
under reduced pressure. The crude material was dissolved in MeOH and DMSO (1:1, 2 ml)
and purified by MDAP (high pH, Method C) to afford the title compound 5.26b (67.0 mg,
0.148 mmol, 50 % vyield) as a transparent glass. Spectral data were identical to those

reported above.

N-((3-Isobutylisoxazol-5-yl)methyl)-6-((4-methoxybenzyl)oxy)-2-morpholinopyrimidin-4-
amine (5.26c¢)

The title compound 5.26¢ (37.5 mg, 0.083 mmol, 28 % yield, orange glass) was prepared in
the same manner as 5.26a using the following reagents and solvents: 4-(4-chloro-6-((4-
methoxybenzyl)oxy)pyrimidin-2-yl)morpholine 5.24c (100 mg, 0.298 mmol), caesium
carbonate (437 mg, 1.34 mmol), (3-isobutylisoxazol-5-yl)methanamine hydrochloride 5.16
(85.0 mg, 0.447 mmol), XPhos (42.6 mg, 89.0 umol), Pd,(dba); (30.0 mg, 33.1 umol), DMF (2
mL). The compound was purified by MDAP (high pH, Method D). *H NMR (400 MHz, MeOD-
dyg): 6 0.93 (d, J = 6.6 Hz, 6H), 1.86-1.98 (m, 1H), 2.49 (d, J = 7.2 Hz, 2H), 3.62-3.70 (m, 8H),
3.79 (s, 3H), 4.58 (s, 2H), 5.18 (s, 2H), 5.27 (s, 1H), 6.09 (s, 1H), 6.87-6.91 (m, 2H), 7.29-7.33
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(m, 2H). Exchangeable protons not observed. LCMS (high pH): t = 1.38 min, [M+H"] 454;

(area % total: 100).

6-(4-(4-(4-Chlorobenzyl)piperidine-1-carbonyl)piperidin-1-yl)-4-morpholinopyrimidin-
2(1H)-one (5.32a)

peVeaeINS

e

(0]

To a solution of 1-(2-((4-methoxybenzyl)oxy)-6-morpholinopyrimidin-4-yl)piperidine-4-
carboxylic acid 5.33 (36.0 mg, 84.0 umol) in DMF (0.5 mL) was added DIPEA (44.0 uL, 0.252
mmol) and HATU (38.3 mg, 0.101 mmol). The mixture was stirred for 30 minutes at room
temperature, after which 4-(4-chlorobenzyl)piperidine hydrochloride 5.34a (22.8 mg, 92.0
pmol) was added. The mixture was stirred at room temperature for 2 hours after which
EtOAc (10 mL) was added and the organics were washed sequentially with water (10 mL),
sat. agq. NaHCO; (10 mL) and brine (10 mL), then dried over MgS0O, and concentrated under
reduced pressure. The crude material was dissolved in a mixture of DCM:TFA (1:1, 1 mL)
and stirred at room temperature for 20 hours. After this time, the mixture was
concentrated, dissolved in MeOH and subject to purification by MDAP (high pH, Method C)
to afford the title compound 5.32a (40.1 mg, 83.0 umol, 98 % yield) as a straw coloured
glass. *H NMR (400 MHz, MeOD-d,): & 1.15 (qd, J = 3.9, 12.7 Hz, 2H), 1.68-1.90 (m, 7H),
2.56-2.63 (m, 3H), 3.00-3.14 (m, 4H), 3.52-3.55 (m, 4H), 3.74-3.77 (m, 4H), 4.07-4.19 (m,
3H), 4.51 (d, J = 12.7 Hz, 1H), 5.29 (s, 1H), 7.16-7.18 (m, 2H), 7.27-7.29 (m, 2H).
Exchangeable protons not observed. 3C NMR (125 MHz, MeOD-d,): 6 29.1, 29.3, 32.9, 34.0,
38.7,39.2,42.9,43.4,46.8, 46.8, 46.9, 47.3 (2C), 67.2 (2C), 72.0 (m), 129.3 (2C), 131.7 (2C),
132.8, 140.1, 155.4, 159.8 (m), 163.1 (m), 174.5. v, (neat): 2922, 1666, 1603, 1428, 1368,
1197, 1172, 1116, 1015, 968, 832, 798, 719 cm™. HR-MS (ESI): C56H35CINsO; [M+H'] requires
500.2423, found 500.2420.
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6-(4-(4-(4-Chloro-3,5-difluorobenzyl)piperidine-1-carbonyl)piperidin-1-yl)-4-
morpholinopyrimidin-2(1H)-one (5.32b)

m*%@

(0]

The title compound 5.32b (25.8 mg, 48.0 umol, 69 % yield, transparent gum) was prepared
in the same manner as 5.32a using the following reagents and solvents: 1-(2-((4-
methoxybenzyl)oxy)-6-morpholinopyrimidin-4-yl)piperidine-4-carboxylic acid 5.33 (30.0 mg,
70.0 umol), DIPEA (36.7 uL, 0.210 mmol), HATU (31.9 mg, 84.0 umol), DMF (0.5 mL), 4-(4-
chloro-3,5-difluorobenzyl)piperidine hydrochloride 5.34b (21.7 mg, 77.0 umol), then
DCM:TFA (1:1, 1 mL). The compound was purified by MDAP (high pH, Method C). *H NMR
(400 MHz, MeOD-d,): & 1.08-1.27 (m, 2H), 1.65-1.82 (m, 6H), 1.84-1.94 (m, 1H), 2.56-2.66
(m, 3H), 2.97-3.15 (m, 4H), 3.52 (br.s, 4H), 3.73-3.76 (m, 4H), 4.08-4.26 (m, 3H), 4.52 (d, J =
12.6 Hz, 1H), 5.27 (s, 1H), 6.99-7.03 (m, 2H). Exchangeable protons not observed. *C NMR
(125 MHz, MeOD-d,): 6 27.8, 28.0, 31.4, 32.4, 37.5, 37.8, 41.5, 41.9, 44.7 (br. m, 3C), 45.4
(2C), 66.1 (2C), 71.5, 106.8 (t, J = 21 Hz), 112.4 (dd, J = 3, 19 Hgz, 2C), 142 (m), 158.5 (dd, J =
4, 247 Hz, 2C), 159.2, 173.4. Two Bc signals not observed due to line broadening. F NMR
(376 MHz, MeOD-d,): & -116.4. v (neat): 2922, 1595, 1507, 1432, 1365, 1255, 1203, 1114,
1022, 960, 857, 782, 650 cm™. HR-MS (ESI): Cy6H33CIF,NsO3 [M+H"] requires 536.2235, found
536.2226.

6-(4-(4-(3-Fluoro-4-(trifluoromethyl)benzyl)piperidine-1-carbonyl)piperidin-1-yl)-4-
morpholinopyrimidin-2(1H)-one (5.32c)

peVeaciNs:
by

The title compound 5.32c¢ (23.8 mg, 43.0 umol, 53 % yield, light brown gum) was prepared
in the same manner as 5.32a using the following reagents and solvents: 1-(2-((4-
methoxybenzyl)oxy)-6-morpholinopyrimidin-4-yl)piperidine-4-carboxylic acid 5.33 (35.0 mg,
82.0 umol), DIPEA (42.8 pl, 0.245 mmol), HATU (37.3 mg, 98.0 umol), DMF (0.5 mL), 4-(3-

fluoro-4-(trifluoromethyl)benzyl)piperidine hydrochloride 5.34c (26.8 mg, 90.0 umol), then
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DCM:TFA (1:1, 1 mL). The compound was purified by MDAP (high pH, Method C). *H NMR
(400 MHz, MeOD-d,): & 1.11-1.25 (m, 2H), 1.66-1.75 (m, 6H), 1.85-1.94 (m, 1H), 2.56-2.67
(m, 3H), 2.96-3.11 (m, 4H), 3.47-3.52 (m, 4H), 3.71-3.74 (m, 4H), 4.06-4.20 (m, 3H), 4.50 (d,
J = 12.4 Hz, 1H), 5.25 (s, 1H), 7.11-7.20 (m, 2H), 7.58 (t, J = 7.8 Hz, 1H). Exchangeable
protons not observed. *C NMR (125 MHz, MeOD-d,): & 29.2, 29.4, 32.8, 33.9, 38.9, 39.2,
43.1, 43.3, 46.1 (2C), 46.8, 46.8 (2C), 67.4 (2C), 72.7 (m), 116.8 (m), 118.4 (d, J = 20 Hz),
124.4 (g, J = 273 Hz), 126.4 (d, J = 4 Hz), 128.0 (m, 2C), 149.7 (d, J = 8 Hz), 160.0, 160.5,
162.0, 174.8. *F NMR (376 MHz, MeOD-d,): 6 -117 (m, 1F), -61.9 (d, J = 12 Hz, 3F). Vi
(neat): 2922, 1597, 1508, 1431, 1385, 1323, 1252, 1206, 1175, 1119, 1045, 994, 783, 751,
660 cm™. HR-MS (ESI): Cp7H34FsNsO5 [M+H'] requires 552.2592, found 552.2576.

6-(4-(4-(3,4-Dichlorobenzyl)piperidine-1-carbonyl)piperidin-1-yl)-4-morpholinopyrimidin-
2(1H)-one (5.32d)
o
Cl N (\O
N N
c Y
HN N
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o

The title compound 5.32d (15.6 mg, 29.1 umol, 63 % yield, opaque gum) was prepared in
the same manner as 5.32a using the following reagents and solvents: 1-(2-((4-
methoxybenzyl)oxy)-6-morpholinopyrimidin-4-yl)piperidine-4-carboxylic acid 5.33 (20.0 mg,
47.0 pmol), DIPEA (24.5 pl, 0.140 mmol), HATU (21.3 mg, 56.0 umol), DMF (0.5 mL), 4-(3,4-
dichlorobenzyl)piperidine hydrochloride 5.34d (14.4 mg, 54.0 umol), then DCM:TFA (1:1,
1 mL). The compound was purified by MDAP (high pH, Method C). '"H NMR (400 MHz,
MeOD-d,): & 1.07-1.26 (m, 2H), 1.68-1.91 (m, 7H), 2.57-2.63 (m, 3H), 2.97-3.12 (m, 4H),
3.51-3.53 (m, 4H), 3.73-3.76 (m, 4H), 4.08-4.24 (m, 3H), 4.49-4.55 (m, 1H), 5.27 (s, 1H), 7.14
(dd, J = 2.0, 8.3 Hz, 1H), 7.38 (d, J = 2.0 Hz, 1H), 7.44 (d, J = 8.3 Hz, 1H). Exchangeable
protons not observed. *C NMR (100 MHz, MeOD-d,): & 29.2, 29.4, 32.8, 33.9, 39.1, 39.2,
42.6,43.3, 46.2, 46.8 (2C), 67.4 (2C), 130.1, 130.8, 131.3, 132.1, 133.0, 142.4, 160.5, 174.8.
Five 2C signals not observed due to line broadening. v, (neat): 2921, 2852, 1594, 1506,
1437, 1365, 1255, 1205, 1114, 1021, 969, 782, 689 cm™. HR-MS (ESI): CpsH34Cl,NsO3 [M+H']
requires 534.2033, found 534.2024.
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6-(4-(4-(3-Chloro-4-(trifluoromethyl)benzyl)piperidine-1-carbonyl)piperidin-1-yl)-4-
morpholinopyrimidin-2(1H)-one (5.32e)

peVcasiVs
e

The title compound 5.32e (15.1 mg, 27.0 umol, 57 % yield, brown gum) was prepared in the
same manner as 5.32a using the following reagents and solvents: 1-(2-((4-
methoxybenzyl)oxy)-6-morpholinopyrimidin-4-yl)piperidine-4-carboxylic acid 5.33 (20.0 mg,
47.0 pmol), DIPEA (24.0 pL, 0.140 mmol), HATU (21.3 mg, 56.0 pmol), DMF (0.28 mL), 4-(3-
chloro-4-(trifluoromethyl)benzyl)piperidine 5.34e (14.3 mg, 51.0 umol), then DCM:TFA (1:1,
1 mL). The compound was purified by MDAP (high pH, Method C). '"H NMR (400 MHz,
MeOD-d,): 6 1.11-1.25 (m, 2H), 1.67-1.77 (m, 6H), 1.89-1.92 (m, 1H), 2.56-2.66 (m, 3H),
2.99-3.11 (m, 4H), 3.49 (br.s, 4H), 3.71-3.73 (m, 4H), 4.06-4.18 (m, 3H), 4.50 (d, J = 12.1 Hz,
1H), 5.25 (s, 1H), 7.30 (d, J = 8.1 Hz, 1H), 7.46 (s, 1H), 7.67 (d, J = 8.1 Hz, 1H). Exchangeable
protons not observed. *C NMR (100 MHz, MeOD-d,): & 27.8 (2C), 31.4, 32.5, 37.6, 37.8,
41.5,41.9, 45.4 (2C), 66.1 (2C), 123.3 (q, J = 271 Hz), 125.6 (m), 127.2 (m), 127.7, 131.5 (m),
131.7, 146.9, 159.1, 173.5. Six °C signals not observed due to line broadening. E NMR (376
MHz, MeOD-d,): & -63.0. v, (neat): 2923, 1595, 1500, 1437, 1382, 1315, 1256, 1174, 1120,
1103, 1026, 969, 839, 782, 696 cm™. HR-MS (ESI): Co7H34CIF3NsO; [M+H'] requires 568.2297,
found 568.2295.

1-(2-((4-Methoxybenzyl)oxy)-6-morpholinopyrimidin-4-yl)piperidine-4-carboxylic acid

(5.33)
Hoj\@ (o
M
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To a solution of ethyl 1-(2-((4-methoxybenzyl)oxy)-6-morpholinopyrimidin-4-yl)piperidine-
4-carboxylate 5.39 (300 mg, 0.657 mmol) in water (1.2 mL) and 1,4-dioxane (1.2 mL) was
added LiOH.H,0 (138 mg, 3.29 mmol). This mixture was stirred at room temperature for 3
hours, after which time it was concentrated under reduced pressure and adsorbed onto
diatomaceous earth. The crude material was purified by reversed phase chromatography,

eluting under a gradient of MeCN (10-30%) in modified water (high pH) to afford the title
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compound 5.33 (247 mg, 0.576 mmol, 88 % yield) as a collapsed white foam. *H NMR (400
MHz, MeOD-d,): 6 1.59-1.69 (m, 2H), 1.91-1.95 (m, 2H), 2.47-2.55 (m, 1H), 2.95-3.02 (m,
2H), 3.51-3.53 (m, 4H), 3.72-3.74 (m, 4H), 3.80 (s, 3H), 4.25-4.31 (m, 2H), 5.25 (s, 2H), 5.53
(s, 1H), 6.89-6.92 (m, 2H), 7.35-7.39 (m, 2H). Exchangeable protons not observed. LCMS
(high pH): tg = 0.71 min, [M+H"] 429; (area % total: 99).

4-(4-Chloro-3,5-difluorobenzyl)piperidine hydrochloride (5.34b)

F

F

To a solution of tert-butyl 4-methylenepiperidine-1-carboxylate 5.36 (100 mg, 0.507 mmol)
in THF (0.5 mL) was added 9-BBN dimer (123 mg, 0.507 mmol). This mixture was heated to
reflux for 1 hour. After cooling to room temperature, the solution was added to a mixture
of 5-bromo-2-chloro-1,3-difluorobenzene (115 mg, 0.507 mmol), PdCl,dppf (20.8 mg, 25.0
pumol) and K,CO; (98.0 mg, 0.710 mmol) in DMF (1 mL) and water (0.1 mL). This mixture
was heated to 60 °C for 18 hours. The mixture was poured into water, the pH was adjusted
to 11 by the addition of 2M NaOH, followed by extraction with EtOAc. The organics were
washed with brine, dried over MgSO, and concentrated. The crude material was purified by
reversed phase chromatography, eluting under a gradient of MeCN (30-50%) in modified
water (high pH) to afford the intermediate 5.38a (106 mg). This material was dissolved in a
4M solution of HCl in 1,4-dioxane (1 mL). Stirring was continued at room temperature for 1
hour, after which the solvent was removed under reduced pressure. The crude material
was dissolved in methanol (1 mL) and loaded on to a 5 g Biotage ISOLUTE Flash SCX 2
cartridge, washing with 3 column volumes of MeOH and eluting with 4 column volumes of
2M ammonia in MeOH. The appropriate fractions were concentrated and the resulting
material was dissolved in a 4M solution of HCl in 1,4-dioxane (1 mL), stirred for 2 minutes
then concentrated under reduced pressure to afford the title compound 5.34b (77.3 mg,
0.274 mmol, 54 % yield) as a white solid. 'H NMR (400 MHz, MeOD-d,): 6 1.42-1.35 (m, 2H),
1.85-2.01 (m, 3H), 2.65 (d, J = 6.9 Hz, 2H), 2.97 (t, J = 12.7 Hz, 2H), 3.36-3.42 (m, 2H), 7.02-
7.06 (m, 2H). Exchangeable protons not observed. LCMS (high pH): tx = 0.99 min, [M+H"]
246, [M+H"+MeCN] 287; (area % total: 97).
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4-(3-Fluoro-4-(trifluoromethyl)benzyl)piperidine hydrochloride (5.34c)

F

The title compound 5.34c (85.4 mg, 0.287 mmol, 57 % yield, white solid) was prepared in
the same manner as 5.34b using the following reagents and solvents: tert-butyl 4-
methylenepiperidine-1-carboxylate 5.36 (100 mg, 0.507 mmol), 9-BBN dimer (123 mg,
0.507 mmol), THF (0.5 mL), then 4-bromo-2-fluoro-1-(trifluoromethyl)benzene (123 mg,
0.507 mmol), PdCl,dppf (20.8 mg, 25.0 umol), K,CO; (98.0 mg, 0.710 mmol), DMF (1 mL),
water (0.1 mL), then HCl in 1,4-dioxane (1 mL). "H NMR (400 MHz, MeOD-d,): § 1.44-1.55
(m, 2H), 1.84-1.91 (m, 2H), 1.94-2.05 (m, 1H), 2.74 (d, J = 7.3 Hz, 2H), 2.98 (t, J = 11.9 Hz,
2H), 3.37-3.41 (m, 2H), 7.22-7.25 (m, 2H), 7.62 (t, J = 7.8 Hz, 1H). Exchangeable protons not
observed. LCMS (high pH): tg = 1.30 min, [M+H"] 262, [M+H"+MeCN] 303; (area % total: 90).

4-(3,4-Dichlorobenzyl)piperidine hydrochloride (5.34d)**®

Cl

The title compound 5.34d (21.0 mg, 75.0 umol, 15 % yield, transparent gum) was prepared
in the same manner as 5.34b, except a commercial solution of 9-BBN in THF (0.5 M) was
used in place of 9-BBN dimer and THF. The following reagents and solvents were used:
9-BBN (0.5 M in THF, 1.01 mL, 0.507 mmol), tert-butyl 4-methylenepiperidine-1-carboxylate
5.36 (100 mg, 0.507 mmol), then 4-bromo-1,2-dichlorobenzene (115 mg, 0.507 mmol),
PdCl,dppf (20.8 mg, 25.0 umol), K,CO; (98.0 mg, 0.710 mmol), DMF (1 mL), water (0.1 mL)
then HCl in 1,4-dioxane (1 mL). *H NMR (400 MHz, MeOD-d,): & 1.41-1.51 (m, 2H), 1.83-1.96
(m, 3H), 2.62 (d, J = 7.1 Hz, 2H), 2.95 (t, J = 12.1 Hz, 2H), 3.36-3.40 (m, 2H), 7.16 (dd, J = 2.0,
8.2 Hz, 1H), 7.40 (d, J = 2.0 Hz, 1H), 7.45 (d, J = 8.2 Hz, 1H). Exchangeable protons not
observed. LCMS (high pH): tg = 1.28 min, [M+H"] 244; (area % total: 100).

4-(3-chloro-4-(trifluoromethyl)benzyl)piperidine (5.34e)

Cl
9-BBN (0.5 M in THF, 1.01 mL, 0.507 mmol) was added to tert-butyl 4-methylenepiperidine-
1-carboxylate 5.36 (100 mg, 0.507 mmol) . This mixture was heated to reflux for 1 hour.
After cooling to room temperature, the solution was added to a mixture of 4-bromo-2-

chloro-1-(trifluoromethyl)benzene (132 mg, 0.507 mmol), PdCl,dppf (20.8 mg, 25.0 umol)
and K,COj; (98.0 mg, 0.710 mmol) in DMF (1 mL) and water (0.1 mL). This mixture was
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heated to 60 °C for 18 hours. The mixture was poured into water, the pH was adjusted to
11 by the addition of 2M NaOH, followed by extraction with EtOAc. The organics were
washed with brine, dried over MgSO, and concentrated. The crude material was purified by
reversed phase chromatography, eluting under a gradient of MeCN (20-70%) in modified
water (high pH). The fractions containing the title compound were combined and
concentrated. This material was dissolved in MeOH (1 mL) and loaded on to a Biotage 5g
ISOLUTE Flash SCX 2 cartridge, washing with 3 column volumes of MeOH and eluting with 4
column volumes of 2M ammonia in MeOH to afford the title compound 5.34e (24.7 mg,
89.0 umol, 18 % yield) as a straw coloured gum. 'H NMR (400 MHz, MeOD-d,): 6 1.23 (qd, J
= 3.8, 12.4 Hz, 2H), 1.60-1.67 (m, 2H), 1.71-1.79 (m, 1H), 2.57 (dt, J = 2.1, 12.4 Hz, 2H), 2.63
(d, J=7.2 Hz, 2H), 3.01-3.08 (m, 2H), 7.30 (d, J = 8.1 Hz, 1H), 7.45 (s, 1H), 7.68 (d, J = 8.1 Hz,
1H). Exchangeable protons not observed. LCMS (high pH): t; = 1.30 min, [M+H'] 278,
[M+H"+MeCN] 319; (area % total: 100).

Ethyl 1-(2-((4-methoxybenzyl)oxy)-6-morpholinopyrimidin-4-yl)piperidine-4-carboxylate
(5.39)

o
e
eves,
NYN o
A suspension of 4-(6-chloro-2-((4-methoxybenzyl)oxy)pyrimidin-4-yl)morpholine 5.24a (300
mg, 0.893 mmol), DIPEA (0.312 mL, 1.79 mmol) and ethyl piperidine-4-carboxylate 5.35
(0.165 mL, 1.07 mmol) in EtOH (4.5 mL) was heated to 120 °C under microwave irradiation
for 3 hours. Additional ethyl piperidine-4-carboxylate 5.35 (0.165 mL, 1.07 mmol) and
DIPEA (0.312 mL, 1.79 mmol) were added and the mixture was heated to 120 °C under
microwave irradiation for a further 2 hours. The mixture was concentrated in vacuo and the
crude material was purified by reversed phase chromatography, eluting under a gradient of
MeCN (20-60%) in modified water (high pH) to afford the title compound 5.39 (353 mg,
0.773 mmol, 87 % yield) as a transparent gum. 'H NMR (400 MHz, MeOD-d,): § 1.26 (t, J =
7.3 Hz, 3H), 1.58-1.67 (m, 2H), 1.91-1.95 (m, 2H), 2.58-2.65 (m, 1H), 2.96-3.05 (m, 2H), 3.51-
3.54 (m, 4H), 3.71-3.73 (m, 4H), 3.79 (s, 3H), 4.15 (g, / = 7.3 Hz, 2H), 4.25 (dt, J = 3.5, 13.8
Hz, 2H), 5.26 (s, 2H), 5.54 (s, 1H), 6.68-6.91 (m, 2H), 7.34-7.38 (m, 2H). LCMS (high pH): tz =
1.28 min, [M+H"] 457; (area % total: 99).
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11.3 Synthesis of Compounds in Chapter 6

General Procedure A for the Synthesis of GSK’896 Analogues via DABAL-Me; Mediated
Aminolysis of Ester 6.18 or 6.42'*

To a solution of DABAL-Me; (122 mg, 0.478 mmol) in THF (2.5 mL) in a microwave vial was
added the appropriate amine (0.478 mmol). The vial was sealed with a Teflon septum and
heated to 50 °C for 1 hour. After this time, a solution of the ester 6.18 or 6.42 (0.239 mmol)
in THF (0.5 mL) was added via syringe and the mixture was heated to reflux for 18 hours.
The reaction was quenched by the careful addition of HCI (2M, 5 mL) at room temperature.
DCM (5 mL) was added to the vial and the biphasic mixture was stirred vigorously for 10
minutes, after which the layers were separated by passage through a hydrophobic frit. The

organics were removed under reduced pressure to give a residue that was dissolved in

MeOH (< 3mL) and subjected to MDAP purification to afford the amide product.

General procedure B for the Sy2 Displacement of an a-Bromo or a-Tosyl Amide with an
Aniline or Phenol

To a solution of the aniline or phenol (0.235 mmol) and potassium carbonate (54.0 mg,
0.391 mmol) in MeCN (2 mL) was added the a-bromo or a-tosyl amide (0.195 mmol). The
mixture was heated to 90 °C for 18 hours, after which it was filtered and the solid was
washed with MeCN. The filtrate was evaporated under reduced pressure, and the residue
was dissolved in DMF (2 mL). This mixture was subjected to MDAP purification to afford the

product.

N-(4-Bromophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanamide
(GSK’896)

o /©/Br
QT
o)
A mixture of 2-bromo-N-(4-bromophenyl)propanamide 6.4 (40.0 mg, 0.130 mmol), 2,3-
dihydrobenzo[b][1,4]dioxin-6-amine 6.5 (18.0 pL, 0.143 mmol) and triethylamine (36.0 pL,
0.261 mmol) in DMF (0.7 mL) was heated to 80 °C under microwave irradiation for 4.5
hours. Direct purification of the reaction mixture by MDAP (high pH, Method C) afforded
the title compound GSK’896 (30.7 mg, 0.081 mmol, 63 % yield) as a light brown gum. 'H
NMR (400 MHz, MeOD-d,): & 1.49 (d, J = 7.1 Hz, 3H), 3.84 (q, J = 7.1 Hz, 1H), 4.11-4.14 (m,
2H), 4.16-4.18 (m, 2H), 6.19-6.22 (m, 2H), 6.63-6.66 (m, 1H), 7.42-7.45 (m, 2H), 7.48-7.53
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(m, 2H). Exchangeable protons not observed. >C NMR (100 MHz, MeOD-d,): § 19.3, 56.9,
65.4, 65.9, 103.6, 108.4, 117.8, 118.5, 123.1 (2C), 132.8 (2C), 137.8, 138.6, 143.3, 145.4,
176.4. vay (neat): 3318, 2872, 1668, 1626, 1589, 1504, 1394, 1320, 1280, 1240, 1208, 1175,
1067, 1008, 920, 884, 823, 743 cm™. HR-MS (ESI): C;,H;sBrN,0; [M+H*] requires 377.0495,
found 377.0513.

(R)-N-(4-Bromophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanamide
((R)-GSK’896)
o /©/Br
Sean
o

To a solution of 4-bromoaniline (65.3 mg, 0.379 mmol) in DCM (0.5 mL) under nitrogen was
added AlMe; (2M in toluene, 0.190 mL, 0.379 mmol) at 0 °C. This mixture was warmed to
ambient temperature and stirred for 1 hour, after which time (R)-methyl 2-((2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate (R)-6.33 (60.0 mg, 0.253 mmol) in DCM
(0.5 mL) was added dropwise at 0°C. This mixture was stirred at room temperature for 18
hours. The solution was cooled to 0 °C and quenched by the dropwise addition of aqueous
1M HCI (2 mL). The organics were dried by passage through a hydrophobic frit and the
solution was concentrated under reduced pressure. The residue was dissolved in MeOH (1
mL) and this mixture was subjected to MDAP purification (high pH, Method C) to afford the
title compound (R)-GSK’896 (71.8 mg, 0.190 mmol, 75 % yield) as a cream gum. [aD]gggGOC

[c 0.1, MeOD-d,]: +64. Other spectral data were identical to those reported for GSK’896.
HR-MS (ESI): C;7H13BrN,05 [M+H] requires 377.0495, found 377.0511.

(S)-N-(4-bromophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanamide

((S)-GSK’896)
Br
o NI LT
WoRt

The title compound (S)-GSK’896 (46.1 mg, 0.122 mmol, 73 % vyield, cream gum), was
prepared in the same manner as (R)-GSK’896 using the following reagents and solvents:
4-bromoaniline (43.5 mg, 0.253 mmol) in DCM (0.5 mL), AIMe; (2 M in toluene, 0.126 mL,
0.253 mmol), (S)-methyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate (5)-6.33
(40.0 mg, 0.169 mmol) in DCM (0.5 mL). The compound was purified by MDAP (high pH,

Method C). [aD]éggﬁoC [c 0.1, MeOD-d,]: -60. Other spectral data were identical to those
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reported for GSK’896. HR-MS (ESI): Cy7HisBrN,O; [M+H'] requires 377.0495, found
377.05009.

2-Bromo-N-(4-bromophenyl)propanamide (6.4)

BFY&NQQ

To a solution of 4-bromoaniline (800 mg, 4.65 mmol) in DCM (40 mL) at 0 °C was added
2-bromopropanoyl chloride 6.3 (0.61 mL, 6.05 mmol) in DCM (5 mL) dropwise . After
warming to room temperature, sodium bicarbonate (586 mg, 6.98 mmol) was added. The
resulting mixture was stirred at room temperature overnight. The mixture was washed with
saturated sodium bicarbonate solution, separated and dried by passage through a
hydrophobic frit. The organics were concentrated under reduced pressure to give the title
compound 6.4 (1.39 g, 4.53 mmol, 97 % vyield) as a white solid that was used without
further purification. "H NMR (400 MHz, CDCl5): 6 1.99 (d, J = 7.1 Hz, 3H), 4.56 (q, J = 7.1 Hz,
1H), 7.45-7.51 (m, 4H), 8.04 (br.s, 1H). LCMS (high pH): tg = 1.13 min, [M+H"] 307; (area %
total: 96).

Ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanoate (6.18)

o
o HW)LO/\
T

To a solution of 2,3-dihydrobenzo[b][1,4]dioxin-6-amine 6.5 (3.51 g, 23.2 mmol) and
potassium carbonate (5.34 g, 38.7 mmol) in MeCN (220 mL) was added ethyl 2-
bromopropanoate 6.17 (2.51 mL, 19.3 mmol). This mixture was heated to reflux for 18
hours, after which the solid material was filtered off and washed with MeCN. The filtrate
was concentrated, adsorbed onto diatomaceous earth and purified by flash
chromatography, eluting under a gradient of TBME (0-25%) in cyclohexane to afford the
title compound 6.18 (3.56 g, 14.2 mmol, 73% vyield) as a yellow oil. '"H NMR (400 MHz,
CDCly): 6 1.27 (t, J = 7.2 Hz, 3H), 1.45 (d, J = 6.9 Hz, 3H), 3.90 (br.s, 1H), 4.02 (g, / = 6.9 Hz,
1H), 4.17-4.21 (m, 4H), 4.23-4.25 (m, 2H), 6.16-6.19 (m, 2H), 6.69-6.72 (m, 1H). LCMS (high
pH): tg = 1.01 min, [M+H"] 252; (area % total: 97).
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2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-methylpropanamide (6.19)

P
Seas
o

The title compound 6.19 (35.0 mg, 0.148 mmol, 62 % yield, orange gum), was prepared
according to general procedure A using the following reagents and solvents: methylamine
(2M in THF, 0.239 mL, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then
ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239
mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method A). 'H NMR
(400 MHz, MeOH): & 1.40 (d, J = 7.1 Hz, 3H), 2.72 (s, 3H), 3.65 (q, J = 7.1 Hz, 1H), 4.12-4.14
(m, 2H), 4.17-4.19 (m, 2H), 6.09 (d, J = 2.6 Hz, 1H), 6.12 (dd, J = 2.6, 8.4 Hz, 1H), 6.62 (d, J =
8.4 Hz, 1H). Exchangeable protons not observed. *C NMR (100 MHz, MeOD-d,): § 19.4,
26.2, 56.3, 65.4, 65.9, 103.2, 108.1, 118.4, 137.6, 143.5, 145.4, 178.5. V. (neat): 3326,
2932, 1651, 1509, 1325, 1279, 1241, 1212, 1068, 885, 797 cm™. HR-MS (ESI): C1,H17N,04
[M+H"] requires 237.1234, found 237.1227.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N,N-dimethylpropanamide (6.20)

' o
SoRa
o)

The title compound 6.20 (27.6 mg, 0.110 mmol, 46 % vyield, orange gum), was prepared
according to general procedure A using the following reagents and solvents: dimethylamine
(2M in THF, 0.239 mL, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then
ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239
mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method A). '*H NMR
(400 MHz, MeOH): 6 1.32 (d, J = 6.8 Hz, 3H), 2.94 (s, 3H), 3.18 (s, 3H), 4.12-4.15 (m, 2H),
4.17-4.19 (m, 2H), 4.42 (g, J = 6.8 Hz, 1H), 6.19-6.21 (m, 2H), 6.61-6.64 (m, 1H).
Exchangeable protons not observed. >C NMR (100 MHz, MeOD-d,): § 18.2, 36.2, 37.3, 51.3,
65.4, 65.9, 104.3, 109.2, 118.4, 137.8, 143.3, 145.4, 176.5. v (neat): 3339, 2976, 2930,
2873, 1641, 1592, 1507, 1397, 1328, 1279, 1241, 1211, 1126, 1068, 926, 885, 799, 742 cm ™.
HR-MS (ESI): C13H19N,05 [M+H"] requires 251.1390, found 251.1383.
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N-(4-Bromophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)acetamide (6.21)
o Br
Oy
o)

The title compound 6.21 (38.7 mg, 0.107 mmol, 62 % yield, brown gum), was prepared
according to general procedure B using the following reagents and solvents: 2-bromo-N-(4-
bromophenyl)acetamide 6.35 (50.0 mg, 0.171 mmol), 2,3-dihydrobenzo[b][1,4]dioxin-6-
amine 6.5 (31.0 mg, 0.205 mmol), potassium carbonate (47.2 mg, 0.341 mmol), MeCN (2
mL). The compound was purified by MDAP (high pH, Method C). *H NMR (400 MHz, DMSO-
de): 6 3.77 (d, J = 5.9 Hz, 2H), 4.09-4.11 (m, 2H), 4.14-4.16 (m, 2H), 5.64 (t, J = 5.9 Hz, 1H),
6.09-6.10 (m, 1H), 6.13 (dd, J = 2.7, 8.6 Hz, 1H), 6.61 (d, J = 8.6 Hz, 1H), 7.47-7.50 (m, 2H),
7.58-7.62 (m, 2H), 10.05 (s, 1H). *C NMR (100 MHz, DMSO-d,): & 48.1, 63.7, 64.3, 100.7,
106.0, 114.8, 117.2, 121.1 (2C), 131.5 (2C), 134.9, 138.2, 143.1, 143.6, 169.7. Vs (neat):
3321, 2977, 2874, 2473, 1651, 1587, 1509, 1488, 1442, 1385, 1303, 1210, 1067, 1008, 909,
881, 826, 801, 759, 700 cm™. HR-MS (ESI): Ci¢H16BrN,O; [M+H'] requires 363.0339, found
363.0344.

N-(4-Bromophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)-2-

[:Ijklxﬁlﬂ er

To a solution of 2,3-dihydrobenzo[b][1,4]dioxin-6-amine 6.5 (49.5 mg, 0.328 mmol) in THF

methylpropanamide (6.22)

(2 mL) was added NaH (14.2 mg, 0.355 mmol, 60% wt/wt). This mixture was stirred for 10
minutes, after which time 2-bromo-N-(4-bromophenyl)-2-methylpropanamide 6.36 (88.0
mg, 0.273 mmol) in THF (2 mL) was added. The mixture was stirred overnight at room
temperature. Water (10 mL) was added and the mixture was extracted with EtOAc (3 x 10
mL). The combined organics were washed with brine, dried over MgSQ,, and concentrated.
The residue was dissolved in MeOH (1 mL) and purified by MDAP (high pH, Method D) to
afford the title compound 6.22 (60.4 mg, 0.154 mmol, 57 % yield) as a light brown solid.
M.pt. 145-146 °C. 'H NMR (400 MHz, DMSO-d,): 6 1.40 (s, 6H), 4.07-4.09 (m, 2H), 4.12-4.14
(m, 2H), 5.45 (s, 1H), 6.05-6.09 (m, 2H), 6.59 (d, J = 8.5 Hz, 1H), 7.44-7.47 (m, 2H), 7.62-7.66
(m, 2H), 9.85 (s, 1H). °C NMR (100 MHz, DMSO-de): 6 25.2 (2C), 57.8, 63.6, 64.2, 103.5,
108.5, 114.8, 116.9, 121.7 (2C), 131.3 (2C), 135.4, 138.4, 140.6, 143.3, 175.2. v (neat):
3296, 2978, 2927, 2875, 1671, 1591, 1503, 1392, 1312, 1282, 1240, 1207, 1171, 1068, 1005,
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913, 882, 804, 710 cm™. HR-MS (ESI): CisH»0BrN,0; [M+H'] requires 391.0652, found
391.0653.

