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ABSTRACT

Tuberculosis is a worldwide health concern causing 10 million new cases and 1.4 million
deaths annually. Multi-drug resistance is a further issue limiting effective treatment, with

the proportion of cases in this category rising each year.

InhA is a key enzyme in the Mycobacterium tuberculosis (Mtb) and Mycobacterium bovis
(Mb) fatty acid synthase II pathway responsible for production of long chain mycolic acids.
These acids comprise a high proportion of the Mtb/Mb cell walls. The only first-line,
clinically used drug targeting InhA is the prodrug Isoniazid which is losing effectiveness in
the wake of growing drug resistance. This resistance is developing at its site of metabolism
to the active NAD* conjugate, the catalase-peroxidase KatG. By developing direct
inhibitors of InhA, resistance due to mutations in KatG can be bypassed, regaining access

to a clinically validated anti-TB target.

The Nottingham Managed chemical Compound Collection (NMCCC) was selected as a
source of chemical diversity. It contains over 82,000 molecules pre-screened for drug-like
properties and a further 3,000 molecules submitted from research projects carried out at
the university. The NMCCC was subjected to virtual screening against InhA using the
GOLDSuite software package and four compounds were selected for synthesis from among
the highest scoring candidates. These four compounds were screened against InhA in

single-point isolated enzyme assays, showing minimal activity.

A further 144 high scoring compounds were purchased from the NMCCC and screened
against InhA in isolated enzyme assays. Three of these were identified as hits with over
50% inhibition of InhA at 50 uM and taken forward for synthesis. Following synthesis,
precipitation of these compounds was observed prior to repeat in vitro analysis, requiring
extended effort to solvate. Reduced activity against InhA was observed when these
compounds were retested, indicating the need for orthogonal screening to confirm any hits

moving forward.



There remain 11 NMCCC hits with greater than 30% inhibition of InhA at 50 uM and cLogP

below 3 to be investigated and four of these show a common binding mode.
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enzyme assays as described in this thesis to evaluate inhibitors synthesised by Tom
Armstrong. The trans-2-Octenoyl-CoA enzyme substrate mimic was also provided by Tom
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1.0: Introduction

1.1 Tuberculosis
Tuberculosis (TB) causative agents have been infecting humans since we spread from

Africa up to 40,000 thousand years ago.!? The disease is currently responsible for 1.4
million deaths and an estimated 10 million new cases arise annually.® It is further
estimated that there is a pool of two billion individuals infected with a latent form of the
disease, 5-10% of which will progress to the active, transmissible form over their lifetime.3
The impact of Coronavirus on TB infections

TB has historically been the highest cause of death by a communicable disease worldwide
in the 20" and 21st centuries but this has been complicated in 2020 by the rise of
coronavirus.? Social distancing measures are expected to have helped somewhat in the
spread of both diseases but have had other knock on effects. A drop off has been observed
in the effective monitoring, diagnosis and treatment of TB cases, and extra pressure placed
on outlets for preventative care. This is expected to have resulted in an increase of
200,000 - 400,000 excess TB deaths in 2020, for a total of 1.6 - 1.8 million deaths
compared to the 1.7 million estimated for coronavirus.3# This would be a reversion to 2015
or 2012 TB death rates respectively.® In the absence of both economic and health
mitigation measures, the outfall from coronavirus is expected to cause an additional 6.3
million TB cases between 2020 and 2025.3

Affected areas

Developing countries are especially at risk due to poor therapeutic coverage, poor
incidence reporting and the prevalence of HIV which can coinfect and increase mortality
with TB.3 Eight countries; India (26%), Indonesia (8.5%), China (8.4%), the Philippines
(6.0%), Pakistan (5.7%), Nigeria (4.4%), Bangladesh (3.6%) and South Africa (3.6%)
contain two thirds of global active TB cases, encouraging the development of new and

lower cost therapeutics (Figure 1).3
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Figure 1: Countries with over 100,000 cases of TB in 2019. The Eight labelled countries comprise
two thirds of all global TB cases, image reprinted with permission from the WHO global TB report
2020.3

The Mycobacterium tuberculosis complex
The Mycobacterium tuberculosis complex (MTC) is a pool of 10 related bacteria that cause