N-(4-bromophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)butanamide (6.23)

Ejij“(ﬁm@ |

The title compound 6.23 (37.0 mg, 0.095 mmol, 58 % vyield, orange gum), was prepared
according to general procedure B using the following reagents and solvents: 2-bromo-N-(4-
bromophenyl)butanamide 6.37 (52.2 mg, 0.163 mmol), 2,3-dihydrobenzo[b][1,4]dioxin-6-
amine 6.5 (29.5 mg, 0.195 mmol), potassium carbonate (44.9 mg, 0.325 mmol), MeCN (2
mL). The compound was purified by MDAP (high pH, Method C). *H NMR (400 MHz, MeOD-
dg): 6 1.08 (t, J = 7.6 Hz, 3H), 1.79-1.95 (m, 2H), 3.71 (dd, J = 6.0, 7.5 Hz, 1H), 4.11-4.13 (m,
2H), 4.16-4.18 (m, 2H), 6.20-6.23 (m, 2H), 6.62-6.65 (m, 1H), 7.42-7.45 (m, 2H), 7.47-7.51
(m, 2H). Exchangeable protons not observed. 13 NMR (100 MHz, MeOD-d,): 6 11.0, 27.6,
62.9, 65.4, 65.9, 103.5, 108.3, 117.8, 118.5, 123.1 (2C), 132.8 (2C), 137.7, 138.5. 143.6,
145.4, 175.7. vaa (neat): 3322, 2970, 2931, 2875, 1667, 1590, 1505, 1395, 1323, 1281,
1209, 1176, 1069, 1009, 921, 886, 825, 737 cm™'. HR-MS (ESI): C15H0BrN,O, [M+H"] requires
391.0652, found 391.0665.

N-(4-Bromophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)-3-methylbutanamide

(6.24)
Eiﬁ“fp Br

The title compound 6.24 (52.1 mg, 0.129 mmol, 62 % yield, straw coloured glass), was
prepared according to general procedure B using the following reagents and solvents: 2-
bromo-N-(4-bromophenyl)-3-methylbutanamide 6.38 (70.0 mg, 0.209 mmol), 2,3-
dihydrobenzo[b][1,4]dioxin-6-amine 6.5 (37.9 mg, 0.251 mmol), potassium carbonate (57.8
mg, 0.418 mmol), MeCN (2 mL). The compound was purified by MDAP (high pH, Method C).
'H NMR (400 MHz, DMSO-dq): 6 0.96 (d, J = 6.9 Hz, 3H), 1.02 (d, J = 6.9 Hz, 3H), 1.94-2.06
(m, 1H), 3.57 (dd, J = 7.7, 8.6 Hz, 1H), 4.07-4.09 (m, 2H), 4.12-4.15 (m, 2H), 5.34 (d, J = 8.6
Hz, 1H), 6.19-6.22 (m, 2H), 6.58 (d, J = 8.7 Hz, 1H), 7.46-7.49 (m, 2H), 7.58-7.59 (m, 2H),
10.07 (s, 1H). *C NMR (100 MHz, DMSO-d): & 19.2, 19.3, 31.1, 63.6, 64.3, 64.3, 101.1,
106.5, 114.9, 117.0, 121.2 (2C), 131.5 (2C), 134.8, 138.0, 143.0, 143.5, 172.5. Vs (neat):
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3313 (br.), 2964, 2929, 2872, 1660, 1591, 1502, 1393, 1303, 1279, 1240, 1209, 1172, 1068,
1008, 921, 885, 822 cm™. HR-MS (ESI): CiH»,BrN,O; [M+H'] requires 405.0808, found
405.0798.

2-((4-Bromophenyl)amino)-N-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)propanamide (6.25)

QHYENQZJ

The title compound 6.25 (59.0 mg, 0.156 mmol, 32 % vyield, straw coloured glass), was
prepared according to general procedure B using the following reagents and solvents: 2-
bromo-N-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)propanamide 6.39 (141 mg, 0.496 mmol),
4-bromoaniline (102 mg, 0.595 mmol), potassium carbonate (137 mg, 0.992 mmol), MeCN
(2 mL). The compound was purified by MDAP (high pH, Method C). '"H NMR (400 MHz,
DMSO-ds): 6 1.36 (d, J = 6.7 Hz, 3H), 3.95 (q, J = 6.7 Hz, 1H), 4.16-4.22 (m, 5H), 6.53-6.57 (m,
2H), 6.76 (d, J = 8.8 Hz, 1H), 6.97 (dd, J = 2.5, 8.8 Hz, 1H), 7.20-7.24 (m, 3H), 9.83 (s, 1H). °C
NMR (100 MHz, DMSO-d): 6 18.7, 48.6, 52.9, 63.9, 64.1, 107.1, 108.4, 111.5, 112.5, 114.5,
116.7, 131.4, 132.5, 139.4, 142.9, 147.1, 172.2. v, (neat): 3325, 2977, 2932, 2874, 1659,
1594, 1504, 1457, 1429, 1300, 1285, 1241, 1203, 1165, 1065, 919, 886, 811, 742 cm™. HR-
MS (ESI): C17H15BrN,05 [M+H'] requires 377.0495, found 377.0511.

N-(4-Bromophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)(methyl)amino)propanamide
(6.26)

Br
LT
[OD/NW)LN
H
o)

The title compound 6.26 (37.6 mg, 96.0 umol, 49 % yield, brown gum), was prepared
according to general procedure B using the following reagents and solvents: 2-bromo-N-(4-
bromophenyl)propanamide 6.4 (60.0 mg, 0.195 mmol), N-methyl-2,3-
dihydrobenzo[b][1,4]dioxin-6-amine 6.40 (38.7 mg, 0.235 mmol), potassium carbonate
(54.0 mg, 0.391 mmol), MeCN (2 mL). The compound was purified by MDAP (high pH,
Method C). *H NMR (400 MHz, DMSO-dj): 6 1.26 (d, J = 6.8 Hz, 3H), 2.75 (s, 3H), 4.13-4.15
(m, 2H), 4.18-4.20 (m, 2H), 4.42 (q, J = 6.8 Hz, 1H), 6.37-6.40 (m, 2H), 6.70-6.72 (m, 1H),
7.46-7.50 (m, 2H), 7.60-7.64 (m, 2H), 10.01 (s, 1H). *C NMR (100 MHz, DMSO-dy): § 12.9,

33.8, 58.6, 63.8, 64.3, 103.2, 107.6, 114.8, 116.9, 121.5 (2C), 131.4 (2C), 135.6, 138.3, 143.5,
144.4, 171.8. v (neat): 3261, 2977, 2927, 2869, 1670, 1585, 1505, 1395, 1296, 1244,
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1227, 1182, 1108, 1066, 1007, 915, 858, 819, 790, 716 cm™. HR-MS (ESI): CigH1BrN,Os
[M+H] requires 391.0652, found 391.0653.

N-(4-Bromophenyl)-3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-methylpropanamide (6.27)

ceared

The title compound 6.27 (99.5 mg, 0.264 mmol, 83 % vyield, straw coloured solid), was
prepared according to general procedure A using the following reagents and solvents:
p-bromoaniline (110 mg, 0.639 mmol), DABAL-Me; (164 mg, 0.639 mmol), THF (3 mL), then
ethyl 3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-methylpropanoate 6.42 (80.0 mg, 0.320
mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method C). M.pt.
130-133 °C. 'H NMR (400 MHz, MeOD-d,): 6 1.19 (d, J = 6.7 Hz, 3H), 2.59 (dd, J = 6.8, 13.6
Hz, 1H), 2.68-2.76 (m, 1H), 2.87 (dd, J = 8.1, 13.6 Hz, 1H), 4.18 (s, 4H), 6.65 (dd, J = 2.8, 8.1
Hz, 1H), 6.70-6.72 (m, 2H), 7.39-7.44 (m, 4H). Exchangeable protons not observed. *C NMR
(100 MHz, MeOD-d,): 6 18.0, 40.6, 45.1, 65.5, 65.6, 117.4, 117.9, 118.6, 122.8, 123.1 (2C),
132.7 (2C), 134.0, 139.1, 143.5, 144.7, 177.3. Vs (neat): 2967, 2923, 2398, 1632, 1589,
1492, 1505, 1462, 1433, 1397, 1336, 1307, 1288, 1206, 1128, 1066, 1008, 918, 863, 770,
738 cm™. HR-MS (ESI): C15H1oBrNO3 [M+H'] requires 376.0543, found 376.0546.

N-(4-Bromophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)oxy)propanamide (6.28)

Senaed

The title compound 6.28 (48.4 mg, 0.128 mmol, 66 % yield, orange gum), was prepared
according to general procedure B using the following reagents and solvents: 2-bromo-N-(4-
bromophenyl)propanamide 6.4 (60.0 mg, 0.195 mmol), 2,3-dihydrobenzo[b][1,4]dioxin-6-ol
6.43 (35.7 mg, 0.235 mmol), potassium carbonate (54.0 mg, 0.391 mmol), MeCN (2 mL).
The compound was purified by MDAP (high pH, Method C). ‘*H NMR (400 MHz, MeOD-d,): &
1.58 (d, J = 6.8 Hz, 3H), 4.16-4.18 (m, 2H), 4.20-4.22 (m, 2H), 4.68 (q, J = 6.8 Hz, 1H), 6.49
(dd, J = 2.8, 8.6 Hz, 1H), 6.53 (d, J = 2.8 Hz, 1H), 6.75 (d, J = 8.6 Hz, 1H), 7.43-7.47 (m, 2H),
7.51-7.55 (m, 2H). Exchangeable protons not observed. *C NMR (100 MHz, MeOD-d,): &
19.1, 65.3, 65.8, 76.9, 106.0, 109.9, 118.1, 118.5, 123.5 (2C), 132.8 (2C), 138.3, 140.2, 145.4,
153.0, 173.5. v (neat): 3313, 2982, 2934, 1680, 1590, 1521, 1496, 1489, 1395, 1301,
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1239, 1198, 1158, 1065, 1008, 970, 920, 824, 734 cm™. HR-MS (ESI): C;;H;,BrNO, [M+H"]
requires 378.0336, found 378.0346.

1-(4-Bromophenyl)-3-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)pyrrolidin-2-one (6.29)

O.
SO e

The title compound 6.29 (40.9 mg, 0.105 mmol, 67 % yield, light brown solid), was prepared
according to general procedure B using the following reagents and solvents: 3-bromo-1-(4-
bromophenyl)pyrrolidin-2-one 6.46 (50.0 mg, 0.157 mmol), 2,3-dihydrobenzo[b][1,4]dioxin-
6-amine 6.5 (28.4 mg, 0.188 mmol), potassium carbonate (43.3 mg, 0.313 mmol), MeCN (2
mL). The compound was purified by MDAP (high pH, Method C). M.pt. 130-145 °C
(decomp.). "H NMR (400 MHz, DMSO-de): & 1.86 (ddt, J = 9.5, 9.5, 12.2 Hz, 1H), 2.53-2.60
(m, 1H), 3.74-3.83 (m, 2H), 4.10-4.12 (m, 2H), 4.16-4.18 (m, 2H), 4.21-4.27 (m, 1H), 5.51 (d,
J=7.0 Hz, 1H), 6.21-6.24 (m, 2H), 6.61 (d, J = 8.6 Hz, 1H), 7.57-7.61 (m, 2H), 7.68-7.72 (m,
2H). 3C NMR (100 MHz, DMSO-dj): & 26.4, 44.3, 55.6, 63.7, 64.3, 101.3, 106.4, 115.9, 117.0,
121.0 (2C), 131.5 (2C), 134.7, 138.9, 142.7, 143.6, 173.1. V,a (neat): 3324, 2969, 2919,
2869, 1686, 1623, 1587, 1507, 1487, 1415, 1390, 1306, 1202, 1179, 1069, 1007, 922, 883,
830, 708 cm™. HR-MS (ESI): C1gH15BrN,0O5 [M+H'] requires 389.0495, found 389.0511.

1-(4-Bromophenyl)-3-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)piperidin-2-one (6.30)

o Br
o Nﬁj‘ﬂj
T
The title compound 6.30 (40.2 mg, 99.2 umol, 62% yield, white solid), was prepared
according to general procedure B using the following reagents and solvents: 1-(4-
bromophenyl)-2-oxopiperidin-3-yl 4-methylbenzenesulfonate 6.49 (68.0 mg, 0.160 mmol),
2,3-dihydrobenzo[b][1,4]dioxin-6-amine 6.5 (29.1 mg, 0.192 mmol), potassium carbonate
(44.3 mg, 0.321 mmol), MeCN (2 mL). The compound was purified by MDAP (high pH,
Method C). M.pt. 165-167 °C. "H NMR (400 MHz, DMSO-dg): 6 1.68-1.78 (m, 1H), 1.96-2.02
(m, 2H), 2.19-2.27 (m, 1H), 3.64-3.75 (m, 2H), 4.00-4.05 (m, 1H), 4.09-4.11 (m, 2H), 4.15-
4.17 (m, 2H), 5.34 (d, J = 7.0 Hz, 1H), 6.18-6.22 (m, 2H), 6.59 (d, J = 8.0 Hz, 1H), 7.26-7.30
(m, 2H), 7.55-7.59 (m, 2H). *C NMR (100 MHz, DMSO-d,): § 20.5, 27.1, 49.5, 53.8, 63.7,
64.3, 101.2, 106.5, 116.9, 118.3, 127.9 (2C), 131.5 (2C), 134.5, 142.4, 142.9, 143.5, 170.5.
Vmax (Neat): 3340, 2973, 2870, 2481, 1650, 1586, 1508, 1486, 1321, 1304, 1277, 1229, 1146,
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1069, 1010, 917, 884, 835, 811, 736 cm™. HR-MS (ESI): CigH»0BrN,O3; [M+H'] requires
403.0652, found 403.0669.

(R)-Methyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate (R)-6.33 and
(S)-methyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanoate (S)-6.33

o o
EOQ/H &l - [OD/H (? o
o o)
(R)-6.33 (S)-6.33

Into a dry round bottom flask was added (R)-methyl 2-aminopropanoate hydrochloride
(R)-6.32 or (S)-methyl 2-aminopropanoate hydrochloride (5)-6.32 (500 mg, 3.58 mmol),
(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)boronic acid 6.31 (1.03 g, 5.73 mmol), copper(ll)
acetate (716 mg, 3.94 mmol) and powdered 4A molecular sieves (1.34 g). The flask was
sealed with a septum, evacuated and backfilled with oxygen. DCM (30 mL) and
triethylamine (0.899 mL, 6.45 mmol) were added, and the mixture was stirred at room
temperature for 36 hours. The reaction mixture was quenched with 2 M ammonia in MeOH
(13 mL), and then filtered through a pad of Celite. The volatiles were removed under
reduced pressure and the resulting crude oil was adsorbed onto diatomaceous earth and
purified by reversed phase chromatography, eluting under a gradient of MeCN (0-40%) in
modified water (formic) to afford a viscous brown gum. Further purification by flash
chromatography, eluting under a gradient of EtOAc (0-15%) in cyclohexane, afforded either
(R)-methyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate (R)-6.33 (127 mg,
0.535 mmol, 15 % vyield) as a transparent gum, or (S)-methyl 2-((2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanoate (5)-6.33 (123 mg, 0.518 mmol, 14 %
yield) as a transparent gum. (R)-6.33: [ap]227°C [c 0.2, CH,Cl,): +82. *H NMR (400 MHz,
CDCly): & 1.45 (d, J = 6.9 Hz, 3H), 3.75 (s, 3H), 3.89 (br.s, 1H), 4.03-4.08 (m, 1H), 4.19-4.21
(m, 2H), 4.23-4.25 (m, 2H), 6.16-6.19 (m, 2H), 6.70-6.73 (m, 1H). LCMS (formic): tz = 0.80
min, [M+H'] 238; (area % total: 100). (5)-6.33: [ap]227°C [c 0.2, CH,Cl,): -76. Spectral data
were identical to those reported for (R)-6.33. LCMS (formic): t; = 0.80 min, [M+H"] 238;
(area % total: 100).
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2-Bromo-N-(4-bromophenyl)acetamide (6.35)

I o

To a mixture of p-bromoaniline (200 mg, 1.16 mmol) in DCM (9 mL) at 0 °C was added a
solution of 2-bromoacetyl bromide (0.116 mL, 1.34 mmol) in DCM (4.5 mL). The mixture
was stirred at room temperature for 20 hours. After this time, sodium bicarbonate (147 mg,
1.74 mmol) was added and the mixture was stirred for 2 hours. Saturated sodium
bicarbonate solution (20 mL) was added and the mixture was stirred vigorously. The organic
layer was separated, washed with brine and dried over a hydrophobic frit. The organics
were removed under reduced pressure to afford the title compound 6.35 (319 mg, 1.09
mmol, 94 % yield) as a white solid that was used without further purification. ‘H NMR (400
MHz, CDCls): 6 4.04 (s, 2H), 7.45-7.52 (m, 4H), 8.12 (br.s, 1H). LCMS (high pH): tz = 0.94 min,

did not ionize; (area % total: 98).

2-Bromo-N-(4-bromophenyl)-2-methylpropanamide (6.36)

¥

The title compound 6.36 (401 mg, 1.25 mmol, 72 % yield, white solid), was prepared in the
same manner as 6.35 using the following reagents and solvents: p-bromoaniline (300 mg,
1.74 mmol), DCM (9 mL), 2-bromo-2-methylpropanoyl bromide (0.248 mL, 2.01 mmol) in
DCM (4.5 mL), sodium bicarbonate (220 mg, 2.62 mmol). *H NMR (400 MHz, CDCl,): & 2.07
(s, 6H), 7.45-7.51 (m, 4H), 8.46 (br.s, 1H). LCMS (high pH): tg = 1.24 min, [M+H'] 319, 321,
323; (area % total: 100).

2-Bromo-N-(4-bromophenyl)butanamide (6.37)

Bjiuﬁj&

The title compound 6.37 (149 mg, 0.463 mmol, 100 % yield, white solid), was prepared in
the same manner as 6.35 using the following reagents and solvents: p-bromoaniline (80.0
mg, 0.465 mmol), DCM (3.6 mL), 2-bromobutanoyl chloride (0.058 mL, 0.535 mmol) in DCM
(1 mL), sodium bicarbonate (58.6 mg, 0.698 mmol). ‘H NMR (400 MHz, CDCl5): § 1.13 (t, J =
7.1 Hz, 3H), 2.11-2.22 (m, 1H), 2.23-2.33 (m, 1H), 4.44 (dd, J = 5.1, 7.8 Hz, 1H), 7.45-7.51 (m,
4H), 8.08 (br.s, 1H). LCMS (high pH): tg = 1.21 min, [M+H"] 319, 322, 324; (area % total: 80).
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2-bromo-N-(4-bromophenyl)-3-methylbutanamide (6.38)

4 o

To a mixture of 2-bromo-3-methylbutanoic acid (150 mg, 0.829 mmol), 4-bromoaniline (150
mg, 0.870 mmol), and DMAP (10.1 mg, 0.083 mmol) in DCM (3 mL) was added N,N’-
diisopropylcarbodiimide (0.141 mL, 0.911 mmol) at 0 °C. The mixture was allowed to warm
to room temperature and was stirred for 20 hours. After this time, the mixture was diluted
with DCM (5 mL) and quenched with water (10 ml). The resulting solution was extracted
with DCM (2 x 10 ml), and the combined organics were dried over a hydrophobic frit and
concentrated in vacuo. The residue was adsorbed onto diatomaceous earth and purified by
flash chromatography, eluting under a gradient of TBME (0-20%) in cyclohexane to afford
the title compound 6.38 (212 mg, 0.633 mmol, 76 % vyield) as a white solid. '"H NMR (400
MHz, CDCl5): 6 1.06 (d, J = 6.7 Hz, 3H), 1.14 (d, J = 6.7 Hz, 3H), 2.46-2.54 (m, 1H), 4.45 (d, J =
4.5 Hz, 1H), 7.45-7.51 (m, 4H), 8.20 (br.s, 1H). LCMS (high pH): tz = 1.27 min, [M+H"] 333,
335, 337; (area % total: 98).

2-Bromo-N-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)propanamide (6.39)
o
Brw/ﬁ\ Q: ]
N o

The title compound 6.39 (141 mg, 0.496 mmol, 100 % vyield, light brown solid), was
prepared in the same manner as 6.35 using the following reagents and solvents: 2,3-
dihydrobenzo[b][1,4]dioxin-6-amine 6.5 (75.0 mg, 0.496 mmol), DCM (3.6 mL), 2-
bromopropanoyl chloride (0.058 mL, 0.571 mmol) in DCM (1 mL), sodium bicarbonate (62.5
mg, 0.744 mmol). *H NMR (400 MHz, DMSO-dj): & 1.73 (d, J = 6.9 Hz, 3H), 4.19-4.24 (m, 4H),
4.65 (q, /= 6.9 Hz, 1H), 6.81 (d, J = 8.9 Hz, 1H), 6.98 (dd, /= 2.4, 8.9 Hz, 1H), 7.23 (d, /= 2.4
Hz, 1H), 10.14 (br.s, 1H). LCMS (high pH): tz = 0.92 min, [M+H'] 285, 287; (area % total: 95).

N-Methyl-2,3-dihydrobenzo[b][1,4]dioxin-6-amine (6.40)**°
oK.
LT
To a solution of sodium methoxide (268 mg, 4.96 mmol) in MeOH (3 mL),

paraformaldehyde (298 mg, 9.92 mmol) and 2,3-dihydrobenzo[b][1,4]dioxin-6-amine 6.5

(150 mg, 0.992 mmol) were added. This mixture was stirred at room temperature for 20
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hours. Sodium borohydride (113 mg, 2.98 mmol) was then added in portions, and the
mixture was stirred for a further 3 hours at 40 °C. After this time the mixture was filtered
and the organics were removed under reduced pressure. The residue was dissolved in DCM,
washed with water and brine then dried over a hydrophobic frit. The organics were
removed, under reduced pressure to afford the title compound 6.40 (153 mg, 0.926 mmaol,
93 % vyield) as a light brown oil that was used without further purification. ‘H NMR (400
MHz, DMSO-d,): 6 2.58 (d, J = 5.4 Hz, 3H), 4.09-4.11 (m, 2H), 4.15-4.17 (m, 2H), 5.16 (q, J =
5.4 Hz, 1H), 6.02 (d, J = 2.7 Hz, 1H), 6.05 (dd, J = 2.7, 8.6 Hz, 1H), 6.59 (d, J = 8.6 Hz, 1H).
LCMS (high pH): tz = 0.77 min, [M+H'] 166; (area % total: 97).

(E)-Ethyl 3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-methylacrylate (S.I. 1)

evass

To a solution of ethyl 2-(diethoxyphosphoryl)propanoate 6.44 (2.09 mL, 9.75 mmol) in THF
(15 mL) at 0 °C under an atmosphere of nitrogen was added NaH (390 mg, 9.75 mmol, 60%
wt/wt) portion-wise. This mixture was stirred for 20 minutes at the same temperature,
after which time 2,3-dihydrobenzo[b][1,4]dioxine-6-carbaldehyde 6.41 (800 mg, 4.87
mmol) in THF (5 mL) was added dropwise. This mixture was warmed to room temperature
and stirred for 18 hours, after which water (60 mL) was added and the organics were
extracted with EtOAc (3 x 60 mL). The combined organics were dried over MgSO, and
concentrated. The residue was adsorbed onto diatomaceous earth and purified by flash
chromatography, eluting under a gradient of TBME (0-15%) in cyclohexane to afford the
title compound S.I. 1 (1.21 g, 4.87 mmol, 100 % yield) as a transparent oil. ‘H NMR (400
MHz, CDCls): 6 1.36 (t, J = 7.2 Hz, 3H), 2.14 (d, J = 2.0 Hz, 3H), 4.27-4.32 (m, 6H), 6.89 (d, J =
8.3 Hz, 1H), 6.94 (dd, J = 2.0 Hz, 8.3 Hz, 1H), 6.99 (d, J = 2.0 Hz, 1H), 7.59 (br.s, 1H). LCMS
(high pH): tg = 1.25 min, [M+H"] 249; (area % total: 100).

Ethyl 3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-methylpropanoate (6.42)

XYY
(@]

A mixture of (E)-ethyl 3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-methylacrylate S.I. 1 (500
mg, 2.01 mmol), and 10% Pd/C (50.0 mg, 0.047 mmol) in EtOH (10 mL) was stirred under an
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atmosphere of hydrogen at room temperature for 24 hours, after which the mixture was
filtered through Celite and the organics were removed under reduced pressure to afford
the title compound 6.42 (488 mg, 1.95 mmol, 97 % yield) as a transparent oil that was used
without further purification. "H NMR (400 MHz, CDCl,): 6 1.15 (d, J = 6.7 Hz, 3H), 1.23 (t, J =
7.1 Hz, 3H), 2.57 (dd, J = 7.9, 13.4 Hz, 1H), 2.63-2.72 (m, 1H), 2.93 (dd, J = 6.8, 13.4 Hz, 1H),
4.12 (q, J = 7.1 Hz, 2H), 4.25 (s, 4H), 6.64 (dd, J = 2.2, 8.1 Hz, 1H), 6.69 (d, J = 2.2 Hz, 1H),
6.78 (d, J = 8.1 Hz, 1H). LCMS (high pH): tz = 1.20 min, [M+H"] 251; (area % total: 100).

3-Bromo-1-(4-bromophenyl)pyrrolidin-2-one (6.46)**°

To a slurry of p-bromoaniline (300 mg, 1.74 mmol) and sodium phosphate (164 mg, 0.959
mmol) in MeCN (3 mL) at 0 °C was added 2,4-dibromobutyryl chloride 6.45 (0.273 mL, 2.01
mmol) dropwise. The mixture was stirred for 2 hours at room temperature, after which
potassium carbonate (482 mg, 3.49 mmol) was added and the mixture was stirred for 18
hours at the same temperature. The mixture was filtered and the solid was washed with
MeCN. The organics were evaporated under reduced pressure, adsorbed onto
diatomaceous earth and purified by flash chromatography, eluting under a gradient of
TBME (0-25%) in cyclohexane to give the title compound 6.46°% (379 mg, 1.19 mmol, 68 %
yield) as a white solid. *H NMR (400 MHz, DMSO-d,): & 2.34 (ddt, J = 3.6, 7.3, 14.3 Hz, 1H),
2.72-2.81 (ddt, J = 7.3, 7.3, 14.3 Hz, 1H), 3.84-3.98 (m, 2H), 4.90 (dd, J = 3.6, 7.3 Hz, 1H),
7.59-7.63 (m, 2H), 7.66-7.71 (m, 2H). LCMS (high pH): tz = 1.12 min, [M+H"] 317, 319, 321;

(area % total: 98).

1-(4-Bromophenyl)-3-hydroxypiperidin-2-one (6.48)

A mixture of 1-bromo-4-iodobenzene (983 mg, 3.47 mmol), 3-hydroxypiperidin-2-one 6.47
(400 mg, 3.47 mmol), caesium carbonate (1.70 g, 5.21 mmol), XantPhos (302 mg, 0.521
mmol) and Pd(OAc), (46.8 mg, 0.208 mmol) were sealed in a microwave vial with a Teflon
septum. The vial was evacuated and back filled with nitrogen, and 1,4-Dioxane (12 mL) was
added. The mixture was heated at 100 °C for 7 hours under microwave irradiation, after

which time the solvents were removed under reduced pressure. The residue was dissolved
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in @ mixture of saturated ammonium chloride (10 mL) and EtOAc (10 mL). The organics
were separated and the aqueous layer was extracted with EtOAc (2 x 10 mL). The combined
organics were dried over sodium sulfate and concentrated under reduced pressure. The
crude material was adsorbed onto diatomaceous earth and purified by reversed phase
chromatography eluting under a gradient of MeCN (10-35%) in modified water (high pH) to
afford the title compound 6.48 (376 mg, 1.39 mmol, 40 % yield) as a white solid. '"H NMR
(400 MHz, DMSO-d): & 1.71-1.80 (m, 1H), 1.82-2.01 (m, 2H), 2.08-2.14 (m, 1H), 3.51-3.57
(m, 1H), 3.64-3.70 (m, 1H), 4.05-4.10 (m, 1H), 5.27 (d, J = 5.3 Hz, 1H), 7.24-7.29 (m, 2H),
7.56-7.59 (m, 2H). LCMS (high pH): tz = 0.84 min, [M+H'] 269, 271; (area % total: 100).

1-(4-Bromophenyl)-2-oxopiperidin-3-yl 4-methylbenzenesulfonate (6.49)

To a solution of 1-(4-bromophenyl)-3-hydroxypiperidin-2-one 6.48 (60.0 mg, 0.222 mmol)
and DABCO (125 mg, 1.11 mmol) in DCM (3 mL) at 0 °C was added 4-toluenesulfonyl
chloride (169 mg, 0.888 mmol) portion-wise. The mixture was warmed to room
temperature and stirred for 1 hour, after which time DCM (7 mL) was added and the
mixture was extracted with ag. HCI (1 M, 10 mL). The organics were washed with brine (10
mL), concentrated in vacuo, adsorbed onto diatomaceous earth and purified by flash
chromatography, eluting under a gradient of EtOAc (0-50%) in cyclohexane to afford the
title compound 6.49 (69.2 mg, 0.163 mmol, 73 % yield) as a white solid. "H NMR (400 MHz,
CDCly): 6 1.97-2.07 (m, 1H), 2.18-2.25 (m, 1H), 2.37-2.41 (m, 2H), 2.43 (s, 3H), 3.60 (ddd, J =
5.1,6.3,11.8 Hz, 1H), 3.70 (ddd, J = 5.1, 7.8, 12.5 Hz, 1H), 5.03 (dd, J = 5.9, 7.3 Hz, 1H), 7.07-
7.11 (m, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.49-7.52 (m, 2H), 7.90-7.93 (m, 2H). LCMS (high pH):
tg = 1.26 min; [M+H"] 423, 425; (area % total: 100).

N-(4-Bromophenyl)-2-((3,4-dihydro-2H-benzo[b][1,4]dioxepin-7-yl)Jamino)propanamide

St

A mixture of 2-bromo-N-(4-bromophenyl)propanamide 6.4 (40.0 mg, 0.130 mmol), 3,4-
dihydro-2H-benzo[b][1,4]dioxepin-7-amine (23.7, 0.143 mmol) and triethylamine (36.0 pL,

0.261 mmol) in DMF (0.7 mL) was heated to 80 °C under microwave irradiation for 3 hours.
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Direct purification of the reaction mixture by MDAP (high pH, Method C) afforded the title
compound 6.50 (36.6 mg, 94.0 umol, 72 % yield) as a brown gum that was scratched to give
a solid. M.pt. 130-132 °C. ‘"H NMR (400 MHz, MeOD-d,): § 1.50 (d, J = 7.1 Hz, 3H), 2.04-2.11
(m, 2H), 3.87 (g, / = 7.1 Hz, 1H), 4.01 (dd, J = 5.1, 5.9 Hz, 2H), 4.08 (dd, J = 5.1, 5.9 Hz, 2H),
6.27 (dd, J = 2.6, 8.5 Hz, 1H), 6.32 (d, J = 2.6 Hz, 1H), 6.79 (d, J = 8.5 Hz, 1H), 7.42-7.46 (m,
2H), 7.48-7.52 (m, 2H). Exchangeable protons not observed. *C NMR (100 MHz, MeOD-d,):
6 19.3, 33.9, 56.6, 72.2, 72.3, 107.6, 109.7, 117.8, 123.1 (2C), 123.2, 132.8 (2C), 138.6,
145.3, 145.3, 153.7, 176.2. v (neat): 3321, 1667, 1587, 1488, 1393, 1298, 1260, 1207,
1172, 1045, 1007, 811 cm™. HR-MS (ESI): CigH»oBrN,O5 [M+H'] requires 391.0652, found
391.0672.

N-(4-Bromophenyl)-2-((3,4-dimethoxyphenyl)amino)propanamide (6.51)

/oijpiug )

~N

o)
The title compound 6.51 (24.6 mg, 0.065 mmol, 33 % yield, straw coloured gum), was
prepared according to general procedure B using the following reagents and solvents:
2-bromo-N-(4-bromophenyl)propanamide 6.4 (60.0 mg, 0.195 mmol), 3,4-dimethoxyaniline
(35.9 mg, 0.235 mmol), potassium carbonate (54.0 mg, 0.391 mmol), MeCN (2 mL). The
compound was purified by MDAP (high pH, Method C). *H NMR (400 MHz, MeOD-d,): &
1.52 (d, J = 7.1 Hz, 3H), 3.73 (s, 3H), 3.78 (s, 3H), 3.90 (q, J = 7.1 Hz, 1H), 6.16 (dd, J = 2.7, 8.5
Hz, 1H), 6.42 (d, J = 2.7 Hz, 1H), 6.78 (d, J = 8.5 Hz, 1H), 7.42-7.45 (m, 2H), 7.48-7.51 (m, 2H).
Exchangeable protons not observed. >C NMR (100 MHz, MeOD-d,): § 19.3, 56.3, 56.9, 57.6,
101.3, 105.6, 115.5, 117.8, 123.1 (2C), 132.8 (2C), 138.6, 143.4, 143.8, 151.6, 176.4. Vay
(neat): 3318, 2934, 1662, 1590, 1514, 1488, 1441, 1394, 1301, 1230, 1132, 1023, 1008, 977,
823, 763, 721 cm™. HR-MS (ESI): C17H,0BrNO; [M+H'] requires 379.0652, found 379.0654.

N-(4-Bromophenyl)-2-((4-chloro-3-methoxyphenyl)amino)propanamide (6.52)

B
BNSN
_o N N
Ieag
cl
The title compound 6.52 (29.9 mg, 0.078 mmol, 40% yield, brown glass), was prepared
according to general procedure B using the following reagents and solvents: 2-bromo-N-(4-

bromophenyl)propanamide 6.4 (60.0 mg, 0.195 mmol), 4-chloro-3-methoxyaniline (37.0
mg, 0.235 mmol), potassium carbonate (54.0 mg, 0.391 mmol), MeCN (2 mL). The
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compound was purified by MDAP (high pH, Method C). '"H NMR (400 MHz, DMSO-dj): 6
1.40 (d, J = 6.7 Hz, 3H), 3.74 (s, 3H), 4.02-4.09 (m, 1H), 6.13-6.17 (m, 2H), 6.41 (d, J = 2.3 Hz,
1H), 7.06 (d, J = 8.5 Hz, 1H), 7.46-7.50 (m, 2H), 7.56-7.60 (m, 2H), 10.20 (s, 1H). *C NMR
(100 MHz, DMSO-dg): 6 18.6, 53.0, 55.5, 97.9, 105.0, 108.1, 115.0, 121.2 (2C), 129.7, 131.5
(2C), 138.1, 148.1, 154.8, 173.0. vnax (neat): 3329, 2975, 1665, 1588, 1488, 1394, 1321,
1212, 1180, 1066, 1009, 816, 674 cm™ HR-MS (ESI): Cy6H17BrCIN,0, [M+H'] requires
383.0156, found 383.0170.

N-(4-Bromophenyl)-2-((3,4-dihydro-2H-benzo[b][1,4]oxazin-6-yl)amino)propanamide
(6.53)

P
sean
0
The title compound 6.53 (46.1 mg, 0.122 mmol, 63% yield, brown glass), was prepared
according to general procedure B using the following reagents and solvents: 2-bromo-N-(4-
bromophenyl)propanamide 6.4 (60.0 mg, 0.195 mmol), 3,4-dihydro-2H-
benzo[b][1,4]oxazin-6-amine 6.67 (35.3 mg, 0.235 mmol), potassium carbonate (54.0 mg,
0.391 mmol), MeCN (2 mL). The compound was purified by MDAP (high pH, Method C). *H
NMR (400 MHz, DMSO-dg): 6 1.35 (d, J = 7.0 Hz, 3H), 3.17-3.20 (m, 2H), 3.78-3.85 (m, 1H),
3.96 (t, J = 4.3 Hz, 2H), 5.20 (d, J = 7.6 Hz, 1H), 5.54-5.55 (m, 1H), 5.79 (dd, J = 2.7, 8.5 Hz,
1H), 5.86 (d, J = 2.7 Hz, 1H), 6.38 (d, J = 8.5 Hz, 1H), 7.45-7.49 (m, 2H), 7.58-7.62 (m, 2H),
9.95 (s, 1H). *C NMR (100 MHz, DMSO-d): & 18.5, 40.3, 54.3, 64.3, 99.9, 101.9, 114.8,
116.0, 121.2 (2C), 131.4 (2C), 134.5, 134.9, 135.5, 138.3, 173.9. V.. (neat): 3311, 2870,

1669, 1620, 1588, 1505, 1394, 1324, 1281, 1209, 1089, 1071, 1007, 885, 820, 676 cm™. HR-
MS (ESI): C;7H19BrN3;O, [M+H"] requires 376.0655, found 376.0656.

N-(4-Bromophenyl)-2-((1,2,3,4-tetrahydroquinolin-7-yl)Jamino)propanamide (6.55)

OBr
N
H

The title compound 6.55 (59.0 mg, 0.158 mmol, 81% yield, brown glass), was prepared
according to general procedure B using the following reagents and solvents: 2-bromo-N-(4-
bromophenyl)propanamide 6.4 (60.0 mg, 0.195 mmol), 1,2,3,4-tetrahydroquinolin-7-amine
(34.8 mg, 0.235 mmol), potassium carbonate (54.0 mg, 0.391 mmol), MeCN (2 mL). The
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compound was purified by MDAP (high pH, Method C). '"H NMR (400 MHz, DMSO-dj): 6
1.35 (d, J = 7.0 Hz, 3H), 1.68-1.74 (m, 2H), 2.48-2.51 (m, 2H), 3.06-3.09 (m, 2H), 3.82-3.89
(m, 1H), 5.30 (d, J = 7.8 Hz, 1H), 5.34 (m, 1H), 5.70 (d, J = 2.3 Hz, 1H), 5.79 (dd, J = 2.3, 7.9
Hz, 1H), 6.53 (d, J = 7.9 Hz, 1H), 7.45-7.49 (m, 2H), 7.58-7.61 (m, 2H), 9.94 (s, 1H). *C NMR
(100 MHz, DMSO-dg): 6 18.9, 22.2, 26.0, 40.9, 53.8, 97.9, 101.7, 109.6, 114.7, 121.2 (2C),
129.2, 131.4 (2C), 138.3, 145.6, 146.4, 173.8. v (neat): 3323, 2926, 2838, 1667, 1618,
1587, 1504, 1488, 1393, 1320, 1209, 1183, 1071, 1007, 819 cm™. HR-MS (ESI): C1gH,.BrN5O
[M+H'] requires 374.0863, found 374.0887.

N-(4-Bromophenyl)-2-((5,6,7,8-tetrahydronaphthalen-2-yl)Jamino)propanamide (6.56)

o Br
1, T
QT

The title compound 6.56 (27.5 mg, 0.074 mmol, 38 % vyield, brown gum), was prepared
according to general procedure B using the following reagents and solvents: 2-bromo-N-(4-
bromophenyl)propanamide 6.4 (60.0 mg, 0.195 mmol), 5,6,7,8-tetrahydronaphthalen-2-
amine (34.5 mg, 0.235 mmol), potassium carbonate (54.0 mg, 0.391 mmol), MeCN (2 mL).
The compound was purified by MDAP (high pH, Method D). *H NMR (400 MHz, DMSO-dj): &
1.36 (d, J = 6.8 Hz, 3H), 1.62-1.69 (m, 4H), 2.54-2.58 (m, 4H), 3.93-4.00 (m, 1H), 5.5d (d, J =
7.9 Hz, 1H), 6.30-6.31 (m, 1H), 6.37-6.40 (m, 1H), 6.75 (d, J = 8.1 Hz, 1H), 7.43-7.49 (m, 2H),
7.55-7.60 (m, 2H), 10.06 (s, 1H). *C NMR (100 MHz DMSO-d,): & 18.8, 22.9, 23.2, 27.9, 29.1,
53.4,111.1, 112.7, 114.8, 121.2 (2C), 124.8, 129.2, 131.4 (2C), 136.6, 138.2, 145.3, 173.6.
Vmax (N€at): 3304, 2928, 1675, 1601, 1539, 1505, 1485, 1449, 1392, 1296, 1246, 1171, 1071,
1007, 861, 823, 798, 700 cm™. HR-MS (ESI): Cy9H,,BrN,0 [M+H"] requires 373.0910, found
373.0913.

N-(4-Bromophenyl)-2-((2,2-difluorobenzo[d][1,3]dioxol-5-yl)Jamino)propanamide (6.57)

Br
F_ O
X 1T T
F o
The title compound 6.57 (29.9 mg, 0.075 mmol, 38% vyield, straw coloured glass), was

prepared according to general procedure B using the following reagents and solvents: 2-

bromo-N-(4-bromophenyl)propanamide 6.4 (60.0 mg, 0.195 mmol), 2,2-
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difluorobenzo[d][1,3]dioxol-5-amine (40.6 mg, 0.235 mmol), potassium carbonate (54.0 mg,
0.391 mmol), MeCN (2 mL). The compound was purified by MDAP (high pH, Method C). *H
NMR (400 MHz, MeOD-d,): & 1.53 (d, J = 7.0 Hz, 3H), 3.94 (g, / = 7.0 Hz, 1H), 6.34 (dd, J =
2.2, 8.5 Hz, 1H), 6.55 (d, J = 2.2 Hz, 1H), 6.94 (d, J = 8.5 Hz, 1H), 7.43-7.45 (m, 2H), 7.49-7.52
(m, 2H). Exchangeable protons not observed. *C NMR (100 MHz, MeOD-d,): § 19.2, 56.4,
97.0, 108.1, 110.8, 117.9, 123.2 (2C), 132.8 (2C), 133.1 (t, J/ = 252 Hz), 137.3, 138.6, 145.8,
146.3, 175.7. vnax (neat): 3259, 1669, 1589, 1489, 1395, 1228, 1184, 1143, 1071, 1033, 899,
821 790, 702 cm™. HR-MS (ESI): C16H14BrF,N,05 [M+H*] requires 399.0150, found 399.0169.

N-(4-Bromophenyl)-2-((2,3-dihydro-[1,4]dioxino[2,3-b]pyridin-7-yl)Jamino)propanamide
(6.58)

y o /©/Br
EOUN%H
0 N

The title compound 6.58 (29.0 mg, 0.077 mmol, 39 % vyield, brown gum), was prepared
according to general procedure B using the following reagents and solvents: 2-bromo-N-(4-
bromophenyl)propanamide 6.4 (60.0 mg, 0.195 mmol), 2,3-dihydro-[1,4]dioxino[2,3-
b]pyridin-7-amine (35.7 mg, 0.235 mmol), potassium carbonate (54.0 mg, 0.391 mmol),
MeCN (2 mL). The compound was purified by MDAP (high pH, Method B). *H NMR (400
MHz, MeOD-d,): & 1.51 (d, J = 7.1 Hz, 3H), 3.92 (q, J = 7.1 Hz, 1H), 4.20-4.22 (m, 2H), 4.31-
4.33 (m, 2H), 6.69 (d, J = 2.5 Hz, 1H), 7.18 (d, J = 2.5 Hz, 1H), 7.43-7.46 (m, 2H), 7.49-7.53
(m, 2H). Exchangeable protons not observed. *C NMR (100 MHz, MeOD-d,): § 19.2, 56.2,
65.6, 65.9,112.4,117.9, 123.1 (2C), 124.7, 132.8 (2C), 138.6, 141.3, 142.1, 145.2, 175.6. Vi
(neat): 3319, 2973, 1659, 1587, 1528, 1477, 1395, 1278, 1222, 1178, 1072, 1052, 1009, 931.
888, 817, 729 cm™. HR-MS (ESI): C16H1,BrN;O; [M+H"] requires 378.0448, found 378.0460.

N-(4-Bromophenyl)-2-((3-oxo0-3,4-dihydro-2H-benzo[b][1,4]oxazin-6-

yl)amino)propanamide (6.59)

Br
SN
OTNQ/NW)LN
H
o
A mixture of 6-amino-2H-benzo[b][1,4]oxazin-3(4H)-one 6.61 (40.0 mg, 0.244 mmol) and

2-bromo-N-phenylpropanamide 6.4 (61.1 mg, 0.268 mmol) in EtOH (2 mL) was heated to

reflux for 48 hours, after which the mixture was concentrated under reduced pressure and
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the crude material was subjected to MDAP purification (high pH) to afford the title
compound 6.59 (33.0 mg, 0.085 mmol, 35% vyield) as a light brown solid. The compound
was purified by MDAP (high pH, Method C). M.pt. 223-234 °C. 'H NMR (400 MHz, DMSO-
ds): 6 1.38 (d, J = 6.8 Hz, 3H), 3.86-3.93 (m, 1H), 4.83 (s, 2H), 5.76 (d, J = 7.5 Hz, 1H), 6.16
(dd, J = 2.7, 8.8 Hz, 1H), 6.22 (s, J = 2.7 Hz, 1H), 6.70 (d, J = 8.8 Hz, 1H), 7.46-7.49 (m, 2H),
7.57-7.61 (m, 2H), 10.06 (br.s, 1H), 10.55 (br.s, 1H). *C NMR (100 MHz, DMSO-dq): & 18.8,
53.8, 66.9, 100.7, 106.6, 114.8, 116.3, 121.3 (2C), 127.8, 131.4 (2C), 134.9, 138.2, 143.4,
165.5, 173.4. v, (neat): 3270, 1693, 1680, 1632, 1589, 1524, 1491, 1392, 1334, 1273,
1214, 1162, 1049, 1011, 839, 822, 788 cm™’. HR-MS (ESI): Ci;H;7BrN;0; [M+H'] requires
390.0448, found 390.0449.

N-(4-Bromophenyl)-2-((3-oxo-3,4-dihydro-2H-benzo[b][1,4]oxazin-7-

yl)amino)propanamide (6.60)
Br
LOQ/N%N
H
0" N
H

The title compound 6.60 (27.6 mg, 0.071 mmol, 29% vyield, light brown solid), was prepared
in the same manner as 6.59 using the following reagents and solvents: 7-amino-2H-
benzo[b][1,4]oxazin-3(4H)-one  6.62 (40.0 mg, 0.244 mmol), 2-bromo-N-
phenylpropanamide 6.4 (61.1 mg, 0.268 mmol), EtOH (2 mL). The compound was purified
by MDAP (high pH, Method B). M.pt. 228-230 °C. *H NMR (400 MHz, DMSO-d,): 6 1.37 (d, J
= 6.8 Hz, 3H), 3.91-3.98 (m, 1H), 4.43 (s, 2H), 5.80 (d, J = 7.9 Hz, 1H), 6.21-6.24 (m, 2H),
6.62-6.64 (m, 1H), 7.46-7.50 (m, 2H), 7.56-7.61 (m, 2H), 10.08-10.32 (br. m, 2H). *C NMR
(100 MHz, DMSO-d,): & 18.7, 53.4, 66.8, 100.8, 106.7, 114.9, 116.3, 117.4, 121.2 (2C), 131.5
(2C), 138.2, 144.1, 144.3, 163.9, 173.4. v (neat): 3322, 3247, 3044, 1667, 1593, 1506,
1361, 1322, 1278, 1233, 1211, 1190, 1066, 944, 881, 814, 793, 682 cm™. HR-MS (ESI):
Cy7H17BrN;05 [M+H] requires 390.0448, found 390.0439.
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2-(6-amino-3-oxo-2H-benzo[b][1,4]oxazin-4(3H)-yl)-N-(4-bromophenyl)propanamide
(6.63)

N
N
SAS
NH,

The title compound 6.63 (40.1 mg, 0.103 mmol, 53 % vyield, brown glass), was prepared
according to general procedure B using the following reagents and solvents: 2-bromo-N-(4-
bromophenyl)propanamide 6.4 (60.0 mg, 0.195 mmol), 6-amino-2H-benzo[b][1,4]oxazin-
3(4H)-one (38.5 mg, 0.235 mmol), potassium carbonate (54.0 mg, 0.391 mmol), MeCN (2
mL). The compound was purified by MDAP (high pH, Method B). *H NMR (400 MHz, DMSO-
ds): 6 1.50 (d, J = 7.1 Hz, 3H), 4.50 (s, 2H), 4.87 (br. s, 2H), 5.25 (q, J = 7.1 Hz, 1H), 6.20 (dd, J
=2.4, 8.5 Hz, 1H), 6.35 (d, J = 2.4 Hz, 1H), 6.71 (d, J = 8.5 Hz, 1H), 7.46-7.49 (m, 2H), 7.52-
7.55 (m, 2H), 9.80 (s, 1H). LCMS (high pH): tg = 0.96 [M+H'] 390, 392; (area % total: 100).

2-(7-Amino-3-oxo0-2H-benzo[b][1,4]oxazin-4(3H)-yl)-N-(4-bromophenyl)propanamide
(6.64)

B
N
N
jons
HyN

The title compound 6.64 (29.5 mg, 0.076 mmol, 39 % yield, brown glass), was prepared
according to general procedure B using the following reagents and solvents: 2-bromo-N-(4-
bromophenyl)propanamide 6.4 (60.0 mg, 0.195 mmol), 7-amino-2H-benzo[b][1,4]oxazin-
3(4H)-one (38.5 mg, 0.235 mmol), potassium carbonate (54.0 mg, 0.391 mmol), MeCN (2
mL). The compound was purified by MDAP (high pH, Method C). *H NMR (400 MHz, DMSO-
ds): 6 1.43 (d, J = 7.0 Hz, 3H), 4.54 (s, 2H), 5.01 (br.s, 2H), 5.34 (g, J = 7.0 Hz, 1H), 6.20 (dd, J
= 2.5, 8.7 Hz, 1H), 6.25 (d, J = 2.5 Hz, 1H), 6.73 (d, J = 8.7 Hz, 1H), 7.45-7.48 (m, 2H), 5.51-
7.53 (m, 2H), 9.80 (s, 1H). LCMS (high pH): tg = 1.00 min, [M+H"] 390, 392; (area % total: 88).
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3,4-Dihydro-2H-benzo[b][1,4]oxazin-6-amine (6.67)°%

N NH,
ael
A mixture of 6-nitro-3,4-dihydro-2H-benzo[b][1,4]oxazine 6.65 (350 mg, 1.94 mmol) and
10% Pd/C (60.0 mg) in EtOH (10 mL) was stirred under an atmosphere of hydrogen for 18
hours. After this time, the mixture was filtered over a frit and the organics were removed
under reduced pressure to afford the title compound 6.67 (291 mg, 1.94 mmol, 100% yield)
as an orange gum that was used without further purification. *H NMR (400 MHz, CDCl5): &
3.35 (br.s, 3H), 3.39-3.41 (m, 2H), 4.18-4.20 (m, 2H), 5.99 (d, J = 2.7 Hz, 1H), 6.04 (dd, J =
2.7, 8.4 Hz, 1H), 6.61 (d, J = 8.4 Hz, 1H). LCMS (high pH): tz = 0.50 min, [M+H'] 150; (area %

total: 89).

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-phenylpropanamide (6.69)
Sean
(o]

The title compound 6.69 (48.2 mg, 0.162 mmol, 68 % yield, straw coloured glass), was
prepared according to general procedure A using the following reagents and solvents:
aniline (44.0 pL, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then ethyl
2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239 mmol) in
THF (0.5 mL). The compound was purified by MDAP (high pH, Method C). '"H NMR (400
MHz, DMSO-dy): & 1.36 (d, J = 6.8 Hz, 3H), 3.87-3.94 (m, 1H), 4.07-4.10 (m, 2H), 4.13-4.15
(m, 2H), 5.52 (d, J = 8.0 Hz, 1H), 6.12-6.17 (m, 2H), 6.59 (d, J = 8.4 Hz, 1H), 7.02-7.06 (m, 1H),
7.27-7.31 (m, 2H), 7.59-7.62 (m, 2H), 9.91 (s, 1H). *C NMR (100 MHz, DMSO-de): § 18.9,
53.8, 63.6, 64.2, 101.1, 106.5, 117.1, 119.1 (2C), 123.3, 128.7 (2C), 134.9, 138.9, 142.5,
143.6, 173.4. vy (neat): 3322 (br.), 2976, 2929, 2873, 1664, 1596, 1502, 1440, 1317, 1280,
1240, 1208, 1066, 919, 884, 830, 795, 753 cm™. HR-MS (ESI): C;7H1oN,05 [M+H*] requires
299.1390, found 299.1396.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-(p-tolyl)propanamide (6.70)
Sennad
o

The title compound 6.70 (58.0 mg, 0.186 mmol, 78 % vyield, straw coloured solid), was

prepared according to general procedure A using the following reagents and solvents: p-
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toluidine (51.2 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then
ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanoate 6.18 (60.0 mg, 0.239
mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method C). M.pt.
125-127 °C. *H NMR (400 MHz, DMSO-dj): & 1.35 (d, J = 6.9 Hz, 3H), 2.24 (s, 3H), 3.83-3.92
(m, 1H), 4.07-4.09 (m, 2H), 4.13-4.15 (m, 2H), 5.50 (br.d, J = 7.6 Hz, 1H), 6.11 (d, J= 2.8 Hz,
1H), 6.15 (dd, J= 2.8, 8.5 Hz, 1H), 6.59 (d, J = 8.5 Hz, 1H), 7.09 (d, J = 8.2 Hz, 2H), 7.46-7.50
(m, 2H), 9.81 (s, 1H). 3C NMR (100 MHz, DMSO-d,): & 18.9, 20.4, 53.7, 60.6, 64.3, 101.1,
106.5, 117.1, 119.2 (2C), 129.0 (2C), 132.1, 134.9, 136.4, 142.5, 143.5, 173.1. Vs (neat):
3325, 2976, 2927, 2873, 1661, 1596, 1505, 1453, 1405, 1317, 1280, 1240, 1208, 1176, 1067,
920, 885, 814, 735 cm™. HR-MS (ESI): CigHyN,O5 [M+H'] requires 313.1547, found
313.1549.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-(4-methoxyphenyl)propanamide (6.71)

eean

o

The title compound 6.71 (51.8 mg, 0.158 mmol, 66 % yield, straw coloured gum), was
prepared according to general procedure A using the following reagents and solvents: 4-
methoxyaniline (58.8 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL),
then ethyl 2-((2,3-dihydrobenzo(b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239
mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method C). *H NMR
(400 MHz, DMSO-dg): 6 1.35 (d, J = 6.8 Hz, 3H), 3.71 (s, 3H), 3.82-3.89 (m, 1H), 4.07-4.10 (m,
2H), 4.13-4.15 (m, 2H), 5.48 (d, J = 7.7 Hz, 1H), 6.12 (d, J = 2.7 Hz, 1H), 6.15 (dd, J = 2.7, 8.6
Hz, 1H), 6.59 (d, J = 8.6 Hz, 1H), 6.85-6.89 (m, 2H), 7.49-7.53 (m, 2H), 9.76 (s, 1H). *C NMR
(100 MHz, DMSO-dg): 6 18.9, 53.7, 55.1, 63.6, 64.3, 101.1, 106.5, 113.8 (2C), 117.1, 120.7
(2C), 132.0, 134.9, 142.5, 143.5, 155.2, 172.8. v (neat): 3320, 2932, 1658, 1596, 1507,
1456, 1412, 1322, 1280, 1240, 1209, 1175, 1067, 1033, 919, 884, 827, 743 cm™. HR-MS
(ESI): C1gH,1N,0, [M+H"] requires 329.1496, found 329.1502.
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N-(3,4-Dichlorophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanamide

(6.72)
o /@iﬂ
Oy T
o
The title compound 6.72 (43.6 mg, 0.119 mmol, 50 % vyield, pale brown glass that was
scratched to give a solid), was prepared according to general procedure A using the
following reagents and solvents: 3,4-dichloroaniline (77.0 mg, 0.478 mmol), DABAL-Me;
(122 mg, 0.478 mmol), THF (2.5 mL), then ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-
yl)amino)propanoate 6.18 (60.0 mg, 0.239 mmol) in THF (0.5 mL). The compound was
purified by MDAP (high pH, Method C). M.pt. 128-130 °C. *H NMR (400 MHz, DMSO-de): &
1.37 (d, J = 6.9 Hz, 3H), 3.85-3.92 (m, 1H), 4.08-4.09 (m, 2H), 4.13-4.15 (m, 2H), 5.54 (d, J =
7.3 Hz, 1H), 6.10 (d, J = 2.3 Hz, 1H), 6.13 (dd, J = 2.3, 8.3 Hz, 1H), 6.60 (d, J = 8.3 Hz, 1H),
7.53-7.58 (m, 2H), 8.01-8.02 (m, 1H), 10.23 (s, 1H). *C NMR (100 MHz, DMSO-d,): & 18.6,
54.0, 63.6, 64.3, 101.1, 106.3, 117.1, 119.3, 120.4, 124.7, 130.6, 130.9, 135.0, 138.9, 142.4,
143.5, 174.0. vy (neat): 3300, 2975, 2873, 1672, 1592, 1504, 1474, 1377, 1321, 1280,
1240, 1208, 1176, 1125, 1067, 1027, 922, 884, 814, 676 cm™. HR-MS (ESI): C17H1;CI;N,04
[M+H'] requires 367.0611, found 367.0620.

N-(4-chlorophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanamide (6.73)
o /©/u
SeAS
o
The title compound 6.73 (65.1 mg, 0.196 mmol, 82 % yield, straw coloured gum that was
scratched to give a solid), was prepared according to general procedure A using the
following reagents and solvents: 4-chloroaniline (60.9 mg, 0.478 mmol), DABAL-Me; (122
mg, 0.478 mmol), THF (2.5 mL), then ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-
yl)amino)propanoate 6.18 (60.0 mg, 0.239 mmol) in THF (0.5 mL). The compound was
purified by MDAP (high pH, Method C). M.pt. 145-147 °C. *H NMR (400 MHz, DMSO-dj): &
1.37 (d, J = 7.0 Hz, 3H), 3.86-3.93 (m, 1H), 4.07-4.09 (m, 2H), 4.13-4.15 (m, 2H), 5.52 (br.s,
1H), 6.11 (d, J = 2.7 Hz, 1H), 6.14 (dd, J = 2.7, 8.4 Hz, 1H), 6.60 (d, J = 8.4 Hz, 1H), 7.33-7.37
(m, 2H), 7.63-7.66 (m, 2H), 10.05 (s, 1H). *C NMR (100 MHz, DMSO-d¢): & 18.8, 53.8, 63.6,

64.3, 101.1, 106.4, 117.1, 120.8 (2C), 126.8, 128.5 (2C), 134.9, 137.8, 142.4, 143.5, 173.6.
Vmax (nNeat): 3320, 2985, 1678, 1590, 1511, 1490, 1398, 1282, 1209, 1178, 1089, 1068, 1010,
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921, 883, 838, 675 cm™. HR-MS (ESI): Ci;H;5CIN,O; [M+H'] requires 333.1001, found
333.1008.

N-(6-Bromopyridin-3-yl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanamide

(6.74)
B
K P
Senna

The title compound 6.74 (43.2 mg, 0.114 mmol, 48 % yield, pale brown solid), was prepared
according to general procedure A using the following reagents and solvents:
6-bromopyridin-3-amine (83.0 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF
(2.5 mL), then ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0
mg, 0.239 mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method
C). M.pt. 175-177 °C. *H NMR (400 MHz, DMSO-d,): 6 1.38 (d, J = 6.9 Hz, 3H), 3.88-3.95 (m,
1H), 4.07-4.10 (m, 2H), 4.13-4.15 (m, 2H), 5.58 (d, J = 7.5 Hz, 1H), 6.11 (d, J = 2.8 Hz, 1H),
6.13 (dd, J = 2.8, 8.3 Hz, 1H), 6.60 (d, J = 8.3 Hz, 1H), 7.58 (d, / = 8.7 Hz, 1H), 8.03 (dd, / = 2.9,
8.7 Hz, 1H), 8.62 (d, J 2.9 Hz, 1H), 10.32 (s, 1H). 3C NMR (100 MHz, DMSO-d,): & 18.6, 53.9,
63.6, 64.3,101.1, 106.3, 117.2, 127.8, 129.7, 134.0, 135.0, 135.5, 141.1, 142.4, 143.6, 174.3.
Vmax (neat): 3361, 3322, 1677, 1600, 1572, 1508, 1491, 1465, 1368, 1319, 1211, 1068, 919,
881, 828, 801, 724 cm™. HR-MS (ESI): CigH17BrN3;O; [M+H'] requires 378.0448, found
378.0436.

N-(5-Bromopyridin-2-yl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanamide

(6.75)
N Br
0 NYTL or
SORRE

The title compound 6.75 (35.5 mg, 94.0 umol, 39 % yield, brown gum), was prepared
according to general procedure A using the following reagents and solvents: 5-
bromopyridin-2-amine (83.0 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5
mL), then ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg,
0.239 mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method C). *H
NMR (400 MHz, MeOD-d,): 6 1.50 (d, J = 7.1 Hz, 3H), 3.88 (g, / = 7.1 Hz, 1H), 4.11-4.13 (m,
2H), 4.15-4.18 (m, 2H), 6.18-6.22 (m, 2H), 6.64 (d, J = 8.4 Hz, 1H), 7.91 (dd, J = 2.5, 8.8 Hz,
1H), 8.13 (d, J = 8.8 Hz, 1H), 8.32 (d, J = 2.5 Hz, 1H). Exchangeable protons not observed.
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3C NMR (100 MHz, MeOD-d,): & 19.1, 57.0, 65.3, 65.9, 103.5, 108.3, 115.7, 116.4, 118.5,
138.0, 142.0, 143.2, 145.4, 149.9, 151.4, 176.5. vy (neat): 3344, 2970, 1684, 1598, 1566,
1505, 1486, 1377, 1319, 1299, 1239, 1212, 1124, 1070, 1005, 921, 886, 803, 827, 743, 690
cm™. HR-MS (ESI): Cy6H17BrN3O5 [M+H'] requires 378.0448, found 378.0450.

4-(2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanamido)-N-methylbenzamide
(6.76)

(6]
o) N~
Seas ol
0
The title compound 6.76 (54.1 mg, 0.152 mmol, 64 % yield, pale yellow glass), was prepared
according to general procedure A using the following reagents and solvents: 4-amino-N-
methylbenzamide (71.8 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL),
then ethyl 2-((2,3-dihydrobenzo(b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239
mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method B). '*H NMR
(400 MHz, DMSO-dg): & 1.37 (d, J = 6.9 Hz, 3H), 2.76 (d, J = 4.4 Hz, 3H), 3.89-3.96 (m, 1H),
4.07-4.09 (m, 2H), 4.13-4.15 (m, 2H), 5.55 (d, J = 8.0 Hz, 1H), 6.11 (d, J = 2.5 Hz, 1H), 6.14
(dd, J = 2.5, 8.4 Hz, 1H), 6.60 (d, J = 8.4 Hz, 1H), 7.66-7.68 (m, 2H), 7.77-7.80 (m, 2H), 8.29
(g, J = 4.4 Hz, 1H), 10.13 (s, 1H). *CNMR (100 MHz, DMSO-d): & 18.8, 26.2, 53.8, 63.6,
64.3, 101.1, 106.4, 117.1, 118.4 (2C), 127.8 (2C), 129.1, 134.9, 141.2, 142.5, 143.6, 166.0,
173.8. vimax (nNeat): 3316, 2976, 2933, 1627, 1598, 1501, 1405, 1290, 1241, 1209, 1177, 1067,

920, 885, 848, 765 cm™. HR-MS (ESI): CioH,,N30, [M+H'] requires 356.1605, found
356.1571.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-(4-(N-methylsulfamoyl)phenyl)-
propanamide (6.77)

o

Seanad

,\N/
H
The title compound 6.77 (40.8 mg, 0.123 mmol, 51 % yield, brown glass), was prepared

N

according to general procedure A using the following reagents and solvents: 4-amino-N-
methylbenzenesulfonamide (89.0 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF
(2.5 mL), then ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0
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mg, 0.239 mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method
B). 'H NMR (400 MHz, DMSO-dj): 6 1.38 (d, J = 6.9 Hz, 3H), 2.38 (s, 3H), 3.92-3.98 (m, 1H),
4.07-4.09 (m, 2H), 4.13-4.15 (m, 2H), 5.58 (d, J = 8.3 Hz, 1H), 6.11 (d, J = 2.3 Hz, 1H), 6.14
(dd, J = 2.3, 8.4 Hz, 1H), 6.60 (d, J = 8.4 Hz, 1H), 7.35 (br.s, 1H), 7.69-7.72 (m, 2H), 7.80-7.83
(m, 2H), 10.20 (br.s, 1H). *C NMR (100 MHz, DMSO-d,): & 18.7, 28.6, 53.9, 63.6, 64.3, 101.2,
106.4, 117.2, 119.0 (2C), 127.8 (2C), 133.3, 134.9, 142.3, 142.4, 143.6, 174.2. Vya (neat):
3308, 1677, 1590, 1504, 1400, 1319, 1210, 1154, 1066, 920, 884, 827, 690 cm™. HR-MS
(ESI): C1gH2,N305S [M+H'] requires 392.1275, found 392.1276.

N-(4-Cyanophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanamide (6.78)
SNen
Seng
o

The title compound 6.78 (55.6 mg, 0.172 mmol, 72 % yield, brown solid), was prepared
according to general procedure A using the following reagents and solvents: 4-
aminobenzonitrile (56.4 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL),
then ethyl 2-((2,3-dihydrobenzo(b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239
mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method B). M.pt.
140-141 °C. *H NMR (400 MHz, DMSO-d,): 6 1.38 (d, J = 6.8 Hz, 3H), 3.90-3.98 (m, 1H), 4.07-
4.09 (m, 2H), 4.13-4.14 (m, 2H), 5.60 (d, J = 7.5 Hz, 1H), 6.10 (d, J = 2.5 Hz, 1H), 6.13 (dd, J =
2.5, 8.7 Hz, 1H), 6.60 (d, J = 8.7 Hz, 1H), 7.75-7.77 (m, 2H), 7.81-7.83 (m, 2H), 10.42 (s, 1H).
BC NMR (100 MHz, DMSO-ds): 6 18.7, 53.9, 63.6, 64.3, 101.0, 105.0, 106.4, 117.2, 119.0,
119.3 (2C), 133.2 (2C), 135.0, 142.4, 143.0, 143.6, 174.4. v (neat): 3308, 2977, 2873,

2224, 1686, 1597, 1507, 1407, 1314, 1281, 1241, 1208, 1174, 1067, 920, 884, 835, 701 cm™.
HR-MS (ESI): C1gH15N305 [M+H"] requires 324.1343, found 324.1346.