TB in humans and animals.>® Two well-known members of the complex are Mycobacterium
tuberculosis (Mtb) and Mycobacterium bovis (Mb), the most common causative agents of
TB in humans and cattle respectively. Mb can cause zoonosis by crossing species barriers
which is a concern in developing countries where milk is often unpasteurised.” In 2019,
the World Health Organisation (WHQO) recorded an estimated 140,000 cases of Mb zoonotic
TB, resulting in 11,400 deaths.3

Mycobacterium bovis

Mb presents challenges beyond human transmission. Annual testing of the 74,457 cattle
herds in Great Britain in 2018 resulted in evidence of bovine TB among 4,378 (6%).8 The
southwest of England in particular is a high risk area, presenting 2,761 of these incidents

(Figure 2). The north and east of England and central and northern wales are less



affected, with fewer than 300 cases per region. Scotland has benefitted from being

“officially TB free” since 2009, with 36 incidents observed across the country in 2018.8

England Risk Areas
High Risk Area
Low Risk Area
Edge Area - Annual testing
V/A Edge Area - 6 monthly testing
Wales Incidence Areas
High TB East
High TB West
VA High TB West - 6 monthly testing
Intermediate TB Mid
Intermediate TB North
Low TB

Scotland
] Scotland

>

Figure 2: Risk levels of bovine TB in Great British herds by area in 2018, image reused with
permission from Duncan et al..8

Evidence of Mb in a herd results in large scale culling, costing the UK £150M and 30,000
cattle annually, adversely affecting biosafety and food security.® Antimicrobial drugs are
not currently used to treat bovine TB but work has been ongoing since 1998 to provide an
alternative vaccine to the Bacillus Calmette-Guérin (BCG) by 2025. The BCG vaccine

causes false positive results during commonly used bovine skin tests and an alternative



would be valuable as part of the government’s agenda to reach officially tuberculosis free
status for England by 2038.°

Pathogenesis

TB infection begins through collision of infected airborne water droplets with the mucous
membrane. The pathogen localises in the lungs and is absorbed by alveolar phagocytes
such as macrophages.'® Mtb is capable of preventing the maturation of these cells, freely
replicating throughout the phagocyte due to the protection offered by a lipophilic outer cell
wall.’% Once the bacterial load reaches high density, the bacteria is released. In response
to foreign objects, uninfected macrophages coalesce and form multinucleated giant cells
(MNGCs) through fusion of their outer membranes (Figure 3).!° Other immune cells
aggregate around the MNGC, forming lesions called granulomas. Granulomas are formed
primarily to ‘stalemate’ pathogen growth and increase exposure of infected mature
phagocytes to T-lymphocytes.10 If a stable granuloma forms and stalemate is achieved,
as in 90% of cases, the infection is classified as “latent” TB. If a stalemate is not
established, the granuloma provides a high density of uninfected phagocytic cells to which
the pathogen may spread.!? Bacteria released by infected cells can spread throughout the

body and eventually to other patients.
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Figure 3: Mycobacterium tuberculosis granuloma composition, image reused with permission from
Philips and Ernst.1°

Diagnosis and testing
Testing for TB is generally achieved through two avenues: direct detection or through

manipulation of the immune response. Direct detection can be carried out using

microscopy, phenotypic screening, mycolic acid analysis or genotypic analysis.

When using microscopy, acid-fast stains are required despite the similarities between the
inner cell wall of Mtb and other Gram-positve bacteria (the mycobacterial cell wall is
discussed in further detail below). This is due to repulsion of Gram-positive stains by the
Mtb outer mycolic acid layer. Instead, acid-fast stains are used which can enter the cell
wall with heating and are retained despite the presence of an acid/alcohol wash.!!

Phenotypic screens are wide and varied, observing the growth of Mycobacteria in the



presence of established inhibitors and this data can be compared to reference strains to
diagnose infection.!! Both microscopy and phenotypic screening suffer from turnaround
times of three to six weeks due to the extended generation time of Mtb.!! Mycolic acid
analysis is usually focused on in research settings as opposed to active population testing
and utilises HPLC methods to identify species diversity within Mycobacteria according to
their outer lipids.'? Genotypic analysis methods are often a fast and accurate (over 95%)
means of obtaining results. Although DNA sequencing usually requires costly equipment
and technical expertise to carry out, widespread implementation of the technique has been