N-(4-(1H-pyrazol-3-yl)phenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)amino)propanamide (6.79)
Ofw
P "

A vial charged with potassium trifluoro(1H-pyrazol-3-yl)borate (29.1 mg, 0.167 mmol), N-(4-
bromophenyl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanamide GSK’896 (60.0

mg, 0.159 mmol), palladium(ll) acetate (2.14 mg, 9.54 umol), RuPhos (8.91 mg, 19.0 umol)
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and Na,CO; (33.7 mg, 0.318 mmol) was sealed with a Teflon cap, evacuated and purged
with nitrogen. EtOH (0.9 mL) was added via syringe and the mixture was heated to 85 °C for
12 hours. DMF (1 ml) was added and the mixture was heated to 100 °C for 5 hours. The
reaction mixture was filtered and the organics were concentrated. The residue was
dissolved in DMF (2 mL) and subjected to purification by MDAP (high pH, Method B) to
afford the title compound 6.79 (22.5 mg, 62.3 umol, 39 % vyield) as a straw coloured glass.
'H NMR (400 MHz, MeOD-d,): & 1.51 (d, J = 7.2 Hz, 3H), 3.87 (q, J = 7.2 Hz, 1H), 4.12-4.14
(m, 2H), 4.16-4.19 (m, 2H), 6.22-6.24 (m, 2H), 6.63-6.66 (m, 2H), 7.60-7.73 (m, 5H).
Exchangeable protons not observed. >C NMR (100 MHz, MeOD-d,): § 19.3, 56.9, 65.4, 65.9,
103.1, 103.6, 108.4, 118.5 (2C), 121.5, 127.2 (2C), 137.9, 143.4, 145.4, 176.3. Four “°C
signals not observed due to line broadening v..., (neat): 3297 (br.), 2974, 1664, 1597, 1505,
1453, 1410, 1316, 1279, 1241, 1209, 1176. 1066, 921, 884, 836, 768 cm™. HR-MS (ESI):
Cy0H21N403 [M+H"] requires 365.1608, found 365.1610.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-(4-(pyridin-3-yl)phenyl)propanamide
(6.80)

o
sean
o)
A mixture of the pyridin-3-ylboronic acid (29.3 mg, 0.239 mmol), N-(4-bromophenyl)-2-
((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanamide GSK’896 (60.0 mg, 0.159 mmol),
Pd(PPhj3),Cl, (5.58 mg, 7.95 umol) and potassium carbonate (65.9 mg, 0.477 mmol) was
sealed in a microwave vial and placed under atmosphere of nitrogen. 1,4-Dioxane (1 mL)
and water (1 mL) were added and the mixture was heated to 100 °C for 18 hours. Water (5
mL) was added and the mixture was extracted with EtOAc (10 mL x 3). The combined
organics were washed with brine (20 mL) and dried over a hydrophobic frit. The organics
were concentrated and the residue was dissolved in DMF (2 mL) and subjected to
purification by MDAP (high pH, Method B) to afford the title compound 6.80 (37.4 mg,
0.100 mmol, 63 % yield) as a white solid. M.pt. 180-182 °C. ‘H NMR (400 MHz, DMSO-dq): &
1.39 (d, J = 7.3 Hz, 3H), 3.90-3.97 (m, 1H), 4.07-4.09 (m, 2H), 4.13-4.15 (m, 2H), 5.55 (d, J =
8.4 Hz, 1H), 6.14 (d, J = 2.7 Hz, 1H), 6.16 (dd, J = 2.7, 8.6 Hz, 1H), 6.60 (d, J = 8.6 Hz, 1H), 7.46
(ddd, /=0.7, 4.7, 7.9 Hz, 1H), 7.67-7.71 (m, 2H), 7.74-7.77 (m, 2H), 8.02-8.05 (m, 1H), 8.53
(dd, J = 1.7, 4.7 Hz, 1H), 8.87 (dd, J = 0.7, 2.5 Hz, 1H), 10.08 (s, 1H). *C NMR (100 MHz,
DMSO-d,): & 18.8, 53.8, 63.6, 64.3, 101.1, 106.5, 117.1, 119.7 (2C), 123.8, 127.1 (2C), 131.7,
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133.5, 133.9, 134.9, 139.0, 142.5, 143.6, 147.2, 148.0, 173.6. Vs (neat): 3663, 3337, 3271,
2988, 1674, 1587, 1523, 1497, 1427, 1318, 1275, 1216, 1172, 1071, 1020, 1001, 885, 840,
800, 706 cm™. HR-MS (ESI): C,,H5,N305 [M+H*] requires 376.1656, found 376.1654.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)amino)-N-(4-(furan-3-yl)phenyl)propanamide

(6.81)
Soas

The title compound 6.81 (38.1 mg, 0.105 mmol, 66 % yield, straw coloured gum that was
scratched to give a solid), was prepared in the same manner as 6.80 using the following
reagents and solvents: furan-3-ylboronic acid (21.0 mg, 0.188 mmol), N-(4-bromophenyl)-2-
((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanamide GSK’896 (60.0 mg, 0.159 mmol),
Pd(PPh;),Cl, (5.58 mg, 7.95 umol) and potassium carbonate (65.9 mg, 0.477 mmol), 1,4-
dioxane (1 mL), water (1 mL). The reaction time was 18 hours. The compound was purified
by MDAP (high pH, Method C). M.pt. 168-170 °C. *H NMR (400 MHz, DMSO-dq): & 1.37 (d, J
= 6.4 Hz, 3H), 3.87-3.94 (m, 1H), 4.07-4.09 (m, 2H), 4.13-4.15 (m, 2H), 5.52 (d, J = 8.2 Hz,
1H), 6.13-6.18 (m, 2H), 6.60 (d, J = 8.9 Hz, 1H), 6.91 (dd, J = 0.7, 1.7 Hz, 1H), 7.53-7.56 (m,
2H), 7.62-7.64 (m, 2H), 7.71 (t, J = 1.7 Hz, 1H), 8.10-8.11 (m, 1H), 9.96 (s, 1H). *C NMR (100
MHz, DMSO-d,): 6 18.8, 53.8, 63.6, 64.3, 101.1, 106.4, 108.6, 117.1, 119.4 (2C), 125.4, 125.8
(2C), 127.0, 134.9, 137.7, 138.7, 142.5, 143.6, 144.1, 173.3. Vo (neat): 2864, 2478, 1668,
1631, 1591, 1512, 1450, 1409, 1323, 1282, 1226, 1160, 1067, 1050, 1013, 918, 874, 842,
787 cm™. HR-MS (ESI): C31H,1N>0, [M+H"] requires 365.1496, found 365.1493.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-(4-(oxazol-5-yl)phenyl)propanamide

(6.82)
N
{5, 0
eeag

The title compound 6.82 (63.0 mg, 0.173 mmol, 72 % yield, brown gum), was prepared
according to general procedure A using the following reagents and solvents: 4-(oxazol-5-
yl)aniline (76.5 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then
ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239
mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method B). *H NMR
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(400 MHz, DMSO-d) & 1.38 (d, J = 6.9 Hz, 3H), 3.88-3.95 (m, 1H), 4.07-4.09 (m, 2H), 4.13-
4.15 (m, 2H), 5.54 (d, J = 7.8 Hz, 1H), 6.12 (d, J = 2.6 Hz, 1H), 6.15 (dd, J = 2.6, 8.6 Hz, 1H),
6.60 (d, J = 8.6 Hz, 1H), 7.58 (s, 1H), 7.65-7.68 (m, 2H), 7.72-7.74 (m, 2H), 8.39 (s, 1H), 10.10
(br.s, 1H). 3C NMR (100 MHz, DMSO-d,): & 18.8, 53.8, 63.6, 64.3, 101.1, 106.4, 117.1, 119.5
(2C), 121.0, 122.4, 124.7 (2C), 134.9, 139.2, 142.5, 143.6, 150.4, 151.4, 173.7. Vs (neat):
3312 (br.), 1669, 1596, 1506, 1409, 1315, 1280, 1241, 1209, 1177, 1067, 941, 919, 884, 824,
744 cm™. HR-MS (ESI): CyoH2oN30, [M+H'] requires 366.1448, found 366.1446.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-(1H-indol-5-yl)propanamide (6.83)

o N
H
v
Qo
o
The title compound 6.83 (23.1 mg, 68.0 umol, 29 % vield, red solid), was prepared
according to general procedure A using the following reagents and solvents: 1H-indol-5-
amine (63.1 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then ethyl
2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239 mmol) in
THF (0.5 mL). The compound was purified by MDAP (high pH, Method B). M.pt. 190-192 °C.
'"H NMR (400 MHz, DMSO-dg): & 1.38 (d, J = 6.9 Hz, 3H), 3.86-3.93 (m, 1H), 4.07-4.09 (m,
2H), 4.13-4.15 (m, 2H), 5.49 (d, J/ = 8.3 Hz, 1H), 6.15-6.19 (m, 2H), 6.36-6.37 (m, 1H), 8.60 (d,
J= 8.5 Hz, 1H), 7.20 (dd, J = 1.8, 8.9 Hz, 1H), 7.29-7.31 (m, 2H), 7.85 (d, J = 1.8 Hz, 1H), 9.67
(s, 1H), 10.98 (br.s, 1H). *C NMR (100 MHz DMSO-dj): § 19.0, 53.8, 63.7, 64.3, 101.0, 101.2,
106.5,110.7,111.1, 114.8,117.1, 125.9, 127.4, 130.8, 132.7, 134.8, 142.6, 143.6, 172.6. Vay
(neat): 3328, 2977, 2927, 2872, 1639, 1599, 1508, 1449, 1323, 1279, 1213, 1179, 1127,
1068, 920, 886, 800, 749 cm™. HR-MS (ESI): C19H,oN305 [M+H'] requires 338.1499, found
338.1500.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-(1H-indol-6-yl)propanamide (6.84)

SeAR R
O
The title compound 6.84 (31.0 mg, 92.0 umol, 39 % vyield, dark green solid), was prepared
according to general procedure A using the following reagents and solvents: 1H-indol-6-

amine (63.1 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then ethyl
2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239 mmol) in
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THF (0.5 mL). The compound was purified by MDAP (high pH, Method B). M.pt. 149-151 °C.
'H NMR (400 MHz, DMSO-d,): & 1.38 (d, J = 6.8 Hz, 3H), 3.88-3.95 (m, 1H), 4.07-4.09 (m,
2H), 4.12-4.15 (m, 2H), 5.51 (d, J = 8.0 Hz, 1H), 6.15 (d, J = 2.5 Hz, 1H), 6.17 (dd, J = 2.5, 8.9
Hz, 1H), 6.34-6.35 (m, 1H), 6.60 (d, J = 8.9 Hz, 1H), 7.03 (dd, J = 1.8, 8.4 Hz, 1H), 7.24-7.26
(m, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.94-7.95 (m, 1H), 9.77 (s, 1H), 10.98 (br.s, 1H). *C NMR
(100 MHz DMSO-ds): 6 19.0, 53.8, 63.6, 64.5, 100.9, 101.1, 102.2, 106.5, 112.3, 117.1,
119.7, 123.9, 124.9, 132.9, 134.8, 135.8, 142.6, 143.5, 172.8. v,y (neat): 3372, 3309, 3241,
2974, 1650, 1584, 1507, 1486, 1453, 1417, 1351, 1319, 1279, 1242, 1210, 1176, 1069, 963,
887,792, 733 cm™. HR-MS (ESI): C19H,0N303 [M+H'] requires 338.1499, found 338.1500.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-(1H-indazol-6-yl)propanamide (6.85)

The title compound 6.85 (47.0 mg, 0.139 mmol, 58 % vyield, cream solid), was prepared
according to general procedure A using the following reagents and solvents: 1H-indazol-6-
amine (63.6 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then ethyl
2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239 mmol) in
THF (0.5 mL). The compound was purified by MDAP (high pH, Method B). M.pt. 208-210 °C.
'H NMR (400 MHz, DMSO-dq): & 1.37 (d, J = 6.8 Hz, 3H), 3.92-3.99 (m, 1H), 4.07-4.08 (m,
2H), 4.12-4.14 (m, 2H), 5.58 (d, J = 8.0 Hz, 1H), 6.14 (d, J = 2.5 Hz, 1H), 6.17 (dd, J = 2.5, 8.6
Hz, 1H), 6.60 (d, J = 8.6 Hz, 1H), 7.13 (d, J = 8.5 Hz, 1H), 7.65 (d, J = 8.5 Hz, 1H), 7.96 (s, 1H),
8.14 (s, 1H), 10.10 (br.s, 1H), 12.89 (br.s, 1H). *C NMR (100 MHz DMSO-d): & 18.9, 53.8,
63.6, 64.3,99.0, 101.1, 106.5, 114.1, 117.1, 119.1, 120.6, 133.2, 134.9, 137.0, 140.3, 142.5,
143.6, 173.7. vnax (neat): 3246, 3045, 1664, 1632, 1593, 1538, 1508, 1322, 1278, 1238,
1211, 1187, 1066, 944, 921, 881, 856, 834, 793 cm™. HR-MS (ESI): CisH1gN4O5 [M+H']
requires 339.1452, found 339.1460.
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2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-(1H-indol-3-yl)propanamide (6.86)

y o ’ NH
SRR R
O

The title compound 6.86 (6.8 mg, 19.9 umol, 8 % yield, red glass), was prepared according
to general procedure A using the following reagents and solvents: 1H-indol-3-amine (63.1
mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then ethyl 2-((2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239 mmol) in THF (0.5
mL). The compound was purified by MDAP (high pH, Method B). *H NMR (400 MHz, MeOD-
ds): 8 1.55 (d, J = 6.8 Hz, 3H), 3.99 (q, J = 6.8 Hz, 1H), 4.12-4.14 (m, 2H), 4.17-4.19 (m, 2H),
6.27-6.30 (m, 2H), 6.66-6.68 (m, 1H), 6.99-7.03 (m, 1H), 7.10-7.14 (m, 1H), 7.34 (d, J = 8.4
Hz, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.54 (s, 1H). Exchangeable protons not observed. 3C NMR
(100 MHz MeOD-d,): 6 19.6, 56.3, 65.4, 65.9, 103.8, 108.6, 112.4, 114.7, 118.2, 118.5,
119.9, 122.9, 122.9, 127.4, 135.8, 137.9, 143.4, 145.5, 175.8. vys (neat): 3319, 1651, 1595,
1566, 1506, 1456, 1321, 1280, 1239, 1207, 1177, 1066, 921, 884, 795, 740 cm™. HR-MS
(ESI): C19H20N303 [M+H] requires 338.1499, found 338.1498.

N-(1H-benzo[d]imidazol-2-yl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)amino)propanamide (6.87)

s
SeALE
o

To a suspension of 1H-benzo[d]imidazol-2-amine (159 mg, 1.19 mmol) in toluene (2 mL)
was added AlMe; (2M in toluene, 0.597 mL, 1.19 mmol) dropwise. This mixture was stirred
for 30 minutes at 50 °C after which time ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-
yl)amino)propanoate 6.18 (60.0 mg, 0.239 mmol) in toluene (0.5 mL) was added and the
mixture was heated to 100 °C for 3 hours. After this time, water (5 mL) was added to
quench the reaction, and EtOAc (5 mL) was added. The mixture was filtered, the organics
were separated and the aqueous layer was washed with EtOAc (2 x 5 mL). The combined
organics were dried over MgSQ,, filtered and concentrated. The residue was dissolved in
MeOH (2 mL) and purified by MDAP (high pH, Method B) to afford the title compound 6.87
(57.8 mg, 0.171 mmol, 72 % yield) as a brown gum. "H NMR (400 MHz, DMSO-dj): & 1.41 (d,
J=7.0 Hz, 3H), 4.06-4.07 (m, 2H), 4.11-4.14 (m, 3H), 5.58 (d, J = 9.0 Hz, 1H), 6.15 (d, J = 2.6
Hz, 1H), 6.17 (dd, J = 2.6, 8.5 Hz, 1H), 6.59 (d, J = 8.5 Hz, 1H), 7.06-7.09 (m, 2H), 7.42-7.43
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(m, 2H), 11.53 (br.s, 1H), 12.00 (br.s, 1H). *C NMR (100 MHz DMSO-dj): & 18.5, 53.0, 63.6,
64.3,101.1, 106.5, 111.5, 116.8, 117.2, 121.0 (2C), 132.6, 135.0, 140.4, 142.3, 143.6, 146.3,
174.8. Voax (neat): 3380, 2872, 1682, 1629, 1562, 1506, 1454, 1309, 1272, 1207, 1175, 1067,
1021, 924, 885, 795, 742 cm™. HR-MS (ESI): CigH15N,05 [M+H'] requires 339.1452, found
339.1454.

N-cyclohexyl-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanamide (6.88)

Seau

The title compound 6.88 (57.9 mg, 0.190 mmol, 80 % vyield, straw coloured gum), was
prepared according to general procedure A using the following reagents and solvents:
cyclohexylamine (55.0 uL, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL),
then ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239
mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method C). *H NMR
(400 MHz, MeOH): § 1.11-1.26 (m, 3H), 1.28-1.41 (m, 5H), 1.57-1.83 (m, 5H), 3.60-3.69 (m,
2H), 4.12-4.14 (m, 2H), 4.17-4.19 (m, 2H), 6.13-6.15 (m, 2H), 6.62 (dd, J = 2.6, 9.4 Hz, 1H).
Exchangeable protons not observed. 3¢ NMR (100 MHz, MeOD-d,): 6 19.4, 25.9, 25.9, 26.5,
33.5, 33.5, 49.4, 56.3, 65.4, 65.9, 103.6, 108.3, 118.4, 137.7, 143.4, 145.4, 176.7. Vrma (neat):
3312, 2930, 2854, 1644, 1507, 1451, 1321, 1279, 1240, 1208, 1178, 1068, 921, 885, 832,
735 cm™. HR-MS (ESI): C17H,5N,05 [M+H"] requires 305.1860, found 305.1844.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-(1-methylpiperidin-4-yl)propanamide
(6.89)

[OD/NW)J\N

H

O

The title compound 6.89 (61.0 mg, 0.191 mmol, 80 % vyield, straw coloured gum), was
prepared according to general procedure A using the following reagents and solvents: 4-
(tert-butyl)cyclohexanamine (74.2 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol),
THF (2.5 mL), then ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanoate 6.18
(60.0 mg, 0.239 mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH,
Method B). *H NMR (400 MHz, MeOD-d,): § 1.40 (d, J = 6.8 Hz, 3H), 1.56-1.71 (m, 2H), 1.84-
1.95 (m, 2H), 2.52 (s, 3H), 2.55-2.63 (m, 2H), 3.05 (t, J = 13.1 Hz, 2H), 3.71 (q, J = 6.8 Hz, 1H),
3.75-3.82 (m, 1H), 4.13-4.14 (m, 2H), 4.17-4.19 (m, 2H), 6.13-6.16 (m, 2H), 6.61-6.64 (m,
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1H). Exchangeable protons not observed. *C NMR (100 MHz, MeOD-d,): § 19.3, 30.9, 30.9,
44.9, 45.9, 54.6 (2C), 56.2, 65.4, 65.9, 103.5, 108.4, 118.4, 137.7, 143.4, 145.4, 177.4. Vyuy
(neat): 3289, 2933, 2788, 1650, 1626, 1595, 1505, 1452, 1377, 1323, 1278, 1240, 1209,
1178, 1066, 919, 884, 796, 745 cm™. HR-MS (ESI): C;7H,6N30; [M+H'] requires 320.1969,
found 320.1986.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-N-(1-phenylpiperidin-4-yl)propanamide
(6.90)

e

Seag

O
The title compound 6.90 (54.3 mg, 0.142 mmol, 60 % yield, light brown solid), was prepared
according to general procedure A using the following reagents and solvents: 1-
phenylpiperidin-4-amine (84.0 mg, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF
(2.5 mL), then ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0
mg, 0.239 mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method
C). M.pt. 115-117 °C. "H NMR (400 MHz, DMSO-ds, heated): § 1.27 (d, J = 6.5 Hz, 3H), 1.32-
1.42 (m, 2H),1.94-1.99 (m, 2H), 3.11-3.17 (m, 2H), 3.49-3.56 (m, 1H), 4.06-4.13 (m, 4H),
4.17-4.19 (m, 2H), 4.32-4.39 (m, 1H), 4.75 (d, J = 8.4 Hz, 1H), 4.93 (d, J = 8.2 Hz, 1H), 6.16-
6.19 (m, 2H), 6.54-6.60 (m, 2H), 6.64-6.66 (m, 2H), 7.06-7.10 (m, 2H). >C NMR (100 MHz,
DMSO-d,): & 18.0, 18.3, 31.5 (m), 32.4 (m), 43.2 (m), 48.3 (m), 48.5 (m), 63.6, 64.3, 101.3,
106.5 (m), 112.5 (2C), 115.5 (m), 117.0, 128.9 (2C), 134.6, 142.4, 143.6, 147.6, 171.6 (m).
Vmax (Neat): 3352, 2988, 2868, 1634, 1599, 1507, 1449, 1311, 1207, 1127, 1067, 885, 824,
799, 750, 694 cm™. HR-MS (ESI): C5,H,5N305 [M+H"] requires 382.2125, found 382.2130.

N-benzyl-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanamide (6.91)

SEasEs

o

The title compound 6.91 (49.2 mg, 0.158 mmol, 66 % yield, cream gum), was prepared
according to general procedure A using the following reagents and solvents: benzylamine
(52.0 pL, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then ethyl 2-((2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanoate 6.18 (60.0 mg, 0.239 mmol) in THF (0.5
mL). The compound was purified by MDAP (high pH, Method B). *H NMR (400 MHz, MeOH):
§1.43 (d, J = 6.9 Hz, 3H), 3.77 (q, J = 6.9 Hz, 1H), 4.13-4.15 (m, 2H), 4.17-4.19 (m, 2H), 4.32
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(d, J = 15.0 Hz, 1H), 4.40 (d, J = 15.0 Hz, 1H), 6.14-6.17 (m, 2H), 6.61-6.64 (m, 1H), 7.13-7.27
(m, 5H). Exchangeable protons not observed. *C NMR (100 MHz, MeOD-d,): 6 19.4, 43.7,
56.3, 65.4, 65.9, 103.6, 108.5, 118.4, 128.0, 128.3 (2C), 129.4 (2C), 137.7, 139.8, 143.4,
145.4, 177.9. v (neat): 3327, 3031, 2976, 2930, 2873, 1650, 1597, 1508, 1454, 1323,
1279, 1240, 1209, 1179, 1068, 915, 885, 797, 733 cm™. HR-MS (ESI): CigH2:N,05 [M+H]
requires 313.1547, found 313.1549.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-1-(isoindolin-2-yl)propan-1-one (6.92)

o HW/EN
LT 0y

The title compound 6.92 (27.4 mg, 84.0 umol, 35 % vyield, black gum), was prepared
according to general procedure A using the following reagents and solvents: isoindoline
(54.0 uL, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then ethyl 2-((2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239 mmol) in THF (0.5
mL). The compound was purified by MDAP (high pH, Method C). *H NMR (400 MHz, DMSO-
ds): 6 1.29 (d, J = 6.5 Hz, 3H), 4.07-4.11 (m, 2H), 4.13-4.15 (m, 2H), 4.20-4.27 (m, 1H), 4.66
(AB system, J = 17.3 Hz, 2H), 4.91 (d, J = 14.7 Hz, 1H), 5.08 (d, J = 14.7 Hz, 1H), 5.37 (d, J =
9.2 Hz, 1H), 6.13-6.17 (m, 2H), 6.58 (d, J = 8.4 Hz, 1H), 7.30-7.38 (m, 4H). **C NMR (100 MHz,
DMSO-ds): & 17.2, 50.2, 51.4, 52.0, 63.6, 64.3, 101.2, 106.4, 117.1, 122.8, 123.0, 127.4,
127.4,134.7, 135.9, 136.8, 142.5, 143.6, 172.2. v, (neat): 3303, 2864, 1641, 1596, 1528,
1502, 1452, 1425, 1339, 1275, 1222, 1170, 1067, 886, 820, 765 cm™. HR-MS (ESI):
C1oH21N,03 [M+H"] requires 325.1547, found 325.1558.

2-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)-1-(3,4-dihydroisoquinolin-2(1H)-

yl)propan-1-one (6.93)

o
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The title compound 6.93 (53.9 mg, 0.159 mmol, 67 % yield, brown gum), was prepared
according to general procedure A using the following reagents and solvents: 1,2,3,4-
tetrahydroisoquinoline (60.0 pL, 0.478 mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5
mL), then ethyl 2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg,
0.239 mmol) in THF (0.5 mL). The compound was purified by MDAP (high pH, Method C). *H
NMR (400 MHz, DMSO-ds, heated): 6 1.28 (d, J = 6.7 Hz, 3H), 2.85 (t, J = 6.3 Hz, 2H), 3.72-
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3.83 (m, 2H), 4.10-4.12 (m, 2H), 4.15-4.17 (m, 2H), 4.42 (q, J = 6.7 Hz, 1H), 4.69 (s, 2H), 6.16-
6.20 (m, 2H), 6.56 (d, J = 8.3 Hz, 1H), 7.17-7.19 (m, 4H). N-H not observed. *C NMR (100
MHz, DMSO-dg): 6 17.9 (m), 27.8-29.0 (m), 42.1-43.9 (m), 46.1, 48.7 (m), 63.6, 64.3, 101.3
(m), 106.5, 117.0 (m), 126.1-126.5 (m, 3C), 128.4 (m), 133.4 (m), 134.3 (m), 134.7, 142.4,
143.6, 172.2. v, (neat): 3341 (br.), 2974, 2928, 1637, 1507, 1447, 1369, 1327, 1279, 1242,
1208, 1176, 1067, 973, 925, 885, 796, 747 cm™. HR-MS (ESI): CyoH»3N,05 [M+H'] requires
339.1703, found 339.1720.

1-(7-Bromo-3,4-dihydroisoquinolin-2(1H)-yl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-
yl)amino)propan-1-one (6.94)

0
SeaRess
(e}

The title compound 6.94 (63.9 mg, 0.153 mmol, 64 % yield, straw coloured glass that was
scratched to give a solid), was prepared according to general procedure A using the
following reagents and solvents: 7-bromo-1,2,3,4-tetrahydroisoquinoline (101 mg, 0.478
mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mLl), then ethyl 2-((2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)Jamino)propanoate 6.18 (60.0 mg, 0.239 mmol) in THF (0.5
mL). The compound was purified by MDAP (high pH, Method C). M.pt. 142-144 °C.'H NMR
(400 MHz, DMSO-d;, heated): 6 1.27-1.28 (m, 3H), 3.20-3.23 (m, 1H), 3.74-3.77 (m, 2H),
4.09-4.11 (m, 2H), 4.14-4.16 (m, 2H), 4.37-4.44 (m, 1H), 4.65-4.78 (m, 3H), 6.15-6.19 (m,
2H), 6.55-6.57 (m, 1H), 7.11-7.13 (m, 1H), 7.32-7.39 (m, 2H). N-H not observed. *C NMR
(100 MHz, DMSO-d;, heated): 6 18.6, 28.5, 41.6, 45.3, 50.2, 64.4, 64.9, 102.6, 107.5, 117.4,
119.4,129.4,129.7, 130.9, 134.6, 135.9, 136.7, 142.7, 144.4, 172.9. v, (neat): 3375, 2976,
2928, 2871, 1637, 1592, 1508, 1447, 1326, 1278, 1241, 1206, 1177, 1122, 1067, 1048, 927,
883, 803, 742 cm™. HR-MS (ESI): C0H»,BrN,0; [M+H"] requires 417.0808, found 417.0814.
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1-(6-Bromo-3,4-dihydroisoquinolin-2(1H)-yl)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-
yl)amino)propan-1-one (6.95)

Seasee!

(e} Br

The title compound 6.95 (63.5 mg, 0.153 mmol, 64 % vyield, straw coloured glass that was
scratched to give a solid), was prepared according to general procedure A using the
following reagents and solvents: 6-bromo-1,2,3,4-tetrahydroisoquinoline (101 mg, 0.478
mmol), DABAL-Me; (122 mg, 0.478 mmol), THF (2.5 mL), then ethyl 2-((2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)amino)propanoate 6.18 (60.0 mg, 0.239 mmol) in THF (0.5
mL). The compound was purified by MDAP (high pH, Method C). M.pt. 140-143 °C. 'H NMR
(400 MHz, DMSO-d;, heated): 6 1.27-1.29 (m, 3H), 2.85-2.87 (m, 1H), 3.75-3.78 (m, 2H),
4.10-4.12 (m, 2H), 4.15-4.17 (m, 2H), 4.40-4.45 (m, 1H), 4.66-4.79 (m, 3H), 6.16-6.20 (m,
2H), 6.55-6.57 (m, 1H), 7.12-7.14 (m, 1H), 7.33-7.40 (m, 2H). N-H not observed. *C NMR
(100 MHz, DMSO-d,, heated): 6 18.6, 28.5, 41.6, 45.3, 50.2, 64.4, 64.9, 102.6, 107.5, 117.4,
119.4,129.4,129.7, 130.9, 134.6, 135.9, 136.7, 142.7, 144.4, 172.9. v, (neat): 3376, 2975,
1636, 1591, 1508, 1447, 1326, 1278, 1241, 1206, 1178, 1122, 1067, 1048, 927, 883, 803,
742 cm™. HR-MS (ESI): C50H2,BrN,05 [M+H'] requires 417.0808, found 417.0806.
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11.4 Synthesis of Compounds in Chapter 7

General Procedure C for the Synthesis of Glycosyl-1-Phosphates 7.1a-e via the
Phosphoramidite Methodology™ and Subsequent Deprotection

To a stirred solution of the alcohol coupling partner (0.976 mmol) and DIPEA (0.207 mL,
1.18 mmol) in DCM (14 mL) at 0 °C was added 3-((chloro-(diisopropylamino)phosphino)oxy)
propanenitrile (0.238 mL, 1.07 mmol) dropwise. The mixture was warmed to room
temperature and stirred for 1 hour, before being cooled to 0°C. A solution of (3R,4R,5R)-
3,4-bis((tert-butyldimethylsilyl)oxy)-5-(((tert-butyldimethylsilyl)oxy)methyl)-3-
methyltetrahydrofuran-2-ol 7.19 (300 mg, 0.592 mmol) in DCM (10 mL) was added followed
by 1H-tetrazole (99 mg, 1.42 mmol), and the mixture was allowed to warm to room
temperature and left to stir for 4 hours. The mixture was then washed with 5% aq. NaHCO3
solution (3 x 15 mL) and the aqg. layer was back-extracted with DCM (30 mL). The combined
organics were dried by passage through a hydrophobic frit and concentrated under reduced
pressure to give a colourless oil that was dissolved in THF (30 mL). To this mixture was
added H,0, (35% w/w in water, 0.233 mL, 2.66 mmol). After 30 seconds of stirring, a 5%
solution of potassium hydroxide in methanol (20 mL) was added and this mixture was
stirred for 30 minutes before being concentrated under reduced pressure to approximately
1/4 the volume. The resulting mixture was partitioned between DCM (250 mL) and water
(250 mL). The organic phase was washed with brine and concentrated in vacuo to afford
the crude material that was adsorbed onto diatomaceous earth and purified by reversed
phase chromatography, eluting under a gradient of MeCN (0-50%) in modified water (high
pH) to give the intermediate per-silylated ribose 7.33. The purified material obtained
directly from the column was concentrated and dissolved in THF (5 mL), to which TBAF (1.0
M in THF, 8.88 mL, 8.80 mmol) was added dropwise. This solution was stirred for 24 hours
after which time it was concentrated under reduced pressure. The crude material was
adsorbed onto diatomaceous earth and purified by flash chromatography, eluting under a
gradient of MeOH containing 1% v/v conc. NH;OH solution (0-30%) in DCM. The
appropriate fractions were combined and concentrated; the resulting material was purified
again by flash chromatography under the same conditions. This material was dissolved in
MeOH (1 mL) and loaded onto the head of a 25 g Biotage ISOLUTE Flash NH, (aminopropyl)

solid phase extraction cartridge. The cartridge was washed with 4 column volumes of
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MeOH then the pure glycosyl-1-phosphate 7.1a-e was eluted in 4 column volumes of MeCN

containing 15% v/v conc. NH,OH solution.

General Procedure D for the Deprotection of per-Silylated Intermediates 7.33f-j to Afford
Polyprenyl Substituted Glycosyl-1-Phosphates 7.1f-j

TBAF (1 M in THF, 1.82 mL, 1.82 mmol) was added dropwise to a solution of the per-silyl
protected intermediate 7.33f-j (0.182 mmol) in THF (6 mL). This solution was stirred for 24
hours after which time it was concentrated under reduced pressure. The crude material
was adsorbed onto diatomaceous earth and purified by flash chromatography, eluting
under a gradient of MeOH containing 1% v/v conc. NH,OH solution (0-20%) in DCM. The
appropriate fractions were combined and concentrated; the resulting material was purified
again by flash chromatography under the same conditions. This material was dissolved in
MeOH (1 mL) and loaded onto the head of a 25 g Biotage ISOLUTE Flash NH, (aminopropyl)
solid phase extraction cartridge. The cartridge was washed with 4 column volumes of
MeOH then the pure glycosyl-1-phosphate 7.1f-j was eluted in 4 column volumes of MeCN

containing 15% v/v conc. NH,OH solution.

General Procedure E for the Benzoyl Ester Deprotection of 7.51a-e and 7.59

The dibenzoyl protected compound 7.51a-e or 7.59 (0.093 mmol) was dissolved in a
mixture of MeOH-H,0-NEt; (5:2:1, 5 mL) and stirred for 72 hours at room temperature.
After this time, the reaction mixture was evaporated to dryness, adsorbed onto
diatomaceous earth and purified by reversed phase chromatography, eluting under a

gradient of MeCN in modified water (formic acid) to give the product.

General Procedure F for the Synthesis of per-Silylated Polyprenyl Intermediates 7.33f-j via
the Phosphoramidite Methodology™®

To a stirred solution of the prenyl alcohol (0.976 mmol) in DCM (14 mL) at 0 °C was added
3-((chloro(diisopropylamino)phosphino)oxy)propanenitrile  (0.238 mL, 1.07 mmol)
dropwise. The mixture was warmed to room temperature and stirred for 1 hour, before
being cooled to 0°C. A solution of (3R,4R,5R)-3,4-bis((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)-3-methyltetrahydrofuran-2-ol 7.19 (300 mg, 0.592 mmol) in
DCM (10 mL) was added followed by 1H-tetrazole (99 mg, 1.42 mmol), and the mixture was
allowed to warm to room temperature and left to stir for 4 hours. The mixture was then
washed with 5% ag. NaHCO; solution (3 x 15 mL) and the aq. layer was back-extracted with

DCM (30 mL). The combined organics were dried by passage through a hydrophobic frit and
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concentrated under reduced pressure to give a colourless oil that was dissolved in THF (30
mL). To this mixture was added H,0, (35% w/w in water, 0.233 mL, 2.66 mmol). After 30
seconds of stirring, a 5% solution of potassium hydroxide in methanol (20 mL) was added
and this mixture was stirred for 30 minutes before being concentrated under reduced
pressure to approximately 1/4 the volume. The resulting mixture was partitioned between
DCM (250 mL) and water (250 mL). The organic phase was washed with brine and
concentrated in vacuo to afford the crude material that was adsorbed onto diatomaceous
earth and purified by flash chromatography, eluting under a gradient of MeOH containing
1% v/v conc. NH,OH solution (0-10%) in DCM affording the per-silylated intermediates
7.33fj.

General Procedure G for the One-Pot Microwave Assisted Synthesis'’® of Phosphonate
Monoesters 7.51a-e and 7.59

A mixture of the phosphonate di-acid 7.50 or 7.58 (0.219 mmol), anhydrous pyridine (0.6
mL), 2,2,2-trichloroacetonitrile (0.6 mL) and the appropriate alcohol (0.329 mmol) was
sealed in a microwave vial with a Teflon septum and subjected to microwave irradiation at
90 °C for 25 minutes (or until consumption of the phosphonate di-acid was observed by
LCMS), after which time the mixture was evaporated to dryness. The crude material was
adsorbed onto diatomaceous earth and purified by reversed phase chromatography,

eluting under a gradient of MeCN in modified water (formic acid) to give the product.

(2S,3R,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)-3-methyltetrahydrofuran-2-yl isopentyl

hydrogen phosphate, ammonia salt (7.1a)

0

Ho— "s§ O-R-O
OH .NH,4
OH OH
The title compound 7.1a (36.0 mg, 0.115 mmol, 19% vyield, transparent glass), was prepared
according to general procedure C using the following reagents and solvents:
3-methylbutan-1-ol (0.106 mL, 0.976 mmol), DIPEA (0.207 mL, 1.18 mmol), DCM (14 mL),
3-((chloro(diisopropylamino)phosphino)oxy)propanenitrile (0.238 mL, 1.07 mmol), then
lactol 7.19 (300 mg, 0.592 mmol) in DCM (10 mL), 1H-tetrazole (99.0 mg, 1.42 mmol), then
THF (30 mL), H,0; (0.233 mL, 2.66 mmol), 5% methanolic potassium hydroxide solution (20
mL), then THF (3 mL), TBAF (1.0 M in THF, 4.57 mL, 4.57 mmol). The intermediate 7.33a was
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purified by normal phase chromatography, eluting under a gradient of MeOH containing 1%
v/v conc. NH,0H solution (5-15%) in DCM. [ap]253°C [c 1, MeOH]: +52. 'H NMR (400 MHz,
MeOD-d,): 6 0.94 (d, J = 6.9 Hz, 6H), 1.33 (s, 3H), 1.53 (q, / = 6.8 Hz, 2H), 1.71-1.84 (m, 1H),
3.59-3.63 (m, 1H), 3.82-3.85 (m, 1H), 3.90-3.97 (m, 4H), 5.29 (d, J = 4.9 Hz, 1H).
Exchangeable protons not observed. 3C NMR (100 MHz, MeOD-d,): 6 19.7, 22.9 (2C), 25.8,
40.6 (d, J = 8 Hz), 63.4, 65.2 (d, J = 6 Hz), 74.8, 80.1 (d, J = 10 Hz), 85.2, 105.3 (d, J = 7 Hz). *'P
NMR (162 MHz, MeOD-d,): & -1.2. Vs (neat): 3213 (br.), 2925, 1658, 1457, 1260, 1192,
1061, 1030, 970, 872, 750 cm™. HR-MS (ESI): C1;H,,05P [M+H'] requires 315.1209, found
315.1205.

Benzyl ((3R,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)-3-methyltetrahydrofuran-2-yl)

hydrogen phosphate, ammonia salt (7.1b)

2

Ho— Ha¢ O-P-
o OH.NH;
OH OH

The title compound 7.1b (51.0 mg, 0.145 mmol, 24% yield, opaque white gum), was
prepared according to general procedure C using the following reagents and solvents:
phenylmethanol (0.101 mL, 0.976 mmol), DIPEA (0.207 mL, 1.184 mmol), DCM (14 mL),
3-((chloro(diisopropylamino)phosphino)oxy)propanenitrile (0.238 mL, 1.07 mmol), then
lactol 7.19 (300 mg, 0.592 mmol) in DCM (10 mL), 1H-tetrazole (99.0 mg, 1.42 mmol), then
THF (30 mL), H,0; (0.233 mL, 2.66 mmol), 5% methanolic potassium hydroxide solution (20
mL), then THF (6 mL), TBAF (1.0 M in THF, 8.88 mL, 8.88 mmol). [a]233°C [c 1, MeOH]: +9.
'H NMR (400 MHz, MeOD-d,): § 1.27 (s, 3H), 3.58-3.60 (m, 1H), 3.80-3.85 (m, 1H), 3.91-3.94
(m, 2H), 4.90-4.96 (m, 2H), 5.34 (d, J = 4.9 Hz, 1H), 7.25-7.29 (m, 1H), 7.32-7.36 (m, 2H),
7.41-7.43 (m, 2H). Exchangeable protons not observed. *C NMR (100 MHz, MeOD-d,): &
19.7, 63.7, 68.5 (d, J = 5 Hz), 72.0, 80.2 (d, J = 10 Hz), 85.5, 105.6 (d, J = 6 Hz), 128.5 (2C),
128.7,129.4 (2C), 139.8 (d, J = 8 Hz). *'P NMR (162 MHz, MeOD-d,): § -1.4. v, (neat): 3207
(br.), 1454, 1198, 1064, 1024, 972, 867, 732, 695 cm™. HR-MS (ESI): Ci3Hy005P [M+H?]
requires 335.0896, found 335.0890.
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Cinnamyl ((2S,3R,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)-3-methyltetrahydrofuran-2-yl)

hydrogen phosphate, ammonia salt (7.1c)

O

I
Ho— Hs o—Fl’—o
o OH .NH;z

OH OH

The title compound 7.1c (73.1 mg, 0.193 mmol, 33 % vyield, straw coloured glass), was
prepared according to general procedure C using the following reagents and solvents: (E)-3-
phenylprop-2-en-1-ol (0.125 mL, 0.976 mmol), DIPEA (0.207 mL, 1.184 mmol), DCM (14
mL), 3-((chloro(diisopropylamino)phosphino)oxy)propanenitrile (0.238 mL, 1.07 mmol),
then lactol 7.19 (300 mg, 0.592 mmol) in DCM (10 mL), 1H-tetrazole (99.0 mg, 1.42 mmol),
then THF (30 mL), H,0, (0.233 mL, 2.66 mmol), 5% methanolic potassium hydroxide
solution (20 mL), then THF (6 mL), TBAF (1.0 M in THF, 3.1 mL, 3.1 mmol). [ap]255 € [c 1,
MeOH]: -23. 'H NMR (400 MHz, MeOD-d,): & 1.34 (s, 3H), 3.60-3.67 (m, 1H), 3.83-3.88 (m,
1H), 3.94-3.98 (m, 2H), 4.56-4.59 (m, 2H), 5.35 (d, J = 4.9 Hz, 1H), 6.38 (dt, J = 5.7, 15.9 Hg,
1H), 6.69 (d, J = 15.9 Hz, 1H), 7.21-7.25 (m, 1H), 7.29-7.33 (m, 2H), 7.41-7.44 (m, 2H).
Exchangeable protons not observed. *H NMR (600 MHz, D,0): 1.30 (s, 3H), 3.64 (dd, J = 5.6,
12.5 Hz, 1H), 3.80 (dd, J = 3.0, 12.5 Hz, 1H), 3.91 (d, J = 8.3 Hz, 1H), 3.97 (ddd, J = 3.0, 5.6,
8.3 Hz, 1H), 4.55-4.57 (m, 2H), 5.29 (d, J = 6.1 Hz, 1H), 6.41 (dt, J = 6.0, 15.9 Hz, 1H), 6.73 (d,
J =15.9 Hz, 1H), 7.31-7.33 (m, 1H), 7.38-7.41 (m, 2H), 7.50-7.52 (m, 2H). Exchangeable
protons not observed. **C NMR (100 MHz, MeOD-d,): & 19.7, 63.6, 67.3 (d, J = 6 Hz), 74.9,
80.1 (d, /= 10 Hz) 85.3,105.4 (d, J = 7 Hz), 127.1 (d, J = 8 Hz), 127.5 (2C), 128.6, 129.5 (2C),
132.8, 138.2. *P NMR (162 MHz, MeOD-d,): & -1.1. Vn, (neat): 3205 (br.), 1662, 1448,
1375, 1196, 1085, 1064, 1021, 961, 872, 731, 688 cm™ HR-MS (ESI): CisH,0sP [M+H']
requires 361.1047, found 361.1041.

Benzofuran-2-ylmethyl ((2S,3R,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)-3-
methyltetrahydrofuran-2-yl) hydrogen phosphate, ammonia salt (7.1d)

i m
HO— M3 O—FI’—O o

o OH .NH;
OH OH

The title compound 7.1d (58.6 mg, 0.148 mmol, 25 % yield, transparent glass), was
prepared according to general procedure C using the following reagents and solvents:

benzofuran-2-ylmethanol (145 mg, 0.976 mmol), DIPEA (0.207 mL, 1.184 mmol), DCM (14
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mL), 3-((chloro(diisopropylamino)phosphino)oxy)propanenitrile (0.238 mL, 1.07 mmol),
then lactol 7.19 (300 mg, 0.592 mmol) in DCM (10 mL), 1H-tetrazole (99.0 mg, 1.42 mmol),
then THF (30 mL), H,0, (0.233 mL, 2.66 mmol), 5% methanolic potassium hydroxide
solution (20 mL), then THF (6 mL), TBAF (1.0 M in THF, 5.90 mL, 5.90 mmol). [ap]2&5°€ [c 1,
MeOH]: -52. 'H NMR (400 MHz, MeOD-d,): & 1.30 (s, 3H), 3.63 (dd, J = 4.3, 13.0 Hz, 1H),
3.82-3.86 (m, 1H), 3.93-3.98 (m, 2H), 5.03 (d, J = 7.0 Hz, 2H), 5.36 (d, J = 5.1 Hz, 1H), 6.83 (s,
1H), 7.21 (td, J = 1.0, 7.3 Hz, 1H), 7.26-7.30 (m, 1H), 7.44-7.48 (m, 1H), 7.56-7.59 (m, 1H).
Exchangeable protons not observed. *C NMR (100 MHz, MeOD-d,): & 19.6, 61.2 (d, J = 6
Hz), 63.6, 74.9, 80.0 (d, J = 10 Hz), 85.3, 105.5 (d, J = 6 Hz), 106.3, 112.0, 122.2, 123.8, 125.4,
129.6, 155.7 (d, J = 9 Hz), 156.6. >*P NMR (162 MHz, MeOD-d,): & -1.6. Vs (neat): 3204
(br.), 1660, 1453, 1204, 1090, 1066, 1025, 927, 866, 737 cm™. HR-MS (ESI): CisH,004P
[M+H] requires 375.0840, found 375.0843.

[1,1'-Biphenyl]-4-ylmethyl((2S,3R,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)-3-

methyltetrahydrofuran-2-yl) hydrogen phosphate, ammonia salt (7.1e)

The title compound 7.1e (109 mg, 0.256 mmol, 43 % vyield, white foam), was prepared
according to general procedure C using the following reagents and solvents: [1,1'-biphenyl]-
4-ylmethanol (180 mg, 0.976 mmol), DIPEA (0.207 mL, 1.184 mmol), DCM (14 mL),
3-((chloro(diisopropylamino)phosphino)oxy)propanenitrile (0.238 mL, 1.07 mmol), then
lactol 7.19 (300 mg, 0.592 mmol) in DCM (10 mL), 1H-tetrazole (99.0 mg, 1.42 mmol), then
THF (30 mL), H,0; (0.233 mL, 2.66 mmol), 5% methanolic potassium hydroxide solution (20
mL), then THF (6 mL), TBAF (1.0 M in THF, 5.92 mL, 5.92 mmol). [ap]255 ¢ [c 1, MeOH]: -11.
'H NMR (400 MHz, MeOD-d,): & 1.30 (s, 3H), 3.60-3.64 (m, 1H), 3.82-3.85 (m, 1H), 3.93-3.98
(m, 2H), 5.00 (d, J = 6.5 Hz, 2H), 5.36 (d, J = 4.9 Hz, 1H), 7.31-7.36 (m, 1H), 7.42-7.46 (m, 2H),
7.50-7.52 (m, 2H), 7.60-7.64 (m, 4H). Exchangeable protons not observed. >C NMR (100
MHz, MeOD-d,): & 19.6, 63.6, 68.1 (d, J = 6 Hz), 74.9, 80.1 (d, J = 10 Hz), 85.3, 105.4 (d, J = 7
Hz), 127.9 (2C), 127.9 (2C), 128.3, 128.9 (2C), 129.8 (2C), 138.9 (d, J = 8 Hz), 141.8, 142.3. *'P
NMR (162 MHz, MeOD-d,): & -1.3. Vs (neat): 3201 (br.), 1648, 1451, 1198, 1090, 1064,
1031, 972, 874, 819, 757, 694 cm™*. HR-MS (ESI): C19H,404P [M+H"] requires 411.1203, found
411.1208.
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(25,3R,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-3-methyltetrahydrofuran-2-yl
((2z,62,102,142)-3,7,11,15,19-pentamethylicosa-2,6,10,14,18-pentaen-1-yl) hydrogen

phosphate, ammonia salt (7.1f)

HO H3C O0-P-0
0. \
OH.NH3

OHOH

The title compound 7.1f (56.3 mg, 0.094 mmol, 57% yield, white gum), was prepared
according to general procedure D using the following reagents and solvents: per-silylated
intermediate 7.33f (155 mg, 0.164 mmol), THF (7 mL), TBAF (1 M in THF, 1.64 mL, 1.64
mmol). [ap]234°¢ [c 0.1, MeOH]: -8. *H NMR (400 MHz, MeOD-d,): & 1.33 (s, 3H), 1.63 (s,
3H), 1.70 (s, 12H), 1.75 (d, J = 1H, 3H), 2.03-2.15 (m, 16H), 3.61 (dd, J = 4.5, 12.5 Hz, 1H),
3.83 (dd, J = 2.5, 12.5 Hz, 1H), 3.94 (ddd, J = 2.5, 4.5, 7.8 Hz, 1H), 3.97 (d, J/ = 7.8 Hz, 1H),
4.42 (t, J = 7.0 Hz, 2H), 5.12-5.19 (m, 4H), 5.30 (d, J = 4.8 Hz, 1H), 5.42 (dt, J = 1.0, 7.0 Hg,
1H). Exchangeable protons not observed. *C NMR (100 MHz, MeOD-d,): 6 17.8, 19.7, 23.7-
23.8 (m, 4C), 26.0, 27.5-27.6 (m, 3C), 27.7, 32.9, 33.2, 33.3, 33.3, 63.3 (d, J = 6 Hz), 63.4,
74.8, 80.1 (d, J = 10 Hz), 85.3, 105.3 (d, J = 7 Hz), 123.4 (d, J = 8 Hz), 125.4, 125.8, 126.1,
126.1, 132.3, 136.3, 136.3, 136.6, 140.6. >'P NMR (162 MHz, MeOD-d,): 6 -1.0. vy (neat):
3214, 2927, 1447, 1376, 1204, 1092, 1025, 966, 862 cm'l.(ESI): C31Hs405P [M+H'] requires
585.3551, found 585.3536.

(2S5,3R,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-3-methyltetrahydrofuran-2-yl
((2Z,62,102)-3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraen-1-yl) hydrogen phosphate,
ammonia salt (7.1g)
|| - - — —
Ho— HsG 0-P-O

o OH.NH;
OH OH

The title compound 7.1g (58.5 mg, 0.110 mmol, 60% vyield, white gum), was prepared
according to general procedure D using the following reagents and solvents: per-silylated
intermediate 7.33g (156 mg, 0.182 mmol), THF (6 mL), TBAF (1 M in THF, 1.82 mL, 1.82
mmol). [ap]252°C [c 1, MeOH]: -93. 'H NMR (400 MHz, MeOD-d,): & 1.34 (s, 3H), 1.63 (s,
3H), 1.70 (s, 9H), 1.76 (d, J = 1.0 Hz, 3H), 2.03-2.15 (m, 12H), 3.61 (dd, J = 4.1, 12.4 Hz, 1H),
3.84 (dd, J= 2.2, 12.4 Hz, 1H), 3.92-3.98 (m, 2H), 4.42 (t, J = 6.8 Hz, 2H), 5.12-5.18 (m, 3H),
5.30 (d, J = 4.8 Hz, 1H), 5.42 (dt, J = 1.0, 6.8 Hz, 1H). Exchangeable protons not observed. >C
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NMR (100 MHz, MeOD-d,): 6 17.8, 19.7, 23.7, 23.7, 23.8, 26.0, 27.5, 27.6, 27.7, 32.9, 33.2,
33.3,63.3(d, /=6 Hz), 63.4, 74.8,80.1 (d, J = 10 Hz), 85.2, 105.3 (d, J = 6 Hz), 123.3 (d, /=8
Hz), 125.4, 125.7, 126.1, 132.4, 136.3, 136.6, 140.6. >'P NMR (162 MHz, MeOD-d,): & -1.1.
Vmax (neat): 3209, 2926, 2854, 1448, 1377, 1198, 1091, 1026, 973, 877, 736 cm™. HR-MS
(ESI): CoHas0sP [M+H] requires 517.2925, found 517.2923.

(2S5,3R,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-3-methyltetrahydrofuran-2-yl
((2E,6E,10E)-3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraen-1-yl) hydrogen phosphate,
ammonia salt (7.1h)

HO H3C O-P-O

) |
° OH .NH;

OH OH
The title compound 7.1h (69.6 mg, 0.130 mmol, 47 % yield, opaque gum), was prepared
according to general procedure D using the following reagents and solvents: per-silylated
intermediate 7.33h (241 mg, 0.275 mmol), THF (5 mL), TBAF (1 M in THF, 2.75 mL, 2.75
mmol). [ap]123°C [c 1, MeOH]: -167. *H NMR (400 MHz, MeOD-d,): 6 1.34 (s, 3H), 1.62-1.64
(m, 9H), 1.69 (d, J = 1.0 Hz, 3H), 1.71 (s, 3H), 1.97-2.19 (m, 12H), 3.61 (dd, J = 4.2, 12.5 Hz,
1H), 3.83 (dd, J = 1.7, 12.5 Hgz, 1H), 3.92-3.98 (m, 2H), 4.44 (t, J = 6.8 Hz, 2H), 5.09-5.17 (m,
3H), 5.30 (d, J = 4.7 Hz, 1H), 5.42 (dt, J = 1.0, 6.8 Hz, 1H). Exchangeable protons not
observed. *C NMR (100 MHz, MeOD-d,): & 16.1 (2C), 16.1, 16.6, 17.8, 19.7, 25.9, 27.5, 27.6,
27.8, 40.7, 40.8, 40.9, 63.4, 63.5 (d, J = 6 Hz), 74.8, 80.1 (d, J = 10 Hz), 85.3, 105.3 (d, /=6
Hz), 122.3 (d, J =8 Hz), 125.2, 125.5, 132.0, 135.9, 136.2, 140.8. *'P NMR (162 MHz, MeOH):
8 -1.1. Vs (neat): 3193 (br.), 2926, 1447, 1377, 1203, 1092, 1024, 972, 864, 736 cm™’. HR-
MS (ESI): Co6Ha60sP [M+H'] requires 517.2925, found 517.2935.

(2S5,3R,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-3-methyltetrahydrofuran-2-yl ((2Z,62)-
3,7,11-trimethyldodeca-2,6,10-trien-1-yl) hydrogen phosphate, ammonia salt (7.1i)
(o]

||
Ho— Hs¢ 0-P-0
OH.NH3

OH OH
The title compound 7.1i (42.6 mg, 0.092 mmol, 60 % yield, white gum), was prepared
according to general procedure D using the following reagents and solvents: per-silylated

intermediate 7.33i (124 mg, 0.153 mmol), THF (6 mL), TBAF (1 M in THF, 1.53 mL, 1.53

mmol). [ap]i33°C [c 1, MeOH]: -86. *H NMR (400 MHz, MeOD-d,): & 1.34 (s, 3H), 1.63 (s,
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3H), 1.70 (s, 6H), 1.76 (d, J = 1.0 Hz, 3H), 2.04-2.15 (m, 8H), 3.61 (dd, J = 3.9, 12.9 Hz, 1H),
3.82-3.85 (m, 1H), 3.94-3.97 (m, 2H), 4.42 (t, J = 6.8 Hz, 2H), 5.13-5.16 (m, 2H), 5.30 (d, J =
4.5 Hz, 1H), 4.52 (td, J = 1.0, 6.8 Hz, 1H). Exchangeable protons not observed. *C NMR (100
MHz, MeOD-d,): 6 17.8, 19.7, 23.7, 23.7, 25.9, 27.5, 27.7, 32.9, 33.3, 63.3 (d, J = 6 Hz), 63.5,
74.8, 80.1 (d, J = 9 Hz), 85.3, 105.3 (d, J = 7 Hz), 123.4 (d, J = 8 Hz), 125.3, 125.7, 132.4,
136.6, 140.6. 3P NMR (162 MHz, MeOD-d,): & -1.1. vy (neat): 3353 (br.), 2930, 1715,
1378, 1067, 977 cm™. HR-MS (ESI): C»;H3505P [M+H*] requires 449.2299, found 449.2303.

(2S5,3R,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-3-methyltetrahydrofuran-2-yl ((2E,6E)-

3,7,11-trimethyldodeca-2,6,10-trien-1-yl) hydrogen phosphate, ammonia salt (7.1j)

Ho— HsC O-P-O
OH.NH;
OH OH

The title compound 7.1j (64.5 mg, 0.144 mmol, 59 % yield, transparent glass), was prepared
according to general procedure D using the following reagents and solvents: per-silylated
intermediate 7.33j (193 mg, 0.244 mmol), THF (1 mL), TBAF (1 M in THF, 2.44 mL, 2.44
mmol). [ap]253°C [c 1, MeOH]: -120. *H NMR (400 MHz, MeOD-d,): & 1.34 (s, 3H), 1.62 (s,
6H), 1.69 (d, J = 1.0 Hz, 3H), 1.71 (s, 3H), 1.98-2.17 (m, 8H), 3.61 (dd, J = 4.3, 12.2 Hz, 1H),
3.83 (dd, J = 2.4, 12.2 Hz, 1H), 3.94 (ddd, J = 2.4, 4.3, 8.1 Hz, 1H), 3.97 (d, J = 8.1 Hz, 1H),
4.45 (t, J = 6.8 Hz, 2H), 5.09-5.17 (m, 2H), 5.31 (d, J = 4.9 Hz, 1H), 5.42 (td, J = 1.0, 6.8 Hz,
1H). Exchangeable protons not observed. >C NMR (125 MHz, MeOD-d,): § 14.7, 15.1, 16.3,
18.3,24.5, 26.0, 26.4, 39.2, 39.4, 62.0, 62.1 (d, J = 6 Hz), 73.4, 78.7 (d, J = 10 Hz), 83.7, 103.9
(d, J = 7 Hz), 121.0 (d, J = 9 Hz), 123.8, 124.0, 130.7, 134.8, 139.3. *'P NMR (162 MHz,
MeOD-d,): 6 -1.0. v (neat): 3222 (br.), 2925, 1452, 1379, 1200, 1092, 1025, 974, 882, 736
cm™. HR-MS (ESI): C,1H350sP [M+H"] requires 449.2299, found 449.2289.

Isopentyl hydrogen (((2R,4R,5R)-3,3-difluoro-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)methyl)phosphonate (7.2a)

o
N b

OH F
The title compound 7.2a (32.4 mg, 0.102 mmol, 72 % vyield, transparent colourless glass),

was prepared according to general procedure E using the following reagents: ((2R,3R,5R)-3-
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(benzoyloxy)-4,4-difluoro-5-((hydroxy(isopentyloxy)phosphoryl)methyl)tetrahydrofuran-2-

yl)methyl benzoate 7.51a (74.0 mg, 0.141 mmol). The compound was purified by reversed

phase chromatography: 0-20% MeCN in modified water (formic). [aD]ég'g?’oC [c 1, MeOH]:

+105. 'H NMR (600 MHz, MeOD-d,): 6 0.96 (d, J = 6.6 Hz, 6H), 1.56 (dt, J = 6.0, 6.2 Hz, 2H),
1.75-1.82 (m, 1H), 2.01-2.14 (m, 2H), 3.63-3.67 (m, 1H), 3.75-3.80 (m, 2H), 3.97-4.02 (m,
1H), 4.05-4.09 (m, 2H), 4.16-4.24 (m, 1H). Exchangeable protons not observed. *C NMR
(125 MHz, MeOD-d,): § 22.9 (2C), 25.9, 26.7 (d, J = 142 Hz), 40.6, 62.4, 65.2, 73.3 (dd, J = 18,
32 Hz), 77.0 (t, J = 25 Hz), 85.1 (d, J = 4 Hz), 125.8 (td, J = 11, 257 Hz). °F NMR (376 MHz,
MeOD-d,): & -121.9 (d, J = 238 Hz, 1F), -118. 3 (d, J = 238 Hz, 1F). *'P NMR (162 MHz,
MeOD-d,): & 24.4. vy (neat): 3315 (br.), 2958, 1461, 1202, 1051, 1005 cm™. HR-MS (ESI):
C11H,,F,06P [M+H"] requires 319.1117, found 319.1114.

Benzyl hydrogen (((2R,4R,5R)-3,3-difluoro-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-
2-yl)methyl)phosphonate (7.2b)

The title compound 7.2b (23.0 mg, 68.0 umol, 73 % yield, transparent colourless glass), was
prepared according to general procedure E using the following reagents: ((2R,3R,5R)-3-
(benzoyloxy)-5-(((benzyloxy)(hydroxy)phosphoryl)methyl)-4,4-difluorotetrahydrofuran-2-
yl)methyl benzoate 7.51b (51.0 mg, 93.0 umol). The compound was purified by reversed
phase chromatography: 0-20% MeCN in modified water (formic). [ap]2&5°C [c 1, MeOD-d,):
-30. 'H NMR (600 MHz, MeOD-d,): § 2.03-2.18 (m, 2H), 3.64 (dd, J = 6.0, 12.8 Hz, 1H), 3.73-
3.79 (m, 2H), 4.00 (dt, J= 4.4, 15.9 Hz, 1H), 4.15-4.27 (m, 1H), 5.08 (d, J = 7.3 Hz, 2H), 7.31-
7.49 (m, 5H). Exchangeable protons not observed. *C NMR (125 MHz, MeOD-d,): & 27.0 (d,
J =141 Hz), 62.2, 68.0, 73.1 (dd, J = 19, 40 Hz), 77.0 (t, J = 28 Hz), 84.9 (d, J = 4 Hz), 125.7
(td, J = 12, 256 Hz), 128.7 (2C), 129.0, 129.5 (2C), 138.7 (d, J = 6 Hz). *°F NMR (376 MHz,
MeOD-d,): § -121.8 (d, J = 236 Hz, 1F), -118.3 (d, J = 236 Hz, 1F). *'P NMR (162 MHz, MeOD-
d,): 6 24.7. Vs (neat): 3306 (br.), 2925, 1455, 1204, 1011, 862, 736, 696 cm™. HR-MS (ESI):
C15H1sF,06P [M+H"] requires 339.0804, found 339.0800.
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Cinnamyl hydrogen (((2R,4R,5R)-3,3-difluoro-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)methyl)phosphonate (7.2c)

OHF
The title compound 7.2¢ (19.5 mg, 54.0 umol, 37 % yield, transparent colourless glass), was
prepared according to general procedure E using the following reagents: (2R,3R,5R)-3-
(benzoyloxy)-5-(((cinnamyloxy)(hydroxy)phosphoryl)methyl)-4,4-difluorotetrahydrofuran-2-
yl)methyl benzoate 7.51c (83.0 mg, 0.145 mmol). The compound was purified by reversed

phase chromatography: 0-20% MeCN in modified water (formic). [aD]égg”oC [c 1, MeOH]:

+35. 'H NMR (600 MHz, MeOD-d,): 6 2.03-2.17 (m, 2H), 3.63-3.67 (m, 1H), 3.77-3.81 (m,
2H), 3.97-4.03 (m, 1H), 4.21-4.28 (m, 1H), 4.67-4.71 (m, 2H), 6.39 (dt, J = 5.3, 15.7 Hz, 1H),
6.72 (d, J = 15.7 Hz, 1H), 7.52 (t, / = 7.3 Hz, 1H), 7.32 (t, J = 7.3 Hz, 2H), 7.44 (d, J = 7.3 Hg,
2H). Exchangeable protons not observed. >C NMR (125 MHz, MeOD-d,): § 27.1 (d, J = 141
Hz), 62.3, 66.9, 73.1 (dd, J = 18, 32 Hz), 77.0 (t, J = 29 Hz), 84.9 (d, J = 4 Hz), 124.0-127.7 (m),
126.1, 127.6 (2C), 128.9, 129.6 (2C), 133.9, 137.9. **F NMR (376 MHz, MeOD-d,): & -121.7
(d, J = 237 Hz, 1F), -118.3 (d, J = 237 Hz, 1F). 3P NMR (162 MHz, MeOD-d,): & 24.2. Vyax
(neat): 3307 (br.), 2926, 1695, 1451, 1202, 1012, 740, 692 cm™. HR-MS (ESI): CysHoF,06P
[M+H] requires 365.0960, found 365.0964.

Benzofuran-2-ylmethyl hydrogen (((2R,4R,5R)-3,3-difluoro-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)methyl)phosphonate (7.2d)

e~
HO F k-0 0
WOH

OHF

The title compound 7.2d (21.3 mg, 56.0 umol, 59 % yield, transparent colourless glass), was
prepared according to general procedure E using the following reagents: (2R,3R,5R)-5-
(((benzofuran-2-ylmethoxy)(hydroxy)phosphoryl)methyl)-2-((benzoyloxy)methyl)-4,4-

difluorotetrahydrofuran-3-yl benzoate 7.51d (56 mg, 95.0 umol). The compound was
purified by reversed phase chromatography: 0-20% MeCN in modified water (formic).
[ap]233°C [c 1, MeOH]: -50. *H NMR (600 MHz, MeOD-d,): & 2.07-2.18 (m, 2H), 3.61-3.66
(m, 1H), 3.75-3.81 (m, 2H), 3.95-4.01 (m, 1H), 4.22-4.29 (m, 1H), 5.16 (br.s, 2H), 6.87 (s, 1H),
7.23 (t, J = 7.3 Hz, 1H), 7.30 (t, J = 7.3 Hz, 1H), 7.47 (d, J = 7.30 Hz, 1H), 7.58 (d, J = 7.30 Hz,
1H). Exchangeable protons not observed. *C NMR (125 MHz, MeOD-d,): & 27.1 (d, J = 144
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Hz), 60.7, 62.3, 73.1 (dd, J = 18, 30 Hz), 76.8-77.3 (m), 84.9, 107.2, 112.1, 122.4, 124.0,
124.2-127.4 (m), 125.8, 129.4, 154.8, 156.7. °F NMR (376 MHz, MeOD-d,): 6 -121.8 (d, J =
236 Hz, 1F), -118.3 (d, J = 236 Hz, 1F). 3P NMR (162 MHz, MeOD-d,): & 23.9. V. (neat):
3300 (br.), 2932, 1453, 1262, 1200, 1068, 1009, 943, 878, 814, 733, 702 cm™. HR-MS (ESI):
CisH1sF,0,P [M+H] requires 379.0753, found 379.0757.

[1,1'-Biphenyl]-4-ylmethyl hydrogen (((2R,4R,5R)-3,3-difluoro-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)methyl)phosphonate (7.2¢e)

OHF

The title compound 7.2e (15.0 mg, 36.0 umol, 58 % yield, transparent colourless glass), was
prepared according to general procedure E using the following reagents: (2R,3R,5R)-5-
((([1,1'-biphenyl]-4-ylmethoxy)(hydroxy)phosphoryl)methyl)-2-((benzoyloxy)methyl)-4,4-
difluorotetrahydrofuran-3-yl benzoate 7.51e (39.0 mg, 63.0 umol). The compound was
purified by reversed phase chromatography: 0-20% MeCN in modified water (formic).
[ap]233°C [c 0.5, MeOH]: +107. *H NMR (600 MHz, MeOD-d,): & 2.05-2.16 (m, 2H), 3.63-
3.66 (m, 1H), 3.75-3.79 (m, 2H), 3.97-4.04 (m, 1H), 4.22-4.26 (m, 1H), 5.10 (d, J = 7.3 Hg,
2H), 7.34 (t,J = 7.3 Hz, 1H), 7.44 (t, / = 7.3 Hz, 2H), 7.51 (d, J = 7.3 Hz, 2H), 7.62-7.64 (m, 4H).
Exchangeable protons not observed. >C NMR (125 MHz, MeOD-d,): & 27.1 (d, J = 140 Hz),
62.2, 67.7 (d, J = 6 Hz), 73.1 (dd, J = 19, 32 Hz), 77.0 (t, J = 27 Hz), 84.9 (d, J = 4 Hz), 125.7-
129.8(m), 128.0 (2C), 128.0 (2C), 128.4, 129.2 (2C), 129.8 (2C), 137.8 (d, J = 7 Hz), 142.1,
142.3. °F NMR (376 MHz, MeOD-d,): § -121.7 (d, J = 238 Hz, 1F), -118.3 (d, J = 238 Hz, 1F).
*'P NMR (162 MHz, MeOD-d,): 6 24.0. Vs (neat): 3299 (br.), 2925, 1653, 1487, 1409, 1201,
1003, 865, 757, 735, 696 cm™. HR-MS (ESI): C19H,,F,06P [M+H'] requires 415.1117, found
415.1116.
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(22,62,102)-3,7,11,15-Tetramethylhexadeca-2,6,10,14-tetraen-1-yl hydrogen (((2R,4R,5R)-
3,3-difluoro-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)methyl)phosphonate
(7.2f)

o L A A =
HO—~ o F Z;O
OHF
A mixture of (((2R,4R,5R)-4-(benzoyloxy)-5-((benzoyloxy)methyl)-3,3-

difluorotetrahydrofuran-2-yl)methyl)phosphonic acid 7.50 (60.0 mg, 0.131 mmol),
anhydrous pyridine (0.3 mL), 2,2,2-trichloroacetonitrile (0.3 mL) and (22,62,102)-3,7,11,15-
tetramethylhexadeca-2,6,10,14-tetraen-1-ol (49.7 mg, 0.171 mmol) was sealed in a
microwave vial with a Teflon septum and subjected to microwave irradiation at 90 °C for 40
minutes, after which time the mixture was evaporated to dryness, adsorbed onto
diatomaceous earth and purified by flash chromatography, eluting under a gradient of
MeOH containing 1% v/v conc. NH,OH solution (0-40%) in DCM to afford the intermediate
7.51f (38 mg). Intermediate 7.51f (38 mg, 52.0 umol) was dissolved in a mixture of MeOH-
H,0-NEt; (5:2:1, 5 mL) and stirred for 3 days at room temperature. After this time the
mixture was evaporated to dryness, adsorbed onto diatomaceous earth and purified by
flash chromatography, eluting under a gradient of MeOH containing 1% v/v NH,OH solution
(0-45%) in DCM to afford the title compound 7.2f (19.7 mg, 38.0 umol, 29 % yield over two
steps) as an opaque gum. [ap]i8°C [c 0.2, MeOH]: -19. 'H NMR (600 MHz, MeOD-d,): &
1.63 (s, 3H), 1.70 (s, 9H), 1.76 (s, 3H), 1.82-1.94 (m, 2H), 2.04-2.16 (m, 12H), 3.61 (dd, J =
5.6, 12.2 Hz, 1H), 3.72-3.74 (m, 1H), 3.79 (dd, J = 2.9, 12.2 Hz, 1H), 3.93-3.98 (m, 1H), 4.17-
4.25 (m, 1H), 4.43 (t, J = 6.9 Hz, 2H), 5.13-5.16 (m, 3H), 5.42 (t, J = 6.9 Hz, 1H). Exchangeable
protons not observed. *C NMR (125 MHz, MeOD-d,): & 17.9, 23.8, 23.9, 23.9, 26.1, 27.7,
27.7,27.9,27.9 (dd, J = 4, 137 Hz), 33.0, 33.4, 33.5, 62.1 (d, J = 6 Hz), 62.5, 73.3 (dd, J = 18,
31 Hz), 78.1 (ddd, J =5, 26, 31 Hz), 84.5 (d, J = 5 Hz), 123.9 (d, J = 7 Hz), 125.5, 125.9, 126.2
(td, J = 13, 256 Hz), 126.3, 132.5, 136.5, 136.7, 140.7. °F NMR (376 MHz, MeOD-d,): &
-121.1 (d, J = 235 Hz, 1F), -118.4 (d, J = 235 Hz, 1F). *'P NMR (162 MHz, MeOD-d,): § 20.1.
Vmax (Neat): 3196 (br.), 2917, 1448, 1376, 1195, 1163, 1066, 1004, 805 cm™. HR-MS (ESI):
Cy6H34F,06P [M+H"] requires 521.2838, found 521.2835.
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Cinnamyl hydrogen (2-(2-hydroxyethoxy)ethyl)phosphonate (7.3a)

0

O
1l
HO p-0
o/ g,

The title compound 7.3a (40.0 mg, 0.140 mmol, 50 % yield, transparent colourless glass),
was prepared according to general procedure E using the following reagents: (E)-2-(2-
((cinnamyloxy)(hydroxy)phosphoryl)ethoxy)ethyl benzoate 7.59 (109 mg, 0.279 mmol). The
compound was purified by reversed phase chromatography: 0-30% MeCN in modified
water (formic). *"H NMR (400 MHz, MeOD-d,): & 2.08-2.23 (m, 2H), 3.53-3.59 (m, 2H), 3.65-
3.84 (m, 4H), 4.66-4.72 (m, 2H), 6.38 (dt, J = 5.2, 15.9 Hz, 1H), 6.73 (d, J = 15.9 Hz, 1H), 7.23-
7.28 (m, 1H), 7.31-7.35 (m, 2H), 7.43-7.46 (m, 2H). Exchangeable protons not observed. C
NMR (100 MHz, MeOD-d,): & 29.0 (m), 62.1, 66.4, 66.8, 73.2, 125.7 (d, J = 4.0 Hz), 127.6
(2C), 129.0, 129.6 (2C), 134.2, 137.8. >'P NMR (162 MHz, MeOD-d,): 6 27.7. Vi (neat):
3333 (br.), 2874, 1717, 1450, 1360, 1178, 1112, 1068, 993, 961, 874, 811, 734, 691 cm™.
HR-MS (ESI): C13H500sP [M+H"] requires 287.1043, found 287.1044.

(3R,4R,5R)-3,4-Bis((tert-butyldimethylsilyl)oxy)-5-(((tert-butyldimethylsilyl)oxy)methyl)-3-
methyltetrahydrofuran-2-ol (7.19)

S

To a solution of (3R,4R,5R)-3,4-bis((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)-3-methyldihydrofuran-2(3H)-one 7.24 (3.50 g, 6.93 mmol) in
anhydrous toluene (100 mL) at -78 °C was added diisobutylaluminum hydride (25% in
toluene, 14.0 mL, 20.8 mmol) dropwise. This mixture was stirred at the same temperature
for 12 hours after which time MeOH (20 mL) was added dropwise. This mixture was
allowed to warm to room temperature and then EtOAc/cyclohexane 50:50 (100 mL) was
added and this mixture was stirred for 2 hours, after which the solution was filtered
through Celite. The solvent was evaporated under reduced pressure to give the crude
material which was adsorbed onto diatomaceous earth and purified by flash
chromatography, eluting under a gradient of TBME (0-5%) in cyclohexane, affording the
title compound 7.19 (2.27 g, 4.48 mmol, 65 % vyield) as a transparent viscous oil. ‘H NMR
(400 MHz, CDCls): 6 0.09-0.16 (18H), 0.90-0.94 (27H), 1.32 - 1.34 (m, 3H), 2.91 (d, J = 7.3 Hg,
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0.7H), 3.63-3.69 (m, 1H), 3.72 (d, J = 12.8 Hz, 0.3H), 3.81-3.86 (m, 1H), 3.91 (dt, J=2.2, 7.8
Hz, 0.3H), 3.96-4.00 (m, 1H), 4.11 (d, J = 7.3 Hz, 0.7H), 4.83-4.87 (m, 1H). LCMS (high pH):
desired mass not detected. HR-MS (ESI): C,4HssOsSis [M+H'] requires 507.3357, desired

mass not detected.