seen following the advent of gPCR testing for COVID-19.1%:13

The immune response is tested by observing cell-mediated reaction to mycobacterial
antigens. The two most common methods are the tuberculin skin test (TST) and
interferon-y (IFN-y) release assays (IGRAs). The TST was first developed over 100 years
ago as the Mantoux test and involves injecting a purified protein derivative (PPD)
intradermally.'* A positive test is can be read after 48-72 hours by inflammation of the
injected area.!! TSTs have been accepted by the WHO as a standard diagnostic for latent
TB infections with a sensitivity of 70-85%.'% Although valuable tools in tracking TB
infection, TSTs have been known to cause false positives in individuals previously
inoculated with the BCG vaccine.'* IGRAs operate by measuring release of IFN-y following
treatment of blood samples with Mtb antigenic material.'* They offer two advantages over
TSTs, they use more specific Mtb antigens and testing can be carried out in vitro after one
patient visit.!* IGRAs are, however, more expensive to run due to the requirement for
phlebotomy and laboratory access. Sensitivity is variable and ranges from equal to TST

(77%) to 98% depending on the commercial test used.'4

Vaccination
The BCG vaccine is an attenuated vaccine originally developed over 100 years ago from

Mb and has been available in 14 different strains since its inception.!> It is currently the

only licensed vaccine for tuberculosis, with no other candidates surpassing it for protection
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or sustainability.!® It has been found to provide 10-20 years of protection in infants but is
generally ineffective at preventing the development of pulmonary TB in adults or
adolescents.'® As both TSTs and the BCG vaccine are advocated for use by the WHO, TST
screening prior to vaccination is vital to ensure accurate reporting of vaccine effectiveness
and coverage due to the chance of BCG inoculation causing false-positive TSTs later in

life.l”

There is a well populated pipeline to produce new TB vaccines, and candidates use one of
four methods (Table 1). The viral vector vaccines Ad5 Ag85A, ChAdOx1 85A-MVAS85A and
TB/FLU-04L are all intended to express the MTB Ag58 antigen and TB/FLU-04L has been

found to be effective in adults.®

Protein adjuvant vaccines AEC/BC02, H56: IC31, ID93 + GLA-SE and M72/AS01E (GSK
692342) contain multiple immune system-activating MTC peptides along with adjuvants
intended to boost the effectiveness of the vaccine, especially in the immune
compromised.'® ID93 + GLA-SE and M72/AS01E (GSK 692342) are currently being trialled

in TB-HIV co-infected adults and otherwise healthy HIV-infected adults respectively.!®

The lysate extract vaccines RUTI® and Vaccae™ are both advanced phase III candidates
intended to be used in combinatorial treatments with chemotherapy and show some
promise.'® Whole cell vaccines DAR-901 booster and MIP/Immuvac are heat-killed
Mycobacteria.'® MIP/Immuvac has already been used to successfully prevent the

development of leprosy caused by the MTC related bacteria: Mycobacterium leprae.'®

Finally, MTBVAC is currently the only live candidate based directly on attenuated Mtb in
clinical trials.'? It is intended as a BCG replacement and has been altered by the deletion

of two virulence factors.!?



Table 1: Summary of the current TB vaccine pipeline reconstructed from Li et al.1®
Type Candidate Phase Sponsor
McMaster University; Canadian Institutes of

Viral vector Ad5 Ag85A I Health Research; CanSino
ChAdOx1 85A- . .
MVASSA I Oxford University
Research Institute for Biological Safety
Problems;
TB/FLU-04L lIa Ministry of Health, Kazakhstan; Research
Institute of Influenza, Russia
Aol AEC/BCO2 I AnHui Zhifei Longcom
adjuvant
H56: IC31 I1b Statens Serum Institut; Valneva; Aeras
Infectious Disease Research Institute;
Aeras;
ID93S+EGLA_ IIa Wellcome Trust; International AIDS
Vaccine
Initiative
M72/AS01E . o
(GSK 692342) IIb GlaxoSmithKline; Aeras
Whole cell/ RUTI® 11 Archivel Farma S.L.
extract
DAR-901 Dartmouth University; Global Health
booster IIb Innovative
Technology Fund; Aeras
e (et e I Indian Council of MedlcaI_Research; Cadila
Pharmaceuticals
Vaccae™ 111 AnHui Zhifei Longcom
University of Zaragoza; Biofabri;
Attenuated MTBVAC Ila Tuberculosis

Vaccine Initiative

Chemotherapy and anti-microbial resistance
First line treatment of TB has remained relatively unchanged since the 1970s with all four

members discovered by 1963 (Figure 4).2°

Figure 4: The current first line treatments for TB; isoniazid (1), ethambutol (2), pyrazinamide (3)
and rifampicin (4).

First line treatments of drug susceptible TB (DS-TB) use combinations of isoniazid (INH,
1), ethambutol (2), pyrazinamide (3) and rifampicin (4) to target a wide range of

Mycobacterial processes.?%?! INH is a prodrug activated by catalase peroxidase (KatG) and
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inhibits one of the mycolic acid biosynthesis enzymes used in construction of the cell wall,
InhA.%2 Ethambutol also targets cell wall biosynthesis but by inhibiting production of the
arabinogalactan layer via arabinosyl transferase.?? Pyrazinamide, also a prodrug, is
hydrolysed in the cytoplasm to pyrazinoic acid by the nicotinamidase PZase.?® Pyrazinoic
acid has been found to be a bifunctional anti-TB therapeutic, acidifying the bacterial
cytoplasm whilst inhibiting trans-translation via the 30S ribosomal subunit.?#2> Rifampicin
is a semi-synthetic antibiotic that readily diffuses through membranes and blocks

transcription of messenger RNA in active and latent bacteria.?6:2”

All four drugs are initially taken together daily for 8-12 weeks, after which only INH and
rifampicin are taken for a further 18-31 weeks, depending on the treatment regimen.32!
INH and rifampicin are also used in preventative therapy for high risk individuals over

periods of 3-6 months.3

While current first line antibiotics have been sufficient treatment in previous decades, they
are becoming less effective due to the emergence of anti-microbial resistance (AMR), first
recorded in the 70s.?! AMR is classified in 3 ways by the WHO: Multi-drug resistant TB
(MDR-TB), rifampicin resistant TB (RR-TB) and extensively drug resistant TB (XDR-TB).
MDR-TB strains generally tolerate first line treatments and are described by resistance to
at least isoniazid and rifampicin.?® Survival rates can be as low as 50% in patients
exhibiting MDR-TB and 206,000 cases were diagnosed in 2019, an increase of 10% from
2018.32t RR-TB has become an important marker in MDR diagnosis as it is almost always
accompanied by resistance to other drugs, especially INH.27:2° XDR-TB combines the traits
of MDR-TB with resistance to at least one fluoroquinolone (5, 6), inhibitors of DNA
separation and cell replication, and one of the injectable drugs (7, 8), aminoglycoside
inhibitors of protein synthesis through blockage of the 30s ribosomal subunit (Figure 5).2”

12,350 cases of XDR-TB were diagnosed in 2019.3
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Figure 5: Further drugs involved in the classification of MDR TB. Top: fluoroquinolones levofloxacin
(5) and moxifloxacin (6). Bottom: injectable drugs amikacin (7) and streptomycin (8).

The production of a treatment plan for MDR/XDR-TB patients from second line therapeutics
has been laid out by the WHO in Table 2. These drugs generally exhibit greater toxicity,

harsher side effects, higher cost or reduced efficacy during their 6 - 12 month regimes.

Table 2: Current second line treatment of drug resistant TB as outlined by the WHO.?°

Groups and usage Drug/Class
Group A: quoroqum.o.Iones
bedaquiline
Include all three . .
linezolid
Group B: clofazimine
Add one or both cycloserine
delamanid
Group C: B-lactams
Added to replace members of group A or B to ensure four active injectable drugs
drugs are provided. ethionamide

p-aminosalicylic acid

MDR-TB treatment plans start with combinatorial therapy of three group A drugs:
bedaquiline (9, Figure 6), linezolid (10, Figure 6), and a fluoroquinolone and either of
the group B drugs: clofazimine (11, Figure 6) or cycloserine (13, Figure 7). If resistance
to any of these drugs is observed, it is replaced first by the other member of group B and
then by any of the members of group C until a therapy containing at least 4 active drugs
is achieved. This grouping system is generally constructed so that the more toxic, non-