(3R,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-3-methyldihydrofuran-2(3H)-one (7.23)'*>'%

H3
O-—0

HO
OH OH

D-glucose (20.0 g, 111 mmol) was suspended in EtOH (30 mL) and glacial acetic acid (6.36
mL, 111 mmol), to which dimethylamine (5.6 M in EtOH, 21.8 mL, 122 mmol) was added
dropwise at room temperature. The mixture was stirred at 80 °C for 1.5 hours, after which
time additional dimethylamine (5.6 M in EtOH, 5 mL, 28.0 mmol) was added and the
mixture was stirred for a further 2 hours. The solution was concentrated under reduced
pressure to give a viscous dark oil which was dissolved in water (50 mL). Calcium oxide
(12.5 g, 222 mmol) was added and the aqueous solution was stirred at 70 °C for 24 hours.
Oxalic acid dihydrate (42.0 g, 333 mmol) was added to the suspension and the reaction
mixture was filtered through Celite. The filtrate was then passed through a column packed
with Amberlite IR 120 ion exchange resin (H* form) and the mixture was reduced to 1/3 the
volume under reduced pressure. This solution was heated at 40 °C for 18 hours. After this
time, the solvent was removed in vacuo to give an oil, which was dissolved in a mixture of
acetone (100 mL) and water (10 mL), to which Fuller's Earth (12.0 g) was added. This
mixture was heated to reflux for 0.5 hours, and the organic phase was decanted and
filtered. The solid remaining in the flask was then extracted a further three times with 10%
aqueous acetone (3 x 35 mL), heating to reflux for 5 minutes and decanting the acetone
each time. The combined filtrates were concentrated under reduced pressure to give a dark
brown viscous oily solid that was recrystallized from boiling acetone to give the title
compound 7.23'%% (3.14 g, 19.4 mmol, 17% yield) as a light brown solid. M.pt. 162-169 °C
(Iit.**® 158-159 °C). 'H NMR (400 MHz, MeOD-d,): 6 1.41 (s, 3H), 3.72 (dd, J = 4.5, 12.8 Hz,
1H), 3.91 (d, J/ = 7.8 Hz, 1H), 3.95 (dd, J = 2.3, 12.8 Hz, 1H), 4.29 (ddd, J = 2.3, 4.5, 7.8 Hz,
1H). Exchangeable protons not observed. >*C NMR (100 MHz, MeOD-d,): § 21.1, 61.1, 73.6,
73.7,84.5, 178.0.
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(3R,4R,5R)-3,4-Bis((tert-butyldimethylsilyl)oxy)-5-(((tert-butyldimethylsilyl)oxy)methyl)-3-
methyldihydrofuran-2(3H)-one (7.24)

778

7
(3R,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-3-methyldihydrofuran-2(3H)-one 7.23 (3.00 g,
18.5 mmol) was dissolved in DMF(20 mL) and THF (20 mL), to which 2,6-lutidine (8.62 mL,
74.0 mmol) and tert-butyldimethyl((trifluoromethyl)sulfonyl)silane (12.0 mL, 55.5 mmol)
and DMAP (0.678 g, 5.55 mmol) were added sequentially at 0 °C. This mixture was stirred at
room temperature for 24 hours, after which time it was concentrated in vacuo and the
residue was dissolved in EtOAc. The organics were washed with ag. CuSO, solution (2 x 100
mL) then dried by passage through a hydrophobic frit. The crude material was adsorbed
onto diatomaceous earth and purified by flash chromatography eluting in 100%
cyclohexane to give the title compound 7.24 (7.90 g, 15.7 mmol, 85 % yield) as a white
solid. M.pt. 72-73 °C. [ap]25J°C [c 1, CDCl3]: +104°. *H NMR (400 MHz, CDCl3): & 0.08 (s,
3H), 0.10 (s, 3H), 0.12 (s, 3H), 0.14-0.15 (m, 6H), 0.18 (s, 3H), 0.88-0.91 (m, 18H), 0.94 (s,
9H), 1.43 (s, 3H), 3.80 (dd, J = 2.3, 12.4 Hz, 1H), 4.00-4.06 (m, 2H), 4.23 (dt, / = 2.3, 8.1 Hz,
1H). *C NMR (100 MHz, CDCl,): 6 -5.5, -5.3, -4.9, -4.2, -4.1, -2.7, 18.0, 18.3, 18.3, 21.5, 25.5
(3C), 25.7 (3C), 25.8 (3C), 59.3, 73.8, 75.2, 82.0, 174.6. s (neat): 2931, 2858, 1790, 1462,
1390, 1254, 1199, 1137, 1113, 1057, 1006, 938, 879, 830, 775, 673 cm™. HR-MS (ESI):
Ca4Hs305Si3 [M+H] requires 505.3195, found 505.3181.

(3R,4R,5R)-5-((Benzoyloxy)methyl)-3-methyl-2-oxotetrahydrofuran-3,4-diyl dibenzoate
(7.25)

O
g
0O 5)
To a mixture of benzoyl chloride (0.573 mL, 4.93 mmol) and pyridine (0.698 mL, 8.63 mmol)
in DCM (1 mL) at 0 °C was added (3R,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)-3-
methyldihydrofuran-2(3H)-one 7.23 (100 mg, 0.617 mmol) portion-wise. This mixture was

stirred for 18 hours at reflux. Additional benzoyl chloride (0.300 mL, 2.58 mmol) and

pyridine (0.300 mL, 3.73 mmol) were added and the mixture was stirred for a further 4
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hours at reflux. After this time the mixture was diluted with DCM, washed with sat. sodium
bicarbonate solution and water, then the organics were dried by passage through a
hydrophobic frit. The organics were concentrated under reduced pressure to give the crude
material which was adsorbed onto diatomaceous earth and purified by reversed phase
chromatography, eluting under a gradient of MeCN (30-70%) in modified water (formic
acid) to give the title compound 7.25 (127 mg, 0.268 mmol, 43 % yield) as a white solid.
M.pt. 136-139 °C. [ap]229°C [c 1, CDCIs): +31. *H NMR (400 MHz, DMSO-dp): & 1.91 (s, 3H),
4.76-4.85 (m, 2H), 5.19 (td, J = 3.7, 5.4 Hz, 1H), 5.55 (d, J = 5.4 Hz, 1H), 7.27-7.31 (m, 2H),
7.43-7.47 (m, 2H), 7.50-7.57 (m, 3H), 7.60-7.65 (m, 1H), 7.68-7.72 (m, 3H), 7.87-7.90 (m,
2H), 7.98-8.01 (m, 2H). *C NMR (100 MHz, CDCl,): 6 23.7, 63.1, 72.5, 75.3, 79.5, 127.8,
127.8, 128.3 (2C), 128.4 (2C), 128.6 (2C), 129.2, 129.6 (2C), 129.7 (2C), 129.9 (2C), 133.5,
133.7, 133.8, 165.4, 165.9, 166.0, 172.6. v (neat): 1793, 1726, 1452, 1269, 1110, 1069,
708 cm™ . HR-MS (ESI): C,7H305 [M+H'] requires 475.1388, found 475.1371.

(3R,4R,5R)-5-(Hydroxymethyl)-3-methyl-2-oxotetrahydrofuran-3,4-diyl dibenzoate (7.27)
&d

To a solution of (3R,4R,5R)-5-((benzoyloxy)methyl)-3-methyl-2-oxotetrahydrofuran-3,4-diyl
dibenzoate 7.25 (100 mg, 0.211 mmol) in THF (1 mL) at -78 °C was added DIBAL-H (1 M in
THF, 0.263 mL, 0.263 mmol). The solution was stirred for 20 hours, after which time MeOH
(0.1 mL) was added. The organics were removed under reduced pressure and the residue
was dissolved in DMF and DMSO (1:1, 1 mL); MDAP (formic, Method C) purification of this
mixture afforded the title compound 7.27 (13.0 mg, 35.0 umol, 17% vyield) as a transparent
glass. *H NMR (400 MHz, DMSO-dj): & 1.84 (s, 3H), 3.77 (ddd, J = 2.9, 5.9, 12.4 Hz, 1H), 3.87
(ddd, J = 2.6, 4.6, 12.4 Hz, 1H), 4.81-4.84 (m, 1H), 5.48-5.50 (m, 2H), 7.25-7.29 (m, 2H), 7.40-

7.44 (m, 2H), 7.48-7.52 (m, 1H), 7.57-7.62 (m, 1H), 7.67-6.69 (m, 2H), 7.84-7.87 (m, 2H).
LCMS (formic): tg = 1.07 min, [M+H"] 371, [M+NH,] 388; (area % total: 99).
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(2S,3R,4R,5R)-3,4-Bis((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)-3-methyltetrahydrofuran-2-yl ((2Z,62,102,142)-
3,7,11,15,19-pentamethylicosa-2,6,10,14,18-pentaen-1-yl) hydrogen phosphate,

ammonia salt (7.33f)

OH.NH;

o
T T T T
>ﬁp 0. ?%

The title compound 7.33f (155.5 mg, 0.165 mmol, 42 % vyield, transparent gum), was
prepared according to general procedure F using the following reagents:
(27,62,102,142)-3,7,11,15,19-pentamethylicosa-2,6,10,14,18-pentaen-1-ol (233 mg,
0.651 mmol), DIPEA  (0.138 mL, 0.789 mmol), DCM (9.3 mL), 3-
((chloro(diisopropylamino)phosphino)oxy)propanenitrile (0.158 mL, 0.710 mmol), then
lactol 7.19 (200 mg, 0.395 mmol) in DCM (6.7 mL), 1H-tetrazole (66.3 mg, 0.947 mmol),
then THF (20 mL), H,0, (0.155 mL, 1.78 mmol), 5% methanolic potassium hydroxide
solution (14 mL). 'H NMR (400 MHz, CDCl;): 6 0.05 (s, 3H), 0.09 (s, 3H), 0.12 (s, 9H), 0.15 (s,
3H), 0.90-0.92 (m, 27H), 1.32 (s, 3H), 1.62 (s, 3H), 1.68-1.72 (m, 15H), 2.01-2.10 (m, 16H),
3.68-3.75 (m, 2H), 3.87 (d, J = 10.2 Hz, 1H), 3.94-3.99 (m, 1H), 4.34-4.43 (m, 2H), 5.07-5.17
(m, 4H), 5.21 (d, J = 6.9 Hz, 1H), 5.39 (t, J = 6.2 Hz, 1H), 7.54 (br.s, 1H).

(2S,3R,4R,5R)-3,4-Bis((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)-3-methyltetrahydrofuran-2-yl ((2Z,62,102)-3,7,11,15-

tetramethylhexadeca-2,6,10,14-tetraen-1-yl) hydrogen phosphate, ammonia salt (7.33g)

%f wo CP)HONH3
a0 O
R
The title compound 7.33g (209 mg, 0.243 mmol, 41 % yield, white gum), was prepared
according to general procedure F using the following reagents: (27,6Z,102)-3,7,11,15-
tetramethylhexadeca-2,6,10,14-tetraen-1-ol (284 mg, 0.976 mmol), DIPEA (0.207 mL, 1.18
mmol), DCM (14 mL), 3-((chloro(diisopropylamino)phosphino)oxy)propanenitrile (0.238 mL,
1.07 mmol), then lactol 7.19 (300 mg, 0.592 mmol) in DCM (10 mL), 1H-tetrazole (99.0 mg,
1.42 mmol), then THF (30 mL), H,0, (0.233 mL, 2.66 mmol), 5% methanolic potassium
hydroxide solution (20 mL). *H NMR (400 MHz, MeOD-d,): § 0.11 (s, 3H), 0.12 (s, 3H), 0.13
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(s, 3H), 0.15 (s, 3H), 0.17 (s, 3H), 0.21 (s, 3H), 0.93-0.96 (m, 27H), 1.40 (s, 3H), 1.63 (s, 3H),
1.70 (s, 9H), 1.75 (d, J = 0.8 Hz, 3H), 2.07-2.15 (m, 12H), 3.76 (dd, J = 7.2, 11.3 Hz, 1H), 3.85
(d, J = 8.3 Hz, 1H), 3.91-4.00 (m, 2H), 4.43-4.47 (m, 2H), 5.12-5.19 (m, 3H), 5.37 (d, J = 6.8
Hz, 1H), 5.44 (td, /= 0.8, 6.9 Hz, 1H). Exchangeable protons not observed.

(2S,3R,4R,5R)-3,4-Bis((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)-3-methyltetrahydrofuran-2-yl ((2E,6E,10E)-3,7,11,15-

tetramethylhexadeca-2,6,10,14-tetraen-1-yl) hydrogen phosphate, ammonia salt (7.33h)

o /= _

Pt

OH.NHj

RS

The title compound 7.33h (247 mg, 0.287 mmol, 55 % vyield, transparent gum), was
prepared according to general procedure F using the following reagents:
(2E,6E,10E)-3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraen-1-ol (0.284 mL, 0.859 mmol),
DIPEA (0.182 mL, 1.04 mmol), DCM (12 mL),
3-((chloro(diisopropylamino)phosphino)oxy)propanenitrile (0.209 mL, 0.937 mmol), then
lactol 7.19 (264 mg, 0.521 mmol) in DCM (8.5 mL), 1H-tetrazole (88.0 mg, 1.25 mmol), then
THF (25 mL), H,0, (0.205 mL, 2.34 mmol), 5% methanolic potassium hydroxide solution (15
mL). *H NMR (400 MHz, CDCl5): & 0.05 (s, 3H), 0.09 (s, 3H), 0.12-0.14 (m, 12H), 0.88 (s, 9H),
0.90-0.92 (m, 18H), 1.33 (s, 3H), 1.60 (s, 9H), 1.65 (s, 3H), 1.68 (d, J = 0.8 Hz, 3H), 1.95-2.13
(m, 12H), 3.69-3.76 (m, 2H), 3.86-3.91 (m, 1H), 3.95-4.01 (m, 1H), 4.34-4.46 (m, 2H), 5.07-
5.14 (m, 3H), 5.22 (d, J = 6.3 Hz, 1H), 5.37 (t, J = 6.2 Hz, 1H), 7.34 (br.s, 1H).

(25,3R,4R,5R)-3,4-Bis((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)-3-methyltetrahydrofuran-2-yl ((2Z,62)-3,7,11-
trimethyldodeca-2,6,10-trien-1-yl) hydrogen phosphate, ammonia salt (7.33i)

\ 2~~~
i-O HsC o-P-0
%/S w éH.NH3
ﬁi/o O\?i/
The title compound 7.33i (146 mg, 0.185 mmol, 31 % yield, transparent gum), was prepared

according to general procedure F using the following reagents: (2Z,6Z)-3,7,11-

trimethyldodeca-2,6,10-trien-1-ol (217 mg, 0.976 mmol), DIPEA (0.207 mL, 1.18 mmol),
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DCM (14 mL), 3-((chloro(diisopropylamino)phosphino)oxy)propanenitrile (0.238 mL, 1.07
mmol), then lactol 7.19 (300 mg, 0.592 mmol) in DCM (10 mL), 1H-tetrazole (99.0 mg, 1.42
mmol), then THF (30 mL), H,0, (0.233 mL, 2.66 mmol), 5% methanolic potassium hydroxide
solution (20 mL). *H NMR (400 MHz, MeOD-d,): 6 0.11-0.17 (m, 15H), 0.21 (s, 3H), 0.93-0.96
(m, 27H), 1.40 (s, 3H), 1.63 (s, 3H), 1.70 (s, 6H), 1.76 (s, 3H), 2.05-2.16 (m, 8H), 3.75 (dd, J =
7.1,11.2 Hz, 1H), 3.85 (d, J = 8.2 Hz, 1H), 3.91-4.00 (m, 2H), 4.39-4.49 (m, 2H), 5.12-5.18 (m,
2H), 5.37 (d, J= 6.9 Hz, 1H), 5.54 (t, J = 6.1 Hz, 1H). Exchangeable protons not observed.

(2S,3R,4R,5R)-3,4-Bis((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)-3-methyltetrahydrofuran-2-yl ((2E,6E)-3,7,11-

trimethyldodeca-2,6,10-trien-1-yl) hydrogen phosphate, ammonia salt (7.33j)

%7\/9%0 Hs O_,'J_OJ:<_\_<_/:<

o- |
OH.NH;

e

The title compound 7.33j (257 mg, 0.325 mmol, 55 % yield, white gum), was prepared
according to general procedure F using the following reagents: (2E,6E)-3,7,11-
trimethyldodeca-2,6,10-trien-1-ol (0.247 mL, 0.976 mmol), DIPEA (0.207 mL, 1.18 mmol),
DCM (14 mL), 3-((chloro(diisopropylamino)phosphino)oxy)propanenitrile (0.238 mL, 1.07
mmol), then lactol 7.19 (300 mg, 0.592 mmol) in DCM (10 mL), 1H-tetrazole (99.0 mg, 1.42
mmol), then THF (30 mL), H,0, (0.233 mL, 2.66 mmol), 5% methanolic potassium hydroxide
solution (20 mL). *H NMR (400 MHz, MeOD-d,): § 0.10-0.21 (m, 18 H), 0.93-0.96 (m, 27 H),
1.41 (s, 3H), 1.61 (s, 6H), 1.69 (d, = 0.8 Hz, 3H), 1.71 (s, 3H), 1.98-2.17 (m, 8H), 3.75 (dd, J =
7.2,11.6 Hz, 1H), 3.85 (d, J = 8.3 Hz, 1H), 3.92 (dd, J = 2.0, 11.6 Hz, 1H), 3.95-4.00 (m, 1H),
4.44-4.51 (m, 2H), 5.09-5.16 (m, 2H), 5.37 (d, J = 7.0 Hz, 1H), 5.44 (td, J = 0.8, 6.6 Hz, 1H).

Exchangeable protons not observed.
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Benzyl ((2S,3R,4R,5R)-3,4-bis((tert-butyldimethylsilyl)oxy)-5-(hydroxymethyl)-3-

methyltetrahydrofuran-2-yl) hydrogen phosphate, ammonia salt (7.34)

o

OH .NHj

~a O Oo .~
> i

To a solution of benzyl ((3R,4R,5R)-3,4-bis((tert-butyldimethylsilyl)oxy)-5-(((tert-
butyldimethylsilyl)oxy)methyl)-3-methyltetrahydrofuran-2-yl) hydrogen phosphate,
ammonia salt 7.33a (401 mg, 0.592 mmol) in a 15% solution of conc. NH;OH in MeOH
(4 mL) was added ammonium fluoride (658 mg, 17.8 mmol). This mixture was stirred at
55 °C for 20 hours, after which time it was cooled to room temperature and diluted with
DCM (4 mL). The insoluble material was filtered off and washed with a mixture of DCM and
MeOH (4:1, 2 x 5 mL). The organics were concentrated under reduced pressure and the
resulting material was dissolved in MeOH (1 mL) and purified by MDAP (high pH, Method C)
to afford the title compound 7.34 (200 mg, 0.355 mmol, 60%) as a transparent gum. 'H
NMR (400 MHz, DMSO-d,): 6 0.08 (s, 12 H), 0.85 (s, 9H), 0.89 (s, 9H), 1.14 (s, 3H), 3.20 (m,
1H), 3.65-3.70 (m, 2H), 4.16 (d, J = 7.9 Hz, 1H), 4.66-4.73 (m, 2H), 5.00 (d, J = 1.9 Hz, 1H),
6.01 (br.s, 1H), 7.23-7.26 (m, 1H), 7.30-7.34 (m, 4H). P-OH not observed. LCMS (high pH): t;
=1.29 min, [M+H"] 563; (area % total: 95).

((2R,3R)-3-(Benzoyloxy)-4,4-difluoro-5-hydroxytetrahydrofuran-2-yl)methyl benzoate
(7.46)*

Red-Al (25% in toluene, 0.614 mL, 2.05 mmol) was added slowly to a solution of ((2R,3R)-3-
(benzoyloxy)-4,4-difluoro-5-oxotetrahydrofuran-2-yl)methyl benzoate 7.47 (700 mg, 1.86
mmol) in THF (30 mL) at -78 °C under an atmosphere of nitrogen. The reaction mixture was
stirred for 2 hours at the same temperature after which the reaction was quenched by the
careful addition of 1N HCI (until pH 2 was reached). The mixture was extracted with EtOAc

(3 x 100 mL) and the combined organics were washed with 5% sodium bicarbonate (100
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mL) and water (100 mL), dried by passage through a hydrophobic frit then concentrated
under reduced pressure. The crude material was adsorbed onto diatomaceous earth and
purified by flash chromatography, eluting under a gradient of EtOAc in cyclohexane (10-
30%) to give the title compound 7.46 (555 mg, 1.47 mmol, 79 % vyield) as a clear glass. ‘H
NMR (400 MHz, CDCl,): & 3.25 (d, J = 4.3 Hz, 0.66H), 3.54 (d, J = 5.4 Hz, 0.34H), 4.47-4.51 (m,
0.34H) 4.63 (dd, J = 4.5, 12.2 Hz, 0.66H), 4.69-4.74 (m, 1 H), 4.76-4.81 (m, 1H), 5.36-5.40
(m, 0.34H), 5.50-5.55 (m, 1.32H), 5.75 (td, J = 6.0, 10.0 Hz, 0.34H), 7.39-7.52 (m, 4H), 7.56-
7.60 (m, 1H), 7.62-7.67 (m, 1H), 8.05-8.12 (m, 4H). *°F NMR (376 MHz, CDCl5): § -125.2 (d, J
= 244 Hz, 0.5F), -125.1 (d, J = 252 Hz, 1F), -123.5 (d, J = 244 Hz, 0.5F), -109.2 (d, J = 252 Hg,
1F). LCMS (formic): tg = 1.13 min, [M+H'] 379, [M+NH,] 396; tz = 1.14 min, [M+H"] 378,

[M+NH,] 396 (mixture of 2 anomers; area % total: 95).

((2R,3R,5S)-3-(Benzoyloxy)-5-((diethoxyphosphoryl)methyl)-4,4-difluorotetrahydrofuran-
2-yl)methyl benzoate (a-7.49) and ((2R,3R,5R)-3-(Benzoyloxy)-5-

((diethoxyphosphoryl)methyl)-4,4-difluorotetrahydrofuran-2-yl)methyl benzoate (B-7.49)

o-7.49 B-7.49
To a solution of tetraethyl methylenebis(phosphonate) (0.991 mL, 3.99 mmol) in THF (35
mL) under nitrogen at room temperature was added sodium hydride (60% wt. in mineral
oil, 0.160 g, 3.99 mmol). This mixture was allowed to stir for 30 minutes after which time
((2R,3R)-3-(benzoyloxy)-4,4-difluoro-5-hydroxytetrahydrofuran-2-yl)methyl benzoate 7.46
(1.44 g, 3.80 mmol) in THF (35 mL) was added. This mixture was stirred at room
temperature for 18 hours, after which water (50 mL) and DCM (50 mL) were added and the
organics were separated. The aqueous layer was washed with DCM (3x 50 mL) and the
combined organics were dried by passage through a hydrophobic frit. The organics were
concentrated under reduced pressure to give the crude material which was adsorbed onto
diatomaceous earth and purified by flash chromatography eluting under a gradient of TBME
in cyclohexane (0-50%) to give the purified mixture of anomers (1.30 g). The mixture of
anomers was then separated using a 4.6mmid x 25cm Chiralpak AD-H column, eluting

under a mixture of EtOH in heptane (30:70) yielding the title compounds B-7.49 (574 mg,
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1.12 mmol, 30 % yield) and a-7.49 (438 mg, 0.855 mmol, 23 % yield) as the fast and slow
running fractions respectively, as viscous transparent gums.
((2R,3R,55)-3-(Benzoyloxy)-5-((diethoxyphosphoryl)methyl)-4,4-difluorotetrahydrofuran-2-
yl)methyl benzoate a-7.49: [ap]2L3°C [c 1, CDCl]: +36. *H NMR (400 MHz, CDCly): & 1.30-
1.35 (m, 6H), 2.24-2.29 (m, 2H), 4.13-4.18 (m, 4H), 4.57 (q, J = 4.6 Hz, 1H), 4.61 (dd, J = 4.6,
11.9 Hz, 1H), 4.64 (dd, J = 4.2, 11.9 Hz, 1H), 4.68-4.74 (m, 1H), 5.67 (dt, J = 6.0, 11.6 Hz, 1H),
7.41-7.44 (m, 2H), 7.47-7.50 (m, 2H), 7.55-7.58 (m, 1H), 7.62-7.65 (m, 1H), 8.05-8.07 (m,
2H), 8.08-8.09 (m, 2H). **C NMR (100 MHz, CDCl5): & 16.3 (d, J = 4 Hz), 16.4 (d, J = 4 Hz), 25.6
(d, J = 143 Hz), 62.0 (d, J = 7 Hz), 62.2 (d, J = 7 Hz), 63.8, 73.4 (dd, J = 18, 32 Hz), 75.7-76.3
(m), 78.7 (dd, J = 2, 6 Hz), 123.8 (HMBC) 128.3, 128.5 (2C), 128.7 (2C), 129.4, 129.7 (2C),
130.0 (2C), 133.3, 134.0, 165.0, 166.0. °F NMR (376 MHz, CDCl5): & -124.5 (d, J = 234 Hg,
1F), -109.7 (d, J = 234 Hz, 1F). **P NMR (162 MHz, CDCl3): & 25.6 (d, J = 4 Hz). Vs (neat):
2982, 1728, 1602, 1452, 1268, 1097, 1026, 965, 711 cm™. HR-MS (ESI): Cy4H,5F,05P [M+H']
requires 513.1484, found 513.1465.
((2R,3R,5R)-3-(Benzoyloxy)-5-((diethoxyphosphoryl)methyl)-4,4-difluorotetrahydrofuran-2-
yl)methyl benzoate B-7.49: [ap]245°C [c 1, CDCl3]: -64. *H NMR (400 MHz, CDCl3): & 1.30 (t, J
= 7.0 Hz, 3H), 1.35 (t, J = 7.0 Hz, 3H), 2.17-2.29 (m, 2H), 4.09-4.18 (m, 4H), 4.39-4.50 (m, 2H),
4.60 (dd, J = 5.1, 11.7 Hz, 1H), 4.68 (dd, J = 3.7. 11.7 Hz, 1H), 5.50 (dd, J = 4.4, 14.6 Hz, 1H),
7.42-7.45 (m, 2H), 7.47-7.51 (m, 2H), 7.56-7.60 (m, 1H), 7.62-7.66 (m, 1H), 8.03-8.09 (m,
4H). *C NMR (100 MHz, CDCl,): 6 16.3, 16.3, 24.5 (dd, J = 5, 145 Hz), 61.9 (d, J = 6 Hz), 62.5
(d,J=7Hz),63.3,73.3(dd, J=17,37 Hz), 75.6 (ddd, J = 5, 26, 30 Hz), 79.8 (t, J = 4 Hz), 122.8
(HMBC) 128.3, 128.4 (2C), 128.6 (2C), 129.4, 129.7 (2C), 130.0 (2C), 133.3, 133.9, 164.9,
167.0. ®F NMR (376 MHz, CDCl,): & -121.5 (d, J = 244 Hz, 1F), -116.2 (d, J = 244 Hz, 1F). *'P
NMR (162 MHz, CDCls): 6 25.9. v, (neat): 2983, 1725, 1601, 1452, 1266, 1106, 1025, 965,
805, 711 cm™. HR-MS (ESI): Co4H,5F,05P [M+H'] requires 513.1484, found 513.1465.
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(((2R,4R,5R)-4-(Benzoyloxy)-5-((benzoyloxy)methyl)-3,3-difluorotetrahydrofuran-2-
yl)methyl)phosphonic acid (7.50)

To a solution of ((2R,3R,5R)-3-(benzoyloxy)-5-((diethoxyphosphoryl)methyl)-4,4-
difluorotetrahydrofuran-2-yl)methyl benzoate B-7.49 (521 mg, 1.02 mmol) in MeCN (15 mL)
under an atmosphere of nitrogen at room temperature was added TMSBr (1.06 mL, 8.13
mmol). This mixture was stirred at the same temperature for 3 hours, after which time the
organics were removed under reduced pressure and the remaining TMSBr was
co-evaporated with MeCN (3 x 10 mL). The crude material was adsorbed onto
diatomaceous earth and purified by reversed phase chromatography, eluting under a
gradient of MeCN (30-50%) in modified water (formic acid). The resulting hygroscopic
material was dried azeotropically with toluene (5 x 5 mL) to afford the title compound 7.50
(372 mg, 0.815 mmol, 80 % yield) as a collapsed white foam. [ap]255°C [c 1, CDCIs): -7. *H
NMR (400 MHz, DMSO-ds): 6 1.86-1.94 (m, 1H), 1.96-2.03 (m, 1H), 2.90-4.0 (br.s, 2H), 4.27-
4.34 (m, 1H), 4.54-4.56 (m, 1 H), 4.58-4.61 (m, 2H), 5.49 (dd, J = 5.5, 15.7 Hz, 1H), 7.50-7.52
(m, 2H), 7.56-7.59 (m, 2H), 7.65-7.68 (m, 1H), 7.72-7.74 (m, 1H), 7.95-7.97 (m, 2H), 8.04-
8.07 (m, 2H). *C NMR (100 MHz, DMSO-d,): & 26.5 (dd, J = 3, 138 Hz), 63.2, 73.1 (dd, J = 17,
37 Hz), 75.8-76.3 (m), 78.1, 123.0 (m), 128.2, 128.7 (2C), 128.9 (2C), 129.1 (2C), 129.2, 129.5
(2C), 133.5, 134.1, 164.4, 165.3. F NMR (376 MHz, CDCls): 6 -121.0 (d, J = 242 Hz, 1F), -
116.0 (d, J = 242 Hz, 1F). **P NMR (162 MHz, DMSO-dj): & 18.8. Vpna, (neat): 2904 (br.), 1727,
1453, 1269, 1107, 1026, 709 cm™. HR-MS (ESI): CyoHyoF,05P [M+HT] requires 457.0858,
found 457.0840.
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((2R,3R,5R)-3-(Benzoyloxy)-4,4-difluoro-5-

((hydroxy(isopentyloxy)phosphoryl)methyl)tetrahydrofuran-2-yl)methyl benzoate (7.51a)

The title compound 7.51a (77.6 mg, 0.147 mmol, 67 % yield, colourless glass), was prepared
according to general procedure G using the following reagents and solvents: (((2R,4R,5R)-4-
(benzoyloxy)-5-((benzoyloxy)methyl)-3,3-difluorotetrahydrofuran-2-yl)methyl)phosphonic
acid 7.50 (100 mg, 0.219 mmol), 3-methylbutan-1-ol (36.0 pL, 0.329 mmol), pyridine (0.6
mL), 2,2,2-trichloroacetonitrile (0.6 mL). [ap]258°C [c 1, CDCl3]: +108. *H NMR (600 MHz,
CDCl;): 6 0.88 (d, J = 6.6 Hz, 6H), 1.54 (q, J = 6.4 Hz, 2H), 1.67-1.77 (m, 1H), 2.20-2.33 (m,
2H), 4.05-4.11 (m, 2H), 4.37-4.48 (m, 2H), 4.58 (dd, J = 3.5, 11.7 Hz, 1H), 4.67 (dd, J = 2.8,
11.7 Hz, 1H), 5.51 (dd, J = 4.5, 15.0 Hz, 1H), 7.42 (t, J = 8.0 Hz, 2H), 7.50 (t, J = 8.0 Hz, 2H),
7.54-7.58 (m, 1H), 7.60-7.64 (m, 1H), 8.03-8.07 (m, 4H), 10.50 (br.s, 1H). *C NMR (100 MHz,
CDCls): 6 22.3,22.3, 24.5, 24.8 (d, J = 148 Hz), 39.0, 63.1, 64.3-64.4 (m), 73.3 (dd, J = 18, 38
Hz), 75.3-75.7 (m), 79.8, 121.8 (HMBC), 128.4, 128.4 (2C), 128.6 (2C), 129.5, 129.7 (2C),
130.0 (2C), 133.2, 133.9, 164.9, 166.1. °F NMR (376 MHz, CDCl,): & -121.2 (d, J = 239 Hz,
1F), -116.4 (d, J = 239 Hz, 1F). 3P NMR (162 MHz, CDCls): & 27.6. Vs (neat): 2959, 1726,
1602, 1453, 1267, 1207, 1106, 1067, 1022, 710 cm™. HR-MS (ESI): CysH3oF,0P [M+H']
requires 527.1641, found 527.1636.

((2R,3R,5R)-3-(Benzoyloxy)-5-(((benzyloxy)(hydroxy)phosphoryl)methyl)-4,4-
difluorotetrahydrofuran-2-yl)methyl benzoate (7.51b)

The title compound 7.51b (83.0 mg, 0.152 mmol, 69 % yield, colourless glass), was prepared
according to general procedure G using the following reagents and solvents: (((2R,4R,5R)-4-
(benzoyloxy)-5-((benzoyloxy)methyl)-3,3-difluorotetrahydrofuran-2-yl)methyl)phosphonic

acid 7.50 (100 mg, 0.219 mmol), phenylmethanol (34.0 pL, 0.329 mmol), pyridine (0.6 mL),
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2,2,2-trichloroacetonitrile (0.6 mL). [ap]238°C [c 1, CDCIs): +12. *H NMR (400 MHz, CDCl3): 6
2.27 (dd, J = 6.3, 19.0 Hz, 2H), 4.35-4.48 (m, 2H), 4.53 (dd, J = 4.2, 12.0 Hz, 1H), 4.65 (dd, J =
3.9, 12.0 Hz, 1H), 5.08 (d, J = 7.9 Hz, 2H), 5.49 (dd, J = 4.9, 14.9 Hz, 1H), 7.24-7.48 (m, 9H),
7.52-7.56 (m, 1H), 7.60-7.64 (m, 1H), 8.00-8.06 (m, 4H), 9.73 (br.s, 1H). >C NMR (100 MHz,
CDCly): § 25.1 (d, J = 147 Hz), 63.1, 67.2 (d, J = 6 Hz), 73.3, (dd, J = 17, 37 Hz), 75.2-75.8 (m),
79.8, 120.1-125.3 (m), 127.6 (2C), 128.3, 128.4, 128.4 (2C), 128.5 (2C), 128.6 (2C), 129.4,
129.7 (2C), 130.0 (2C), 133.2, 133.9, 136.1 (d, J = 7 Hz), 164.9, 166.1. *°F NMR (376 MHz,
CDCly): 6 -121.1 (d, J = 244 Hz, 1F), -116.1 (d, J = 244 Hz, 1F). *'P NMR (162 MHz, CDCl3): &
28.2. Vi (neat): 2948, 1726, 1453, 1268, 1107, 1022, 710 cm™. HR-MS (ESI): Cy7H,6F,05P
[M+H] requires 547.1328, found 547.1311.

((2R,3R,5R)-3-(Benzoyloxy)-5-(((cinnamyloxy)(hydroxy)phosphoryl)methyl)-4,4-
difluorotetrahydrofuran-2-yl)methyl benzoate (7.51c)

The title compound 7.51c (86.2 mg, 0.151 mmol, 69 % vyield, yellow glass), was prepared
according to general procedure G using the following reagents and solvents: (((2R,4R,5R)-4-
(benzoyloxy)-5-((benzoyloxy)methyl)-3,3-difluorotetrahydrofuran-2-yl)methyl)phosphonic
acid 7.50 (100 mg, 0.219 mmol), (E)-3-phenylprop-2-en-1-ol (42.0 uL, 0.329 mmol), pyridine
(0.6 mL), 2,2,2-trichloroacetonitrile (0.6 mL). [ap]233°C [c 1, CDCls): +108. *H NMR (600
MHz, CDCl): 6 2.28-2.32 (m,2H), 4.36-4.51 (m, 2H), 4.56-4.76 (m, 4H), 5.50 (dd, J = 3.7, 14.9
Hz, 1H), 6.23-6.27 (m, 1H), 6.62 (d, J = 15.9 Hz, 1H), 7.21-7.47 (m, 10H), 7.53 (t, J = 7.3 Hz,
1H), 7.60 (t, J = 7.3 Hz, 1H), 8.03 (t, J = 7.3 Hz, 4H). **C NMR (600 MHz, CDCl,): 6 25.0 (d, J =
146 Hz), 63.1, 66.4, 73.3 (dd, J = 17, 38 Hz), 75.4-75.9 (m), 79.8, 120.9-124.5 (m), 123.8,
126.7 (2C), 128.0, 128.4, 128.4 (2C), 128.6 (2C), 128.6 (2C), 129.4, 129.7 (2C), 130.0 (2C),
133.2, 133.7, 133.9, 136.1, 164.9, 166.1. °F NMR (376 MHz, CDCl3): § -121.1 (d, J = 243 Hz,
1H), -116.0 (d, J = 243 Hz, 1H). 3P NMR (162 MHz, CDCl5): & 27.5. Vay (neat): 2957, 1725,
1601, 1452, 1267, 1207, 1106, 1070, 1014, 968, 710 cm™. HR-MS (ESI): CooH,sF,0sP [M+H']
requires 573.1484, found 573.1462.
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(2R,3R,5R)-5-(((Benzofuran-2-ylmethoxy)(hydroxy)phosphoryl)methyl)-2-
((benzoyloxy)methyl)-4,4-difluorotetrahydrofuran-3-yl benzoate (7.51d)

The title compound 7.51d (59.7 mg, 0.102 mmol, 47 % yield, colourless glass), was prepared
according to general procedure G using the following reagents and solvents: (((2R,4R,5R)-4-
(benzoyloxy)-5-((benzoyloxy)methyl)-3,3-difluorotetrahydrofuran-2-yl)methyl)phosphonic
acid 7.50 (100 mg, 0.219 mmol), benzofuran-2-ylmethanol (48.7 mg, 0.329 mmol), pyridine
(0.6 mL), 2,2,2-trichloroacetonitrile (0.6 mL). [ap]233°C [c 1, CDCIs): +92. *H NMR (600 MHz,
CDCly): 6 2.25-2.36 (m, 2H), 4.33 (br.s, 1H), 4.39-4.51 (m, 2H), 4.59-4.65 (m, 1H), 5.17 (d, J =
7.7 Hz, 2H), 5.45 (dd, /= 5.0, 15.0 Hz, 1H), 6.68 (s, 1H), 7.13 (t, /= 7.4 Hz, 1H),7.19 (t, /= 7.4
Hz, 1H), 7.28-7.45 (m, 6H),7.48 (t, / = 7.4 Hz, 1H), 7.57 (t, J = 7.4 Hz, 1H), 7.93-8.05 (m, 4H),
9.71 (br.s, 1H). >*C NMR (600 MHz, CDCls): 6 25.1 (d, J = 148 Hz), 59.9 (d, J = 6 Hz), 63.1, 73.2
(dd, J = 15, 37 Hz), 75.4-75.8 (m), 79.8, 106.7, 111.3, 120.9-124.5 (m), 121.3, 122.8, 124.8,
127.7,128.4 (3C), 128.5 (2C), 129.3, 129.7 (2C), 130.0 (2C), 133.2, 133.8, 152.8 (d, J = 7 Hz),
155.2, 164.9, 166.2. *°F NMR (376 MHz, CDCl,): § -120.9 (d, J = 238 Hz, 1F), -115.9 (d, J = 238
Hz, 1F). *'P NMR (162 MHz, CDCls): & 26.7. Vmay (neat): 2958, 1727, 1602, 1453, 1317, 1269,
1108, 1070, 1025, 710 cm™. HR-MS (ESI): CygHy6F,0sP [M+H'] requires 587.1277, found
587.1274.

(2R,3R,5R)-5-((([1,1'-Biphenyl]-4-yImethoxy)(hydroxy)phosphoryl)methyl)-2-

((benzoyloxy)methyl)-4,4-difluorotetrahydrofuran-3-yl benzoate (7.51e)

The title compound 7.51e (65.2 mg, 0.105 mmol, 42 % yield, yellow glass), was prepared
according to general procedure G using the following reagents and solvents: (((2R,4R,5R)-4-
(benzoyloxy)-5-((benzoyloxy)methyl)-3,3-difluorotetrahydrofuran-2-yl)methyl)phosphonic

acid 7.50 (115 mg, 0.252 mmol), [1,1'-biphenyl]-4-ylmethanol (69.6 mg, 0.378 mmol),

pyridine (0.6 mL), 2,2,2-trichloroacetonitrile (0.6 mL). [aD]Eg'goc [c 1, CDCl5): +111. 'H NMR
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(400 MHz, CDCl): & 2.27-2.33 (m, 2H), 4.39-4.55 (m, 3H), 4.69 (dd, J = 3.2, 12.1 Hz, 1H), 5.11
(d, J= 6.2 Hz, 2H), 5.50 (dd, J = 4.9, 15.3 Hz, 1H), 6.41 (br.s, 1H), 7.28-7.53 (m, 14H), 7.58 (t, J
= 7.6 Hz, 1H), 8.02 (t, J = 7.0 Hz, 4H). *3C NMR (100 MHz, CDCl3): & 25.1 (d, J = 141 Hz), 63.1,
67.0, 73.2 (dd, J = 17, 37 Hz), 75.6-75.9 (m), 79.9, 121.7 (HMBC), 127.1 (2C), 127.2 (2C),
127.4, 128.1 (2C), 128.3, 128.4 (2C), 128.6 (2C), 128.7 (2C), 129.4, 129.7 (2C), 130.0 (2C),
133.2, 134.8, 135.2 (d, J = 7 Hz), 140.5, 141.1, 164.9, 166.2. *°F NMR (376 MHz, CDCl,): & -
121.1 (d, J = 245 Hz, 1F), -116.0 (d, J = 245 Hz, 1F). *'P NMR (162 MHz, CDCl5): & 26.8. Vynax
(neat): 3032, 2891, 1726, 1602, 1489, 1452, 1317, 1268, 1212, 1178, 1107, 1070, 1025,
1005, 759, 710 cm™. HR-MS (ESI): C33H3F,0sP [M+H*] requires 623.1641, found 623.1638.

2-(2-Hydroxyethoxy)ethyl benzoate (7.55)**

0
©_40_\/o\/_ on

To a solution of 2,2'-oxydiethanol (8.10 mL, 85.0 mmol) and pyridine (2.53 mL, 31.3 mmol)
in DCM (30 mL) at 0 °C was added benzoyl chloride (3.30 mL, 28.5 mmol) dropwise. The
mixture was stirred for 20 hours at room temperature, after which time EtOAc (200 mL)
was added. The organics were washed with water (3 x 100 mL) and brine (100 mL), dried
over Na,SO, and concentrated under reduced pressure. The crude material was adsorbed
onto diatomaceous earth and purified by flash chromatography, eluting under a gradient of
EtOAc (30-40%) in cyclohexane, affording the title compound 7.55°% (4.19 g, 19.9 mmol, 70
% yield) as a transparent oil. "H NMR (400 MHz, CDCls): & 2.25 (t, J = 5.8 Hz, 1H), 3.65-3.68
(m, 2H), 3.75-3.78 (m, 2H), 3.84-3.87 (m, 2H), 4.50-4.52 (m, 2H), 7.44-7.47 (m, 2H), 7.55-
7.59 (m, 1H), 8.06-8.08 (m, 2H). *C NMR (100 MHz, CDCl3): § 61.8, 64.0, 69.2, 72.4, 128.4
(2C), 129.7 (2C), 130.0, 133.0, 166.6.

2-(2-lodoethoxy)ethyl benzoate (7.56)
: (0]

To a solution of 2-(2-hydroxyethoxy)ethyl benzoate 7.55 (1.50 g, 7.14 mmol) in DCM (35

o/

mL) was added triphenylphosphine (2.81 g, 10.7 mmol), imidazole (1.46 g, 21.4 mmol) and
iodine (2.54 g, 9.99 mmol) at room temperature. The mixture was stirred for 2 hours at the
same temperature, after which the reaction mixture was filtered through a pad of Celite.
The pad was washed with DCM (2 x 30 mL) and the combined filtrate was concentrated

under reduced pressure. Cyclohexane (30 mL) and Et,0 (30 mL) were added to the resulting
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residue and the solids were filtered off over a pad of Celite, which was washed with Et,0 (3
x 30 mL). The organics were concentrated, adsorbed onto diatomaceous earth and purified
by flash chromatography, eluting in a mixture of TBME (5-15%) in cyclohexane to afford the
title compound 7.56 (1.72 g, 5.37 mmol, 75 % yield) as a transparent oil. ‘H NMR (400 MHz,
CDCls): 6 3.29 (t, J = 6.8 Hz, 2H), 3.82 (t, / = 6.8 Hz, 2H), 3.84-3.87 (m, 2H), 4.49-4.52 (m, 2H),
7.44-7.48 (m, 2H), 7.58 (tt, J = 1.5, 6.8 Hz, 1H), 8.08-8.10 (m, 2H). "*C NMR (100 MHz, CDCls):
6 2.6, 64.0, 68.9, 71.9, 128.4 (2C), 129.7 (2C), 130.0, 133.0, 166.5. v, (neat): 2953, 2870,
1716, 1601, 1451, 1358, 1270, 1175, 1098, 1070, 1028, 710 cm™. HR-MS (ESI): C13H14105
[M+H'] requires 320.9982, found 320.9982.

2-(2-(Diethoxyphosphoryl)ethoxy)ethyl benzoate (7.57)

O
O SN ¥
g ]

_\/OI E\O/

A mixture of 2-(2-iodoethoxy)ethyl benzoate 7.56 (1.70 g, 5.31 mmol) and triethyl
phosphite (5.57 ml, 31.9 mmol) was heated to 120 °C under an atmosphere of nitrogen for
20 hours. After this time the remaining triethyl phosphite was removed under high vacuum
and the resulting oil was adsorbed onto diatomaceous earth and purified by reversed phase
chromatography, eluting under a gradient of MeCN (20-40%) in modified water (formic
acid) to afford the title compound 7.57 (1.66 g, 5.03 mmol, 95 % vyield) as a transparent oil.
'H NMR (400 MHz, CDCl,): 6 1.29 (t, J = 7.3 Hz, 6H), 2.12 (dt, J =7.5, 18.9 Hz, 2H), 3.75-3.82
(m, 4H), 4.04-4.13 (m, 4H), 4.45-4.47 (m, 2H), 7.41-7.45 (m, 2H), 7.55 (tt, J = 1.2, 7.3 Hz, 1H),
8.04-8.06 (m, 2H). *C NMR (100 MHz, CDCL3): & 16.4, 16.4, 26.6 (d, J = 140 Hz), 61.6, 61.7,
64.0, 65.2, 68.8, 128.3 (2C), 129.6 (2C), 130.0, 133.0, 166.5. *'P NMR (162 MHz, CDCl;): &
28.4. vy (neat): 3459 (br.), 2981, 2905, 1717, 1452, 1389, 1271, 1099, 1023, 957, 795, 712
cm™ HR-MS (ESI): C1sH,406P [M+H'] requires 331.1305, found 331.1307.

(2-(2-(Benzoyloxy)ethoxy)ethyl)phosphonic acid (7.58)

o4 3
o o/ 0"
The title compound 7.58 (1.00 g, 3.65 mmol, 100 % vyield, straw coloured oil) was prepared
in the same manner as 7.50 using the following reagents and solvents: 2-(2-
(diethoxyphosphoryl)ethoxy)ethyl benzoate 7.57 (1.20 g, 3.63 mmol), MeCN (50 mL),

TMSBr (4.71 mL, 36.3 mmol). The compound was purified by reversed phase
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chromatography: 0-35% MeCN in modified water (formic). "H NMR (400 MHz, DMSO-de): &
1.89 (dt, J = 7.8, 16.2 Hz, 2H), 3.66 (dt, J = 7.7, 8.0 Hz, 2H), 3.71-3.74 (m, 2H), 4.38-4.40 (m,
2H), 7.54 (t, J = 7.9 Hz, 2H), 7.65-7.69 (m, 1H), 7.97-7.99 (m, 2H), 9.43 (br.s, 2H). *C NMR
(100 MHz, DMSO-ds): 6 28.9 (d, J = 134 Hz), 64.0, 65.5, 67.8, 128.8 (2C), 129.2 (2C), 129.7,
133.3, 165.7. **P NMR (162 MHz, DMSO-dj): & 22.1. Vo (neat): 2879 (br.), 2280 (br.), 1715,
1601, 1452, 1386, 1272, 1175, 1096, 1001, 931, 709 cm™. HR-MS (ESI): C11H1606P [M+HT]
requires 275.0679, found 275.0677.

(E)-2-(2-((Cinnamyloxy)(hydroxy)phosphoryl)ethoxy)ethyl benzoate (7.59)

@_/(O o/_//_©

o~ o/ §0

The title compound 7.59 (145 mg, 0.371 mmol, 51 % yield, brown glass), was prepared
according to general procedure G using the following reagents and solvents: (2-(2-
(benzoyloxy)ethoxy)ethyl)phosphonic acid 7.58 (200 mg, 0.729 mmol), (E)-3-phenylprop-2-
en-1-ol (0.141 mL, 1.094 mmol), pyridine (2 mL), 2,2,2-trichloroacetonitrile (2 mL). The
compound was purified by reversed phase chromatography: 30-60% MeCN in modified
water (formic). *H NMR (400 MHz, CDCl,): § 2.21 (dt, J = 6.9, 18.9 Hz, 2H), 3.76-3.88 (m, 4H),
4.45-4.47 (m, 2H), 4.69 (t, J = 6.9 Hz, 2H), 6.26 (dt, J = 5.9, 15.6 Hz, 1H), 6.63 (d, /= 15.6 Hz,
1H), 7.24-7.38 (m, 5H), 7.44 (t, J = 7.8 Hz, 2H), 7.53-7.58 (m, 1H), 8.06-8.08 (m, 2H), 10.62
(br.s, 1H). *C NMR (100 MHz, CDCl,): & 27.4 (d, J = 142 Hz), 64.0, 65.1, 65.8 (d, J = 5 Hz),
68.8, 123.8 (d, J = 6 Hz), 126.7 (2C), 128.1, 128.4 (2C), 128.6 (2C), 129.7 (2C), 130.0, 133.0,
133.6, 136.0, 166.5. *'P NMR (162 MHz, CDCls): & 31.3. vy (neat): 2878, 1716, 1601, 1451,
1383, 1271, 1176, 1099, 995, 965, 711 cm™. HR-MS (ESI): CyH,0sP [M+H'] requires
391.1305, found 391.1310.
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11.5 Synthesis of Compounds in Chapter 9

General Procedure H for the Global Deprotection of Intermediates 9.19a-g

A mixture of the protected intermediate 9.19a-g (0.079 mmol) and Pd/C (5 mg) in MeOH
(9mL) was stirred under 1 atmosphere of hydrogen at room temperature for 18 hours. The
mixture was filtered through a pad of Celite, which was washed through with EtOAc (20
mL). The organics were concentrated under reduced pressure and the residue was
dissolved in MeOH (5 mL). Triethylamine (22.0 uL, 0.157 mmol) was added to quench the
phosphate acid and the mixture was concentrated in vacuo. This material was dissolved in a
mixture of MeOH-H,0-NEt; (7:3:1, 3 mL) then stirred at room temperature for 18 hours.
After this time the reaction mixture was concentrated and dried azeotropically with toluene
(5 x 3 mL). The material was lyophilised twice from water (5 mL) to afford the final

compounds 9.1a-g as off-white lyophilisates.

(2R,3R,4R,5S,6R)-4,5-Dihydroxy-6-(hydroxymethyl)-3-(methylsulfonamido)tetrahydro-2H-
pyran-2-yl dihydrogen phosphate, 1.3 triethylammonium salt (9.1a)

H

HO 0
HO o
1]
HN O-P—OH.NEt;
1 © oH
0

The title compound 9.1a (40.5 mg, 0.092 mmol, 93 % vyield, off-white lyophilisate), was
prepared according to general procedure H using the following reagents and solvents:
protected intermediate 9.19a (63.8 mg, 0.099 mmol), Pd/C (6 mg), MeOH (10 mL), then
triethylamine (28.0 uL, 0.198 mmol), then MeOH-H,0-NEt; (7:3:1, 3 mL). [ap]2L3°C [c 0.2,
D,0]: +61. "H NMR (400 MHz, MeOD-d,): & 1.26 (t, J= 7.5 Hz, N(CH,CH,)s, 12H), 3.06-3.12
(m, N(CH,CH;); & sulfonamide CH3 11H), 3.32-3.39 (m, 2H), 3.36-3.71 (m, 2H), 3.83-3.92 (m,
2H), 5.55 (dd, J = 3.6, 6.7 Hz, 1H). Exchangeable protons not observed. *C NMR (100 MHz,
MeOD-d,): & 9.4 (N(CH,CHs)3), 42.5, 47.5 (N(CH,CHs)3), 59.9 (d, J = 8 Hz), 62.8, 72.3, 73.6,
74.3,96.2 (d, J = 6 Hz). *'P NMR (162 MHz, MeOD-d,): 6 -0.3. Vmax (neat): 3203 (br.), 2932,
1456, 1308, 1146, 1090, 1037, 931, 835, 762, 719 cm™. HR-MS (ESI): C;H;;NO1,PS [M+H']
requires 338.0311, found 338.0319.
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(2R,3R,4R,5S,6R)-3-(3-(3-((R)-2,4-dihydroxy-3,3-
dimethylbutanamido)propanamido)propylsulfonamido)-4,5-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl dihydrogen phosphate, ditriethylammonium
salt (9.1c)

OH

HO
HO

0
. HN O—I%—OH.NEt3
0 V\/%:O OH

o)

HNYX\OH

O

The title compound 9.1c (25.0 mg, 0.037 mmol, 100 % vyield, off-white lyophilisate), was
prepared according to general procedure H using the following reagents and solvents:
Protected intermediate 9.19¢ (36.0 mg, 0.037 mmol), Pd/C (2.5 mg), MeOH (4 mL), then
triethylamine (10.3 uL, 0.074 mmol), then MeOH-H,0-NEt; (7:3:1, 3 mL). [ap]235°C [c 0.2,
MeOH]: +44. "H NMR (400 MHz, MeOD-d,): & 0.93 (s, 3H), 0.95 (s, 3H), 1.31 (t, J = 6.9 Hz,
N(CH,CHs);, 18H), 2.00-2.10 (m, 2H), 2.46 (t, J = 6.6 Hz, 2H), 3.16 (q, J = 6.9 Hz, N(CH,CHs)s,
12H), 3.17-3.40 (m, 7H), 3.49-3.52 (m, 3H), 3.66-3.72 (m, 2H), 3.83-3.91 (m, 2H), 3.94 (s,
1H), 5.54 (dd, J = 3.2, 6.6 Hz, 1H). Exchangeable protons not observed. B3¢ NMR (100 MHz,
MeOD-d,): & 9.2 (N(CH,CHs)s), 20.9, 21.4, 25.0, 36.4, 36.6, 38.9, 40.4, 47.5 (N(CH,CHs)s),
52.5, 59.7 (d, J = 8 Hz), 62.7, 70.4, 72.4, 73.4, 74.3, 77.2, 96.5 (d, J = 7 Hz), 174.0, 176.0.
*'P NMR (162 MHz, MeOD-d,): & -0.4. Vs (neat): 3378 (br.), 2983, 2686, 1645, 1555, 1451,
1397, 1302, 1037, 943, 837, 729 cm™. HR-MS (ESI): CigH3;N30:14PS [M+H'] requires
582.1728, found 582.1708.

(2R,3R,4R,5S,6R)-3-Butyramido-4,5-dihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-

264

yl dihydrogen phosphate, 1.4 triethylammonium salt (9.1d)

H
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The title compound 9.1d (33.0 mg, 0.077 mmol, 97 % yield, off-white lyophilisate), was
prepared according to general procedure H using the following reagents and solvents:

protected intermediate 9.19d (50.0 mg, 0.079 mmol), Pd/C (5 mg), MeOH (9 mL), then

triethylamine (22.0 pL, 0.157 mmol), then MeOH-H,0-NEt; (7:3:1, 3 mL). [ap]24d € [c 0.25,
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MeOH]: -206. 'H NMR (400 MHz, MeOD-d,): 6 0.98 (t, J = 7.7 Hz, 3H), 1.29 (t, J = 7.3 Hz,
N(CH,CHs)s, 13H), 1.63-1.72 (m, 2H), 2.27 (t, J = 7.8 Hz, 2H), 3.10 (q, J = 7.3 Hz, N(CH,CH3)s,
8H), 3.38 (dd, J = 9.3, 9.3 Hz, 1H), 3.67-3.73 (m, 2H), 3.83-3.93 (m, 2H), 3.98 (dt, J = 3.2, 10.6
Hz, 1H), 5.46 (dd, J = 3.2, 7.0 Hz, 1H). Exchangeable protons not observed. *C NMR (100
MHz, MeOD-d,): & 9.5 (N(CH,CHs)s), 14.1, 20.3, 39.1, 47.5 (N(CH,CHs)3), 55.4 (d, J = 8 Hz),
62.9, 72.3, 73.4, 74.6, 95.4 (d, J = 6 Hz), 176.8. *'P NMR (162 MHz, MeOD-d,): & -0.4. Vyay
(neat): 3265, 2928, 1645, 1547, 1455, 1393, 1029, 918, 837, 721 cm™. HR-MS (ESI):
C10H21NOGP [M+H"] requires 330.0948, found 330.0947.

(2R,3R,4R,5S,6R)-4,5-Dihydroxy-6-(hydroxymethyl)-3-isobutyramidotetrahydro-2H-pyran-

2-yl dihydrogen phosphate, 1.4 triethylammonium salt (9.1e)**

HO
HO 0

I
HN O-P-oH.NEt,
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The title compound 9.1e (41.1 mg, 0.095 mmol, 99 % vyield, off-white lyophilisate), was
prepared according to general procedure H using the following reagents and solvents:
protected intermediate 9.19e (61.0 mg, 0.096 mmol), Pd/C (6 mg), MeOH (10 mL), then
triethylamine (27.0 pL, 0.192 mmol), then MeOH-H,0-NEt; (7:3:1, 3 mL). [ap]24d € [ 0.25,
MeOH]: +61. *H NMR (400 MHz, MeOD-d,): § 1.14 (d, J = 6.9 Hz, 3H), 1.16 (d, J =6.9 Hz, 3H),
1.29 (t, J = 7.3 Hz, N(CH,CHs)s, 13H), 2.55 (sept, J = 6.9 Hz, 1H), 3.11 (q, J = 7.3 Hz,
N(CH,CH3),, 8H), 3.39 (dd, J = 9.0, 9.8 Hz, 1H), 3.68-3.74 (m, 2H), 3.85 (dd, J = 2.3, 11.9 Hg,
1H), 3.88 (ddd, J = 2.3, 5.5, 9.8 Hz, 1H), 3.96 (dt, J = 3.4, 10.3 Hz, 1H), 5.46 (dd, J = 3.4, 7.1
Hz, 1H). Exchangeable protons not observed. C NMR (125 MHz, MeOD-d,): & 9.7
(N(CH,CHs)s), 20.0, 20.2, 36.4, 47.8 (N(CH,CHs)s), 55.4 (d, J = 8 Hz), 63.0, 72.5, 73.5, 74.8,
95.6 (d, J = 6 Hz), 181.0. *'P NMR (162 MHz, MeOD-d,): § -0.7. Vmax (neat): 3264 (br.), 2972,
1646, 1544, 1456, 1392, 1086, 1028, 917, 837, 720 cm™. HR-MS (ESI): C1oH2:NOgP [M+H']
requires 330.0948, found 330.0948.
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(2R,3R,4R,5S,6R)-3-(Cyclopentanecarboxamido)-4,5-dihydroxy-6-(hydroxymethyl)
tetrahydro-2H-pyran-2-yl dihydrogen phosphate, 1.5 triethylamine salt (9.1f)

H

HO O
HO

o
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O/go OH

The title compound 9.1f (31.0 mg, 0.068 mmol, 100 % vyield, off-white lyophilisate), was
prepared according to general procedure H using the following reagents and solvents:
protected intermediate 9.19f (45.0 mg, 0.068 mmol), Pd/C (5 mg), MeOH (8 mL), then
triethylamine (19.0 pL, 0.136 mmol), then MeOH-H,0-NEt; (7:3:1, 3 mL). [ap]25L°C [c 0.25,
MeOH]: +6. *H NMR (400 MHz, MeOD-d,): & 1.29 (t, J = 7.3 Hz, N(CH,CHs)s, 14H), 1.56-1.64
(m, 2H), 1.72-1.82 (m, 4H), 1.86-1.96 (m, 2H), 2.76 (quin, J = 7.7 Hz, 1H), 3.08-3.14 (m,
N(CH,CHs)s, 9H) 3.38 (t, J = 9.5 Hz, 1H), 3.67-3.74 (m, 2H), 3.84-3.99 (m, 3H), 5.46 (dd, J =
2.6, 5.7 Hz, 1H). Exchangeable protons not observed. 3C NMR (100 MHz, MeOD-d,): § 9.4
(N(CH,CHs)s), 27.1 (2C), 31.3, 31.8, 46.5, 47.4 (N(CH,CHs)s), 55.6 (m), 62.9, 72.4, 73.6, 74.5,
95.3, 180.0. *'P NMR (162 MHz, CDCl3): & -0.4. Vpay (neat): 3272 (br.), 2950, 1644, 1543,
1451, 1394, 1089, 1027, 938, 863, 837, 720 cm™’. HR-MS (ESI): C;,H,3NOsP [M+H'] requires
356.1105, found 356.1107.

(2R,3R,4R,5S,6R)-3-(4-Acetamidobutanamido)-4,5-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl dihydrogen phosphate, 1.7 triethylammonium
salt (9.1g)

H

HO 0
HO o

. HN O-P-OH.NEt,
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The title compound 9.1g (38.6 mg, 0.079 mmol, 100 % yield, off-white lyophilisate), was
prepared according to general procedure H using the following reagents and solvents:
protected intermediate 9.19g (55.0 mg, 0.079 mmol), Pd/C (5 mg), MeOH (9 mL), then
triethylamine (22.0 pL, 0.159 mmol), then MeOH-H,0-NEt; (7:3:1, 3 mL). [ap]24d € [ 0.25,
MeOH]: +43. *H NMR (400 MHz, MeOD-d,): 6 1.30 (t, J = 6.9 Hz, N(CH,CHs);, 15H), 1.80-1.88
(m, 2H), 1.96 (s, 3H), 2.32 (td, J = 2.5, 7.3 Hz, 2H), 3.13 (q, / = 6.9 Hz, N(CH,CHs)3, 10H), 3.23-
3.27 (m, 2H), 3.39 (t, J = 9.3 Hz, 1H), 3.68-3.75 (m, 2H), 3.84-3.93 (m, 2H), 3.98 (dt, J = 3.5,
10.5 Hz, 1H), 5.47 (dd, J = 3.5, 7.3 Hz, 1H). Exchangeable protons not observed. 3¢ NMR
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(100 MHz, CDCls): & 9.4 (N(CH,CHs)s), 22.6, 26.3, 34.3, 39.8, 47.6 (N(CH,CHs)s), 55.5 (d, J = 8
Hz), 62.9, 72.2, 73.3, 74.6, 95.4 (d, J = 5 Hz), 173.4, 176.0. **P NMR (162 MHz, CDCl5): & -0.4.
Vmax (neat): 3267 (br.), 2927, 1643, 1550, 1447, 1370, 1088, 1036, 918, 837, 721 cm™. HR-
MS (ESI): C1,H24N,0410P [M+H"] requires 387.1163, found 387.1163.

(2R,3S,4R,5R,6R)-2-(Acetoxymethyl)-5-(((allyloxy)carbonyl)amino)-6-
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate (9.4)

Ac

AcO
AcO 0

L~
To a solution of (2R,35,4R,5R,6S5)-2-(acetoxymethyl)-5-(((allyloxy)carbonyl)amino)-6-
hydroxytetrahydro-2H-pyran-3,4-diyl diacetate 9.17 (2.78 g, 7.14 mmol) in THF (172 mL) at -
78 °C was added LDA (2 M in THF/heptane/ethylbenzene, 3.93 mL, 7.85 mmol) dropwise.
After stirring at the same temperature for 15 minutes, a solution of tetrabenzyl
pyrophosphate (5.00 g, 9.28 mmol) in THF (65 mL) was added. The reaction was warmed to
0 °C and stirred for 2 hours. After this time, the mixture was diluted with DCM (300 mL),
washed with aq. sat. NaHCO; (500 mL) and brine (500 mL), dried by passage through
hydrophobic frit and concentrated under reduced pressure. The crude material was
adsorbed onto diatomaceous earth and purified by flash chromatography, eluting under a
gradient of EtOAc (30-45%) in cyclohexane to afford the title compound 9.4 (3.22 g, 4.95
mmol, 69 % vield) as a transparent gum. [ap]2L3°C [c 1, CDCs): +71. *H NMR (400 MHz,
MeOD-d,): & 1.97 (s, 3H), 2.01 (s, 3H), 2.03 (s, 3H), 3.95-4.02 (m, 2H), 4.07 (dt, J = 3.5, 11.0
Hz, 1H), 4.17 (dd, J = 4.0, 12.0 Hz, 1H), 4.43-4.50 (m, 1H), 4.52-4.58 (m, 1H), 5.07 (t, J = 9.5
Hz, 1H), 5.11-5.30 (m, 7H), 5.75 (dd, J = 3.5, 6.0, 1H), 5.84-5.95 (m, 1H), 7.38-7.42 (m, 10H).
Exchangeable protons not observed. 3C NMR (100 MHz, MeOD-d,): 6 20.6, 20.6, 20.6, 54.9
(d, J = 8 Hz), 62.7, 66.8, 69.7, 70.8, 71.2, 71.2, 71.3, 97.8 (d, J =7 Hz), 117.9, 128.9, 129.1
(2€), 129.2 (2C), 129.5, 129.8 (2C), 129.9 (2C), 134.1, 136.9, 137.0, 158.1, 171.1, 171.9,
172.1. *'P NMR (162 MHz, MeOD-d,): & -2.8. vma (neat): 3253, 3065, 2955, 1745, 1722,
1538, 1366, 1221, 997, 948, 734, 696 cm™. HR-MS (ESI): CsHssNO;sP [M+H'] requires
650.1997, found 650.2004.
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(2S,3R,4R,5S,6R)-6-(Acetoxymethyl)-3-(((allyloxy)carbonyl)amino)tetrahydro-2H-pyran-

2,4,5-triyl triacetate (9.5)**

AcO 0
ACO/&/OAC
E\I_I
o O/\/

To a vigorously stirred solution of D-glucosamine hydrochloride (13.6 g, 63.2 mmol) in a 1M
aqueous solution of NaOH (65 mL) was added 4-methoxybenzaldehyde (7.75 mL, 63.8
mmol). This mixture was stirred vigorously for 5 minutes, after which time it was cooled to
0 °C and stirring was continued for 1 hour. The solid was filtered and washed sequentially
with water (2 x 200 mL), a 1:1 MeOH/Et,0 mixture (200 mL) and then with Et,O (200 mL).
The solid was dried azeotropically with toluene (5 x 100 mlL) to afford crude
(2R,3R,4R,5S,6R)-6-(hydroxymethyl)-3-((E)-(4-methoxybenzylidene)amino)tetrahydro-2H-

pyran-2,4,5-triol 9.14°*° (14.9 g), which was used in the next step without purification. To a
solution of 9.14 (14.8 g, 49.8 mmol) in pyridine (80 mL) at 0 °C was added acetic anhydride
(44 mL) and DMAP (608 mg, 4.98 mmol). This mixture was warmed to room temperature
and stirred for 16 hours. The solution was poured into 500 mL of ice water and stirred for 5
minutes. The precipitate was filtered, washed with water (2 x 100 mL) and Et,0 (2 x 100 mL)
to afford crude (2S,3R,4R,5S5,6R)-6-(acetoxymethyl)-3-((E)-(4-
methoxybenzylidene)amino)tetrahydro-2H-pyran-2,4,5-triyl triacetate 9.15°*° (19.8 g) as a
white solid, after azeotropic drying with toluene (5 x 100 mL). A solution of 9.15 (19.6 g,
42.1 mmol) in acetone (100 mL) was heated to reflux, to which a 5M aqueous solution of
HCI (11 mL) was added. After 5 minutes a thick white precipitate had formed, and the
mixture was cooled to room temperature. The solid was filtered and washed with acetone
(2 x 200 mL) and ether (2 x 200 mL) then dried azeotropically with toluene (5 x 500 mL) to
afford the crude product (2S,3R,4R,5S,6R)-6-(acetoxymethyl)-3-aminotetrahydro-2H-pyran-
2,4,5-triyl triacetate hydrochloride 9.16°*° (14.4 g) that was used in the next step without
purification. To a vigorously stirred biphasic mixture of 9.16 (14.3 g, 37.3 mmol) in DCM
(100 mL) and water (100 mL) was added sodium bicarbonate (11.9 g, 142 mmol). This
mixture was stirred until the solid had fully dissolved, after which allyl carbonochloridate
(5.94 mL, 55.9 mmol) was added dropwise. This mixture was stirred vigorously for a further
2 hours. After this time, the layers were separated and the aqueous layer was extracted
with DCM (2x 200 mL). The combined organics were washed with water (300 mL) and brine

(300 mL) and then dried by passage through a hydrophobic frit. The crude material was
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purified by flash chromatography, eluting under a gradient of EtOAc (20-70%) in
cyclohexane to afford the title compound 9.52%**° (13.8 g, 31.9 mmol, 50 % yield over 4
steps) as a white solid. '"H NMR (400 MHz, CDCls): & 2.05 (s, 3H), 2.06 (s, 3H), 2.10 (s, 3H),
2.13 (s, 3H), 3.83 (ddd, /= 2.2, 4.5, 9.8 Hz, 1H), 3.95 (q, / = 9.6 Hz, 1H), 4.13 (dd, J = 2.2, 12.5
Hz, 1H), 4.30 (dd, J = 4.5, 12.5 Hz, 1H), 4.57 (d, J = 3.4 Hz, 2H), 4.96 (br.d, J = 9.6 Hz, 1H),
5.12 (t, J = 9.2 Hz, 1H), 5.18-5.31 (m, 3H), 5.72 (d, J = 8.7 Hz, 1H), 5.84-5.96 (m, 1H). *C NMR
(100 MHz, CDCl5): & 20.6, 20.6, 20.7, 20.9, 54.9, 61.7, 65.8, 68.0, 72.4, 72.8, 92.6, 117.7,
132.5, 155.5, 169.3, 169.3, 170.6, 170.8.

(2R,3S,4R,5R,6S5)-2-(acetoxymethyl)-5-(((allyloxy)carbonyl)amino)-6-hydroxytetrahydro-
2H-pyran-3,4-diyl diacetate (9.17)

Ac

AcO 0
AcO

HN

OH
\/\oko

To a solution of (25,3R,4R,55,6R)-6-(acetoxymethyl)-3-(((allyloxy)carbonyl)amino)
tetrahydro-2H-pyran-2,4,5-triyl triacetate 9.52%**° (6.00 g, 13.9 mmol) in THF (30 mL) was
added benzylamine (1.82 mL, 16.7 mmol) dropwise. This mixture was stirred at room
temperature for 8 hours, after which time the solution was diluted with DCM (30 mL),
washed sequentially with water (60 mL), ag. 1N HCI (60 mL), sat. ag. NaHCO; (60 mL) and
brine (60 mL), then dried by passage through hydrophobic frit. The residue was subject to

flash chromatography, eluting under a gradient of EtOAc (20-55%) in cyclohexane to afford

the title compound 9.17 (3.59 g, 9.22 mmol, 66 % yield) as a transparent gum. [ap]2322 ¢

[c 1, CDCl5]: +168. 'H NMR (400 MHz, MeOD-d,): & 1.97 (s, 3H), 2.01 (s, 3H), 2.04 (s, 3H),
3.87 (dd, J=3.4,10.7 Hz, 1H), 4.06-4.09 (m, 1H), 4.21-4.26 (m, 2H), 4.49 (dd, J = 5.0, 13.6
Hz, 1H), 4.56 (ddt, J = 1.4, 5.4, 13.6 Hz, 1H), 5.00 (t, / = 9.8 Hz, 1H), 5.13 (d, J = 3.4 Hz, 1H),
5.17 (d, J = 10.3 Hz, 1H), 5.26-5.29 (m, 2H), 5.88-5.95 (m, 1H). Exchangeable protons not
observed. *C NMR (100 MHz, MeOD-d,): § 20.8 (2C), 20.9, 55.7, 63.8, 66.7, 68.4, 70.7, 72.8,
93.0, 117.7, 134.5, 158.4, 171.6, 172.3, 172.6. v (neat): 3409, 2959, 1743, 1440, 1367,
1224, 1021, 776, 735 cm™. HR-MS (ESI): CigH,aNOy, [M+H'] requires 390.1395, found
390.1396.
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(2R,3S,4R,5R,6R)-2-(acetoxymethyl)-5-amino-6-
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate (9.18)

Ac

AcO
AcO

1]
HN O-K-0Bn
OBn

To a solution of (2R,3S,4R,5R,6R)-2-(acetoxymethyl)-5-(((allyloxy)carbonyl)amino)-6-
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate 9.4 (3.16 g, 4.86
mmol) in THF (100 mL) was added diethylamine (1.02 mL, 9.73 mmol) and Pd(Ph;P), (0.281
g, 0.243 mmol). The solution was stirred at room temperature for 45 minutes, after which it
was concentrated under reduced pressure. The residue was adsorbed onto diatomaceous
earth and purified by flash chromatography, eluting under a gradient of MeOH (0-4%) in
DCM to afford the title compound 9.18 (2.51 g, 4.44 mmol, 91 % yield) as a transparent oil.
[ap]253°C [c 1, CDCl3]: +20. *H NMR (400 MHz, CDCl3): 6 1.07 (br.s, 2H), 1.99 (s, 3H), 2.01 (s,
3H), 2.06 (s, 3H), 2.97 (dt, J = 3.5, 9.8 Hz, 1H), 3.86 (dd, J = 2.2, 12.5 Hz, 1H), 4.04 (ddd, J =
2.2,4.1,10.0 Hz, 1H), 4.17 (dd, J = 4.1, 12.5 Hz, 1H), 4.96-5.17 (m, 6H), 5.69 (dd, J = 3.5, 5.9
Hz, 1H), 7.34-7.38 (m, 10H). *C NMR (100 MHz, CDCl3): & 20.6 (2C), 20.8, 54.4 (d, J = 8 Hz),
61.5, 68.0, 69.6, 69.6, 69.8 (d, /=5 Hz), 73.4,98.7 (d, J = 7 Hz), 127.9 (2C), 128.0 (2C), 128.7
(2C), 128.7 (2C), 128.7, 128.8, 135.5 (d, J = 2 Hz), 135.5 (d, J = 2 Hz), 169.6, 170.5, 170.6. *'P
NMR (162 MHz, CDCl3): & -1.8. vax (neat): 3035, 2956, 1742, 1456, 1366, 1222, 1122, 1010,
940, 741, 697 cm™™. HR-MS (ESI): C,6H33NO1;P [M+H*] requires 566.1791, found 566.1797.

(35,4R,5R,6R)-2-(Acetoxymethyl)-6-((bis(benzyloxy)phosphoryl)oxy)-5-

(methylsulfonamido)tetrahydro-2H-pyran-3,4-diyl diacetate (9.19a)

Ac
AcO
AcO [e)
H’Tj O—l‘f’—OBn
O=R— oBn
o
To a solution of (2R,3S5,4R,5R,6R)-2-(acetoxymethyl)-5-amino-6-

((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate 9.18 (324 mg, 0.573
mmol) and Et;N (0.319 mL, 2.29 mmol) in DCM (4 mL) at 0 °C was added methanesulfonyl
chloride (0.134 mL, 1.72 mmol). This solution was stirred at room temperature for 16 hours,
after which time it was adsorbed directly onto diatomaceous earth and purified by flash

chromatography, eluting under a gradient of EtOAc (50-60%) in cyclohexane, affording the
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title compound 9.19a (212 mg, 0.329 mmol, 57 % yield) as a transparent gum. [aD]gég’oC

[c 1, CDCl5]: +89. *H NMR (400 MHz, CDCl3): & 2.02 (s, 3H), 2.03 (s, 3H), 2.06 (s, 3H), 2.87 (s,
3H), 3.76-3.83 (m, 1H), 3.94 (dd, J = 2.2, 12.7 Hz, 1H), 4.09-4.13 (m, 1H), 4.18 (dd, J = 4.0,
12.7 Hz, 1H), 5.07-5.22 (m, 6H), 5.49 (dd, J = 3.0, 9.4 Hz, 1H), 5.74 (dd, J = 3.2, 6.2 Hz, 1H),
7.33-7.39 (m, 10 H). *C NMR (100 MHz, CDCls): & 20.5, 20.6, 20.7, 42.0, 55.6 (d, J = 8 Hz),
61.1, 67.8, 69.5, 69.9, 70.0, 70.1, 97.0 (d, J = 7 Hz), 128.0 (2C), 128.2 (2C), 128.7 (2C), 128.8
(2C), 128.8, 128.9, 135.2 (d, J = 7 Hz), 135.3, (d, J = 7 Hz), 169.3, 170.5 (2C). *'P NMR (162
MHz, CDCL3): & -2.7. Vmax (neat): 3146, 2958, 1745, 1456, 1366, 1325, 1218, 1154, 1122,
1009, 950, 734, 697 cm™ HR-MS (ESI): CpH3sNO13PS [M+H'] requires 644.1561, found
644.1562.

(2R,3S,4R,5R,6R)-2-(Acetoxymethyl)-6-((bis(benzyloxy)phosphoryl)oxy)-5-

((dimethylphosphoryl)amino)tetrahydro-2H-pyran-3,4-diyl diacetate (9.19b)

To a solution of (2R,3S,4R,5R,6R)-2-(acetoxymethyl)-5-amino-6-
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate 9.18 (140 mg, 0.248
mmol) and N-methylmorpholine (82.0 pL, 0.743 mmol) in DCM (2 mL) at 0 °C was added
dimethylphosphinic chloride (55.7 mg, 0.495 mmol) in DCM (1 mL) dropwise. This mixture
was stirred at the same temperature for 10 minutes then at room temperature for 6 hrs.
The mixture was concentrated under reduced pressure, adsorbed onto diatomaceous earth
and purified by flash chromatography, eluting under a gradient of MeOH (0-2%) in DCM to
afford the title compound 9.19b (99.4 mg, 0.155 mmol, 63 % yield) as a transparent gum.
[ap]258°C [c 1, CH,Cl,): +#130. *H NMR (400 MHz, CDCl3): & 1.31 (d, J = 8.7 Hz, 3H), 1.34 (d, J
= 8.7 Hz, 3H), 2.02 (s, 3H), 2.03 (s, 3H), 2.08 (s, 3H), 2.72 (t, J = 11.6 Hz, 1H), 3.52-3.62 (m,
1H), 3.93 (dd, J = 2.2, 12.4 Hz, 1H), 3.97-4.00 (m, 1H), 4.14 (dd, J = 4.0, 12.4 Hz, 1H), 5.05-
5.16 (m, 6H), 5.71 (dd, J = 3.6, 6.2 Hz, 1H), 7.34-7.41 (m, 10H). *C NMR (100 MHz, CDCl5): &
16.8 (d, J = 60 Hz), 17.6 (d, J = 60 Hz), 20.5, 20.6, 20.9, 52.9 (d, J = 8 Hz), 61.3, 67.7, 69.6,
69.9 (d, J = 2 Hz), 70.0 (d, J = 2 Hz), 71.1 (d, J = 4.5 Hz), 98.4 (dd, J = 2, 7 Hz), 128.1 (2C),
128.2 (2C), 128.8 (2C), 128.8 (2C), 128.9 (2C), 135.5 (d, J = 7 Hz), 135.4 (d, J = 7 Hz), 169.2,
170.5, 170.8. 3P NMR (162 MHz, CDCl3): 6 -2.2, 38.5. Vs (neat): 3239, 1742, 1456, 1366,
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1220, 1130, 1035, 1011, 941, 741, 698 cm™. HR-MS (ESI): C,gHssNO;,P, [M+H"] requires
642.1864, found 642.1890.

(2R,3S,4R,5R,6R)-2-(Acetoxymethyl)-6-((bis(benzyloxy)phosphoryl)oxy)-5-(3-(3-((R)-2,4-
diacetoxy-3,3-dimethylbutanamido)propanamido)propylsulfonamido)tetrahydro-2H-
pyran-3,4-diyl diacetate (9.19c)

Ac

AcO 0
AcO (o)

. HN  O-P-0Bn
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A suspension of (2R,3S,4R,5R,6R)-2-(acetoxymethyl)-5-(3-azidopropylsulfonamido)-6-
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate 9.27 (162 mg, 0.227
mmol), acetic acid (78.0 ul, 1.36 mmol) and zinc (149 mg, 2.27 mmol) in DCM (12 mL) was
stirred at room temperature for 1 hour. The mixture was filtered, washed with sat. NaHCO;
and brine, then concentrated under reduced pressure to afford the crude amine

intermediate 9.28 (160 mg).

To a solution of (R)-3-(2,4-diacetoxy-3,3-dimethylbutanamido)propanoic acid 9.21 (78.0 mg,
0.256 mmol) and DIPEA (122 pul, 0.699 mmol) in DMF (1.4 mL) was added HATU (106 mg,
0.280 mmol). This mixture was stirred at room temperature for 15 minutes, after which a
solution of the crude amine 9.28 (160 mg) in DMF (0.5 mL) was added. This mixture was
stirred for a further 45 minutes. EtOAc was added (5 mL) and the organics were washed
with sat NaHCO, and brine, dried over MgSO, and concentrated. The crude material was
adsorbed onto diatomaceous earth and purified by flash chromatography, eluting under a
gradient of MeOH (0-4%) in DCM to afford the title compound 9.19¢ (110 mg, 0.113 mmol,
50 % yield) as a transparent gum. [ap]229°C [c 0.4, MeOH]: +51. *H NMR (400 MHz, CDCl;):
6 1.04 (s, 3H), 1.07 (s, 3H), 1.87-1.93 (m, 2H), 2.01 (s, 3H), 2.05 (s, 3H), 2.07 (s, 3H), 2.11 (s,
3H), 2.16 (s, 3H), 2.39 (t, J = 5.6 Hz, 2H), 3.00 (t, J = 7.7 Hz, 2H), 3.19-3.26 (m, 1H), 3.35-3.43
(m, 1H), 3.47-3.58 (m, 2H), 3.81-3.91 (m, 3H), 3.96-4.00 (m, 1H), 4.03 (d, J = 11.0 Hz, 1H),
4.15 (dd, J = 4.0, 12.6 Hz, 1H), 4.81 (d, J = 9.3 Hz, 1H), 4.90 (s, 1H), 5.08-5.18 (m, 6H), 5.74
(dd, J=3.4, 6.4 Hz, 1H), 6.76 (t, J = 5.6 Hz, 1H), 6.98 (t, / = 5.8 Hz, 1H), 7.38-7.46 (m, 10H).
3C NMR (100 MHz, CDCls): & 20.5, 20.6, 20.7, 20.8, 20.8, 20.8, 21.4, 23.8, 34.9, 35.3, 37.1,
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37.2,52.0, 55.4 (d, J = 8 Hz), 61.1, 67.5, 69.3, 69.7 (2C), 70.1 (d, J = 5 Hz), 70.5 (d, J = 6 Hz),
77.2,96.7 (d, J = 6 Hz), 128.0 (2C), 128.0 (2C), 128.8 (2C), 129.0 (2C), 129.0, 129.3, 135.1,
135.1, 168.1, 169.1, 170.2, 170.4, 171.0, 171.0, 172.1. 3P NMR (162 MHz, CDCl5): & -2.3.
Vmax (neat): 3302 (br.), 2962, 1743, 1660, 1535, 1456, 1375, 1234, 1122, 1037, 955, 743, 698
cm™. HR-MS (ESI): C43HsoN3019PS [M+H'] requires 972.3196, found 972.3187.

(2R,3S,4R,5R,6R)-2-(Acetoxymethyl)-6-((bis(benzyloxy)phosphoryl)oxy)-5-
butyramidotetrahydro-2H-pyran-3,4-diyl diacetate (9.19d)

Ac

AcO Q
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To a solution of (2R,3S,4R,5R,6R)-2-(acetoxymethyl)-5-amino-6-
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate 9.18 (100 mg, 0.177
mmol) and triethylamine (49.0 pL, 0.354 mmol) in DCM (3 mL) at 0 °C was added butyryl
chloride (28.0 pL, 0.265 mmol) . The mixture was warmed to room temperature and stirred
for 3 hours after which time DCM (10 ml) was added. The organics were washed with sat.
NaHCO; and brine, dried by passage through a hydrophobic frit and concentrated under
reduced pressure. The crude material was adsorbed onto diatomaceous earth and purified
by flash chromatography, eluting under a gradient of EtOAc (30-70%) in cyclohexane to
afford the title compound 9.19d (102 mg, 0.160 mmol, 91 % yield) as a viscous transparent
oil. [ap]288°C [c 1, CH,Cl,): +253. *H NMR (400 MHz, CDCl5): 6 0.84 (t, J = 7.32 Hz, 3H), 1.44-
1.55 (m, 2H), 1.85-1.95 (m, 2H), 2.01 (s, 3H), 2.03 (s, 3H), 2.04 (s, 3H), 3.94 (dd, /= 2.3, 12.5
Hz, 1H), 4.02 (ddd, J = 2.3, 3.8, 9.6 Hz, 1H), 4.15 (dd, J = 3.8, 12.5 Hz, 1H), 4.39-4.45 (m, 1H),
5.03-5.21 (m, 6H), 5.65-5.70 (m, 2H), 7.35-7.42 (m, 10H). *C NMR (100 MHz, CDCl;): & 13.6,
18.8, 20.5, 20.6, 20.6, 38.2, 51.6 (d, J = 8 Hz), 61.3, 67.4, 69.7, 69.8-69.9 (m, 2C), 70.1, 96.4
(d, 4 =7 Hz), 128.0 (2C), 128.1 (2C), 128.8 (2C), 128.8 (2C), 128.9 (2C), 135.2 (d, J = 7 Hz),
135.3 (d, J = 7 Hz), 169.1, 170.5, 171.1, 173.0. *'P NMR (162 MHz, CDCl5): § -2.4. Vs (neat):
3281, 2963, 1744, 1677, 1543, 1366, 1222, 1008, 950, 737, 696 cm™. HR-MS (ESI):
C30H3sNO1,P [M+H"] requires 636.2204, found 636.2226.
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(2R,3S,4R,5R,6R)-2-(Acetoxymethyl)-5-amino-6-
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate (9.19¢)

Ac

AcO Q
AcO

HN O-P-OBn
w/go OBn

The title compound 9.19e (83.1 mg, 0.131 mmol, 74 % vyield, viscous transparent oil) was
prepared in the same manner as 9.19d using the following reagents and solvents:
(2R,3S,4R,5R,6R)-2-(acetoxymethyl)-5-amino-6-((bis(benzyloxy)phosphoryl)oxy)tetrahydro-
2H-pyran-3,4-diyl diacetate 9.18 (100 mg, 0.177 mmol), triethylamine (49.0 uL, 0.354
mmol), isobutyryl chloride (28.0 uL, 0.265 mmol), DCM (3 mL). The compound was purified
by flash chromatography eluting under a gradient of 30-70% EtOAc in cyclohexane.
[ap]258°C [c 1, CH,Cly]: -63. *H NMR (400 MHz, CDCl3): & 1.00 (d, J = 7.1 Hz, 6H), 2.01 (s,
3H), 2.03 (s, 3H), 2.05 (s, 3H), 2.06-2.13 (m, 1H), 3.94 (dd, J = 2.4, 12.5 Hz, 1H), 4.02 (ddd, J =
2.4, 3.9, 9.6 Hz, 1H), 4.16 (dd, J = 3.9, 12.5 Hz, 1H), 4.38-4.44 (m, 1H), 5.04-5.23 (m, 6H),
5.63 (d, J = 9.3 Hz, 1H), 5.69 (dd, J = 3.0, 5.7 Hz, 1H), 7.34-7.43 (m, 10H). *C NMR (100 MHz,
CDCl3): 6 19.0, 19.4, 20.5, 20.6, 20.6, 35.3, 51.1 (d, J = 8 Hz), 61.3, 67.3, 69.7, 69.8 (d, /= 6
Hz), 69.9 (d, J = 6 Hz), 70.2, 96.4 (d, J = 7 Hz), 128.0 (2C), 128.1 (2C), 128.8 (2C), 128.8 (2C),
128.9 (2C), 135.2 (d, 7 Hz), 135.3 (d, J = 7 Hz), 169.1, 170.5, 171.1, 176.9. *'P NMR (162
MHz, CDCls): 6 -2.4. v, (neat): 3282, 2967, 1747, 1682, 1536, 1366, 1275, 1226, 1035, 956,
744, 697 cm™. HR-MS (ESI): C3oH3sNO;,P [M+H'] requires 636.2204, found 636.2229.

(2R,3S,4R,5R,6R)-2-(Acetoxymethyl)-6-((bis(benzyloxy)phosphoryl)oxy)-5-

(cyclopentanecarboxamido)tetrahydro-2H-pyran-3,4-diyl diacetate (9.19f)

AcO
AcO

Q
HN O-P-0Bn
O/go OBn
The title compound 9.19f (80.9mg, 0.122 mmol, 84 % yield, viscous transparent oil) was
prepared in the same manner as 9.19d using the following reagents and solvents:
(2R,3S,4R,5R,6R)-2-(acetoxymethyl)-5-amino-6-((bis(benzyloxy)phosphoryl)oxy)tetrahydro-
2H-pyran-3,4-diyl diacetate 9.18 (82.5 mg, 0.146 mmol), triethylamine (41.0 upL, 0.292

mmol), cyclopentanecarbonyl chloride (27.0 uL, 0.219 mmol), DCM (2.5 mL). The
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compound was purified by flash chromatography eluting under a gradient of 30-50% EtOAc
in cyclohexane. [ap]254°C [c 0.5, CH,Cl,]: +67. *H NMR (400 MHz, CDCl;): & 1.47-1.57 (m,
3H), 1.60-1.73 (m, 5H), 2.00 (s, 3H), 2.01 (s, 3H), 2.03 (s, 3H), 2.17-2.24 (m, 1H), 3.94 (dd, J =
2.0, 12.5 Hz, 1H), 4.01 (ddd, J = 2.0, 4.1, 10.1 Hz, 1H), 4.15 (dd, J = 4.1, 12.5 Hz, 1H), 4.39-
4.43 (m, 1H), 5.03-5.22 (m, 6H), 5.64-5.70 (m, 2H), 7.34-7.41 (m, 10H). >C NMR (100 MHz,
CDCl5): § 20.5, 20.6 (2C), 25.6, 25.8, 29.6, 30.6, 45.5, 51.6 (d, J = 8 Hz), 61.3, 67.3, 69.7, 69.8-
69.9 (m, 2C), 70.2, 96.5 (d, J = 7 Hz), 128.0 (2C), 128.0 (2C), 128.7 (2C), 128.8 (2C), 128.9,
128.9, 135.5 (d, J = 7 Hz), 135.4 (d, J = 7 Hz), 169.1, 170.5, 171.1, 176.1. **P NMR (162 MHz,
CDCl3): 6 -2.4. va (neat): 3279, 2959, 1745, 1673, 1524, 1366, 1225, 1151, 1035, 998, 953,
740, 697 cm™. HR-MS (ESI): C3,H4;NO1,P [M+H] requires 662.2361, found 662.2345.

(2R,3S,4R,5R,6R)-5-(4-Acetamidobutanamido)-2-(acetoxymethyl)-6-
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate (9.19g)

Ac

AcO Q
AcO

o
Y“wﬂoo_i;?n
o)

To a solution of 4-acetamidobutanoic acid (39.5 mg, 0.272 mmol) in DMF (2.2 mL) was
added DIPEA (86.0 pL, 0.495 mmol) and COMU (127 mg, 0.297 mmol). The mixture was
stirred at room temperature for 10 minutes, after which time (2R,3S,4R,5R,6R)-2-
(acetoxymethyl)-5-amino-6-((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl

diacetate 9.18 (140 mg, 0.248 mmol) in DMF (2.2 mL) was added. this mixture was stirred
at room temperature for 1 hour after which time it was diluted with EtOAc (20 mL), washed
with water (20 mL) and brine (20 mL), dried over Na,SO, and concentrated. The crude
material was adsorbed onto diatomaceous earth and purified by flash chromatography,
eluting under a gradient of MeOH (0-2%) in DCM to afford the title compound 9.19g (126
mg, 0.182 mmol, 73 % yield) as a collapsed white foam. [ap]258°C [c 1, CH,Cl,): +34. *H
NMR (400 MHz, CDCls): & 1.67-1.74 (m, 2H), 1.95 (s, 3H), 1.99-2.04 (m, 8H), 2.05 (s, 3H),
3.06-3.14 (m, 1H), 3.20-3.28 (m, 1H), 3.94-4.03 (m, 2H), 4.15 (dd, J = 3.9, 12.2 Hz, 1H), 4.36-
4.43 (m, 1H), 5.06-5.20 (m, 6H), 5.70 (dd, J = 3.3, 6.4 Hz, 1H), 5.97 (d, J = 9.0 Hz, 1H), 6.21-
6.25 (m, 1H), 7.34-7.42 (m, 10H). *C NMR (100 MHz, CDCl;): & 20.5, 20.6, 20.7, 23.2, 24.7,
33.1,38.6,51.8 (d, J = 8 Hz), 61.3, 67.4, 69.7, 70.0-70.1 (m, 3C), 96.0 (d, J = 6 Hz), 128.0 (2C),
128.1 (2C), 128.8 (2C), 128.9 (2C), 129.0, 129.0, 135.1 (d, J = 7 Hz), 135.3 (d, J = 6 Hz), 169.1,
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170.3,170.5, 171.1, 172.8. 3P NMR (162 MHz, CDCl3): § -2.5. Vo (neat): 3281, 2954, 1748,
1653, 1546, 1367, 1228, 1036, 955, 742, 698 cm™. HR-MS (ESI): Cs,HaN,0:5P [M+H']
requires 693.2419, found 693.2472.

(R)-3-(2,4-Diacetoxy-3,3-dimethylbutanamido)propanoic acid (9.21)***

ACMN/\)OLOH
OAc

To a suspension of D-pantothenic acid sodium salt (530 mg, 2.20 mmol) in acetic anhydride
(10 mL) at 0 °C was added catalytic iodine (38.0 mg, 0.150 mmol). This mixture was stirred
at 0 °C for 2 hours then at room temperature for 72 hours. The solvent was removed under
reduced pressure (azeotroping with toluene) to afford an oil that was dissolved in DCM and
washed with 1 M Na,S,0; solution. The organics were dried by passage through a
hydrophobic frit, then concentrated in vacuo to afford the intermediate anhydride (9.26).
The crude material was dissolved in a mixture of THF and water (2:1, 8 mL) and stirred at
room temperature for 16 hours. After removal of the solvents under reduced pressure and
azeotropic drying with toluene (3 x 10 mL), the title compound 9.21*** (395 mg, 1.30 mmol,
59 % yield) was obtained as a viscous yellow oil. *H NMR (400 MHz, CDCl5): § 1.05 (s, 3H),
1.08 (s, 3H), 2.08 (s, 3H), 2.15 (s, 3H), 2.61 (t, J = 5.8 Hz, 2H), 3.48-3.54 (m, 1H), 3.56-3.63
(m, 1H), 3.85 (d, / = 11.0 Hz, 1H), 4.05 (d, J = 11.0 Hz, 1H), 4.98 (s, 1H), 6.11 (br.s, 1H), 6.70
(t, J = 6.1 Hz, 1H). *C NMR (100 MHz, CDCl3): & 20.7, 20.8 (2C), 21.3, 33.4, 34.5, 37.2, 69.3,
76.9,168.2,169.9,171.1, 176.1.

244

3-Azidopropane-1-sulfonyl chloride (9.22)

Ny g
o o
To a suspension of 3-azidopropane-1-sulfonic acid sodium salt 9.24 (700 mg, 3.72 mmol) in
toluene (10.5 mL) was added PCls (1.55 g, 7.44 mmol). This mixture was heated to reflux for
2 hours. After this time, the mixture cooled to room temperature and the volatiles were
removed under reduced pressure. The residue was dissolved in DCM, washed with water
and brine and dried over a hydrophobic frit. The crude material was adsorbed onto
diatomaceous earth and purified by flash chromatography, eluting under a gradient of
EtOAc (0-10%) in cyclohexane to afford the title compound 9.22*** (547 mg, 2.98 mmol, 80
% yield) as a transparent oil. '"H NMR (400 MHz, CDCl,): & 2.28-2.35 (m, 2H), 3.61 (t, J = 6.1
Hz, 2H), 3.78-3.82 (m, 2H). *C NMR (100 MHz, CDCl): & 24.3, 48.6, 62.4.
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3-Azidopropane-1-sulfonic acid sodium salt (9.24)**

ONa
Ny >R
o O

To a stirred solution of sodium azide (1.00 g, 15.4 mmol) in water (7.2 mL) was added a
solution of 1,2-oxathiolane 2,2-dioxide (1.35 mL, 15.4 mmol) in acetone (7.2 mL). This
mixture was stirred at room temperature for 18 hours after which the solution was
concentrated to dryness in vacuo. The resulting solid was filtered, washed with ether (20
mL), acetone (20 mL), then dried azeotropically with toluene (4 x 20 mL) to afford the title
compound 9.24*** (1.93 g, 10.2 mmol, 67 % yield) as a white solid. '"H NMR (400 MHz,
DMSO-ds): & 1.84 (quin, J = 7.1 Hz, 2H), 2.48-2.52 (m, 2H), 3.42 (t, J = 7.1 Hz, 2H). °C NMR
(100 MHz, DMSO-dg): 6 25.9, 48.2, 49.9.

(2R,3S,4R,5R,6R)-2-(Acetoxymethyl)-5-(3-azidopropylsulfonamido)-6
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate (9.27)
Ac

AcO
AcO 0

HN  5-p-oBn
N3\/\/§O:0 OBn

To a solution of (2R,3S,4R,5R,6R)-2-(acetoxymethyl)-5-amino-6-
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate 9.18 (285 mg, 0.504
mmol) and NEt; (0.281 mL, 2.02 mmol) in DCM (3.2 mL) was added 3-azidopropane-1-
sulfonyl chloride 9.22 (139 mg, 0.756 mmol) in DCM (1.6 mL) at 0 °C. This solution was
stirred at room temperature for lhour, after which it was adsorbed onto diatomaceous
earth and purified by flash chromatography, eluting under a gradient of EtOAc (20-50%) in
cyclohexane to afford the title compound 9.27 (296 mg, 0.416 mmol, 82 % vyield) as a
viscous transparent oil. [ap]22°C [c 0.2, MeOH]: +78. 'H NMR (400 MHz, CDCl3): & 1.96-
2.01 (m, 2H), 2.03 (s, 3H), 2.05 (s, 3H), 2.10 (s, 3H), 2.98-3.03 (m, 2H), 3.43 (t, J = 6.6 Hz, 2H),
3.77 (tt, J = 3.2, 9.8 Hz, 1H), 3.91 (dd, J = 2.2, 12.3 Hz, 1H), 4.02-4.06 (m, 1H), 4.17 (dd, J =
4.1, 12.3 Hz, 1H), 4.94 (d, J = 9.8 Hz, 1H), 5.08-5.19 (m, 6H), 5.75 (dd, J = 3.2, 5.7 Hz, 1H),
7.36-7.43 (m, 10H). *C NMR (100 MHz, CDCl;): § 20.5, 20.6, 20.7, 23.5, 49.5, 51.7, 55.7 (d, J
= 8 Hz), 61.1, 67.6, 69.5, 69.7, 70.1-70.2, (m, 2C), 97.0 (d, J = 7 Hz), 128.1 (2C), 128.1 (2C),
128.8 (2C), 128.9 (2C), 128.9, 129.0, 135.2-135.3 (m, 2C), 169.2, 170.5, 170.7. **P NMR (162
MHz, CDCl3): & -2.4. v (neat): 2967, 2099, 1745, 1456, 1366, 1218, 1121, 1037, 997, 952,
739, 697 cm™. HR-MS (ESI): CooH3gN4015PS [M+H] requires 713.1888, found 713.1919.
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13. Appendix

Al. The GImU Acetyltransferase Assay

OH OH
OA-SH
H,N O—||l°|—07 AcCoA HN O_}g_o,
|
o~ o)\ o~
GIcN-1-P GIcNAc-1-P

CoA-SH - l - . | |
N S. s X COAS\S NS HS N

4-mercaptopyridine,

4,4'-dithiodipyridine absorbs strongly
at 324 nm

Scheme A.1. The GSK GImU acetyltransferase enzyme assay developed by Peter Craggs. GImU converts GIcN-1-P
and AcCoA into GIcNAc-1-P and CoA-SH. CoA-SH then reacts with 4,4’-dithiodipyridine to give
4-mercaptopyridine, which absorbs strongly at 324 nm. Inhibition of GImU acetyltransferase activity reduces the

formation of 4-mercaptopyridine and thus reduces the absorption signal at 324 nm.
A2. Representative NMR Spectra

Appendix A2 contains the NMR spectra for the following compounds:

5.3a, 5.8¢c, 5.21, 6.26, 7.1c, 7.2f, a-7.49, 9.1d, 9.19c.
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C NMR (125 MHz, DMSO-dg): § 27.8, 28.0, 31.4, 32.6, 37.5 (2C), 41.2, 42.0, 43.3 (2C), 44.3 (2C), 44.8, 66.0 (2C), 73.1, 125.8, 128.1 (2C), 129.0 (2C),
140.0, 162.2, 164.0, 164.6, 172.1.
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'H NMR (400 MHz, DMSO-ds): 6 0.88 (d, J = 6.6 Hz, 6H, H-13, H-12), 1.83-1.97 (m, 1H, H-11), 2.44 (d, J = 7.1 Hz, 2H, H-10), 3.50-3.53 (m, 4H, H-3, H-4),
3.57-3.60 (m, 4H, H-1, H-2), 4.45-4.47 (m, 2H, H-8), 4.76 (s, 1H, H-6), 6.16 (s, 1H, H-9), 7.17 (br.s, 1H, H-7), 10.27 (br.s, 1H, H-5).
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BC NMR (125 MHz, DMSO-dg): 6 22.1 (2C), 27.3, 34.2, 36.5, 44.3 (2C), 65.7 (2C), 76.5, 101.6, 156.0, 162.5, 163.3, 165.4, 170.6.
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'H NMR (400 MHz, DMSO-ds): & 3.37-3.39 (m, 4H, H-3, H-4), 3.63-3.65 (m, 4H, H-1, H-2), 5.50 (s, 1H, H-5), 6.68 (br.s, 2H, H-6).
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'H NMR (400 MHz, DMSO-ds): 6 1.26 (d, J = 6.8 Hz, 3H, H-8), 2.75 (s, 3H, H-6), 4.13-4.15 (m, 2H, H-1, H-2), 4.18-4.20 (m, 2H, H-1, H-2), 4.42 (9, / = 6.8

Hz, 1H, H-7), 6.37-6.40 (m, 2H, H-3, H-5), 6.70-6.72 (m, 1H, H-4), 7.46-7.50 (m, 2H, H-12, H-13), 7.60-7.64 (m, 2H, H-10, H-11), 10.01 (s, 1H, H-9).
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3C NMR (100 MHz, DMSO-dg): 6 12.9, 33.8, 58.6, 63.8, 64.3, 103.2, 107.6, 114.8, 116.9, 121.5 (2C), 131.4 (2C), 135.6, 138.3, 143.5, 144.4, 171.8.
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'H NMR (600 MHz, D,0): 1.30 (s, 3H, H-6), 3.64 (dd, J = 5.6, 12.5 Hz, 1H, H-5’), 3.80 (dd, J = 3.0, 12.5 Hz, 1H, H-5”), 3.91 (d, J = 8.3 Hz, 1H, H-3), 3.97
(ddd, J = 3.0, 5.6, 8.3 Hz, 1H, H-4), 4.55-4.57 (m, 2H, H-7), 5.29 (d, J = 6.1 Hz, 1H, H-1), 6.41 (dt, J = 6.0, 15.9 Hz, 1H, H-8), 6.73 (d, J = 15.9 Hz, 1H, H-9),
7.31-7.33 (m, 1H, H-14), 7.38-7.41 (m, 2H, H-12, H-13), 7.50-7.52 (m, 2H, H-10, H-11). Exchangeable protons not observed.
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3C NMR (100 MHz, MeOD-d,): § 19.7, 63.6, 67.3 (d, J = 6 Hz), 74.9, 80.1 (d, J = 10 Hz) 85.3, 105.4 (d, J = 7 Hz), 127.1 (d, J = 8 Hz), 127.5 (2C), 128.6,
129.6 (2C), 132.7, 138.2.
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*'p NMR (162 MHz, MeOD-d,): § -1.1.
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'H NMR (600 MHz, MeOD-d,): & 1.63 (s, 3H, H-16), 1.70 (s, 9H, H-11, H-13, H-15), 1.76 (s, 3H, H-9), 1.82-1.94 (m, 2H, H-6), 2.04-2.16 (m, 12H, 6xCH,),
3.61(dd, J = 5.6, 12.2 Hz, 1H, H-5"), 3.72-3.74 (m, 1H, H-4), 3.79 (dd, J = 2.9, 12.2 Hz, 1H, H-5"), 3.93-3.98 (m, 1H, H-3), 4.17-4.25 (m, 1H, H-1), 4.43 (t, J
=6.9 Hz, 2H, H-7), 5.13-5.16 (m, 3H, H-10, H-12, H-14), 5.42 (t, J = 6.9 Hz, 1H, H-8). Exchangeable protons not observed.
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3C NMR (125 MHz, MeOD-d,): & 17.9, 23.8, 23.9, 23.9, 26.1, 27.7, 27.7, 27.9, 27.9 (dd, J = 4, 137 Hz), 33.0, 33.4, 33.5, 62.1 (d, J = 6 Hz), 62.5, 73.3 (dd,

J =18, 31 Hz), 78.1 (ddd, J = 5, 26, 31 Hz), 84.5 (d, J = 5 Hz), 123.9 (d, J = 7 Hz), 125.5, 125.9, 126.2 (td, J = 13, 256 Hz), 126.3, 132.5, 136.5, 136.7,
140.7.
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19F NMR (376 MHz, MeOD-d,): § -121.1 (d, J = 235 Hz, 1F), -118.4 (d, J = 235 Hz, 1F).
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*P NMR (162 MHz, MeOD-d,): 6 20.1.
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'H NMR (400 MHz, CDCl3): & 1.30-1.35 (m, 6H, H-9, H-10), 2.24-2.29 (m, 2H, H-6), 4.13-4.18 (m, 4H, H-7, H-8), 4.57 (q, J = 4.6 Hz, 1H, H-4), 4.61 (dd, J =
4.6,11.9 Hz, 1H, H-5"), 4.64 (dd, J = 4.2, 11.9 Hz, 1H, H-5”), 4.68-4.74 (m, 1H, H-1), 5.67 (dt, J = 6.0, 11.6 Hz, 1H, H-3), 7.41-7.44 (m, 2H, Ar-H), 7.47-
7.50 (m, 2H, Ar-H), 7.55-7.58 (m, 1H, Ar-H), 7.62-7.65 (m, 1H, Ar-H), 8.05-8.07 (m, 2H, Ar-H), 8.08-8.09 (m, 2H, Ar-H).
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'H NMR (400 MHz, MeOD-d,): 6 0.98 (t, /= 7.7 Hz, 3H, H-10), 1.29 (t,J=7.3 Hz, N(CHzcﬂg)g, 13H), 1.63-1.72 (m, 2H, H-9), 2.27 (t, J = 7.8 Hz, 2H, H-8),
3.10 (q, J = 7.3 Hz, N(CH,CHs);, 8H), 3.38 (dd, J = 9.3, 9.3 Hz, 1H, H-4), 3.67-3.73 (m, 2H, H-3, H-6), 3.83-3.93 (m, 2H, H-5, H-6"), 3.98 (dt, J = 3.2, 10.6
Hz, 1H, H-2), 5.46 (dd, J = 3.2, 7.0 Hz, 1H, H-1). Exchangeable protons not observed.
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C NMR (100 MHz, MeOD-d,): 6 9.5 (N(CH,CHs)s), 14.1, 20.3, 39.1, 47.5 (N(CH,CHs)s), 55.4 (d, J = 8 Hz), 62.9, 72.3, 73.4, 74.6, 95.4 (d, J = 6 Hz), 176.8.
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3P NMR (162 MHz, MeOD-d,): 6 -0.4.
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Chemical Shift (ppm)

'H NMR (400 MHz, CDCl3): & 1.04 (s, 3H, H-16), 1.07 (s, 3H, H-17), 1.87-1.93 (m, 2H, H-9), 2.01 (s, 3H, Ac CHs), 2.05 (s, 3H, Ac CHs), 2.07 (s, 3H, Ac CH),
2.11 (s, 3H, Ac CHs), 2.16 (s, 3H, Ac CHs), 2.39 (t, J = 5.6 Hz, 2H, H-12), 3.00 (t, J = 7.7 Hz, 2H, H-8), 3.19-3.26 (m, 1H, H-10’), 3.35-3.43 (m, 1H, H-10"),
3.47-3.58 (m, 2H, H-13), 3.81-3.91 (m, 3H, H-2, H-6’, H-18’), 3.96-4.00 (m, 1H, H-5), 4.03 (d, J = 11.0 Hz, 1H, H-18"), 4.15 (dd, J = 4.0, 12.6 Hz, 1H,
H-6"), 4.81 (d, J = 9.3 Hz, 1H, H-7), 4.90 (s, 1H, H-15), 5.08-5.18 (m, 6H, H-3, H-4, H-18, H-19), 5.74 (dd, J = 3.4, 6.4 Hz, 1H, H-1), 6.76 (t, J = 5.6 Hz, 1H,
H-11), 6.98 (t, J = 5.8 Hz, 1H, H-14), 7.38-7.46 (m, 10H, Ar-H).
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3C NMR (100 MHz, CDCl,): § 20.5, 20.6, 20.7, 20.8, 20.8, 20.8, 21.4, 23.8, 34.9, 35.3, 37.1, 37.2, 52.0, 55.4 (d, J = 8 Hz), 61.1, 67.5, 69.3, 69.7 (2C), 70.1
(d, J = 5 Hz), 70.5 (d, J = 6 Hz), 77.2, 96.7 (d, J = 6 Hz), 128.0 (2C), 128.0 (2C), 128.8 (2C), 129.0 (2C), 129.0, 129.3, 135.1, 135.1, 168.1, 169.1, 170.2,

170.4,171.0,171.0,172.1.
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3P NMR (162 MHz, CDCl,): § -2.3.
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