specific, or low efficacy drugs are prescribed as a last resort.
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Only four novel drugs have been developed since the 70s: bedaquiline, linezolid,
clofazimine and delamanid (12) and only linezolid has fully completed phase III trials
(Figure 6).3 Bedaquiline is an ATP-synthase inhibitor planned to form the basis of future
MDR-TB treatments alongside linezolid within group A.327:2° Linezolid is a broad spectrum
oxazolidinone which inhibits protein synthesis through interaction with the 23S ribosomal
subunit. Although a keystone treatment of future MDR-TB plans, there is evidence of
linezolid increasing risk of nerve damage, decreasing bone marrow activity and decreasing
platelet count.3% Clofazimine’s mechanism of action is not yet fully understood but it is
expected to disrupt the respiratory chain at the membrane bound protein NADH
dehydrogenase II.3! Originally an anti-leprosy drug, clofazimine has been repurposed to
treat MDR-TB. Although the exact target is not yet known, delamanid is a prodrug,
activated by deazaflavin (F420)-dependent nitroreductase (DDN) to inhibit production of
mycolic acids required as part of the cell wall.3233 There is evidence of delamanid
prolonging the QTc interval, indicating slow repolarisation of cardiac tissue between
heartbeats. As this can lead to life-threatening heart arrhythmia, use of delamanid is

controlled as part of group C.33

11
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Figure 6: MDR-TB therapies may now also include modern drugs such as bedaquiline (9), linezolid
(10), clofazimine (11) and delamanid (12). The DDN-mediated transformation of delamanid to its
active metabolite is shown below. DDN: deazaflavin (F420)-dependent nitroreductase.

The remaining therapeutics: cycloserine (13), B-lactam iminipenem (14), ethionamide
(15) and p-aminosalicylic acid (16) are pictured in Figure 7. Cycloserine is a covalent
inhibitor of alanine racemase (Alr), a key enzyme in peptidoglycan (PG) synthesis.343>
Psychosis due to partial agonism of the drug with the mammalian neuronal N-methyl-D-
aspartate receptor relegates its use from frontline treatments.36:37 B-lactams are broad
spectrum antibiotics rarely used in the treatment of Mtb due to the expression of B-
lactamases but some examples such as imipenem can prove effective in XDR-TB
treatment.3® By inhibiting bacterial transpeptidases, B-lactams can inhibit production of
PG. Although these B-lactams can be used in treatment they still have short half-lives and
imipenem must be co-dosed with a dyhydropeptidase inhibitor to reduce breakdown in
humans.20:26.2% Ethionamide is also a prodrug inhibiting InhA through a complex with NAD*
but is activated instead by the monooxygenase EThA and is occasionally used to replace
INH when KatG mutation is observed.3® Ethionamide treatments are frequently

accompanied by gastrointestinal intolerance.3® p-Aminosalicylic acid combats Mtb by

12



inhibiting the folate pathway responsible for Mycobacterial nucleic acid synthesis and has

been used as a secondary treatment for TB for decades.*?

N NH, /@\)J\oH
N~ HaN OH

13 14 15 16

Figure 7: Other second line anti-TB treatments cycloserine (13), iminipenem (14), ethionamide
(15) and p-aminosalicylic acid (16).

Anti-TB chemotherapy requires multiple medications over long periods of time with often
unpleasant side effects. This means that patient compliance can be difficult to ensure when
symptoms begin to ease. Poor patient compliance is thought to have contributed
significantly to the prevalence of AMR in TB.4' To combat this, the WHO instituted the
directly observed treatment, short course (DOTS) program in 1994. The program aimed
to standardise treatment regimens and ensure that patients undergo full courses of
treatment witnessed by medical personnel. The program was replaced in 1999 by DOTS-
Plus, which added treatment guidelines for MDR-TB and HIV/TB coinfection. Although the
standardisation and attempted shortening of treatment length has been generally
accepted as beneficial, the effectiveness of witnesses being present for administration has

been called into question.?242

As resistance to frontline therapeutics accumulates over time, patent protection for new
drugs can run out before they see widespread use. This limited window for recouping
makes it an unappealing target for drug companies. This lack of industrial support coupled
with the difficulty of bypassing the mycobacterial cell wall and a view of TB as a “third
world disease” has led to decreased interest in drug production. Currently there are only
seven drugs of a new chemical class in the pipeline and those are in early Phase I and II
clinical trials.> New therapeutics are urgently required to either expand the diversity of

druggable targets in TB or replace drugs made ineffectual through resistance.
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1.2 Mtb Cell Wall

The structure of the Mtb cell wall presents a significant physical barrier to treatment,
increasing the difficulty of accessing potentially sensitive targets within the pathogen
(Figure 8). The cytoplasmic membrane (CM) is protected by a peptidoglycan (PG) layer,
a similarity with Gram-positive bacteria. PG is in turn connected through an
acetylglucosamine/rhamnopyranose linker to a series of 30 galactofuranose sugars at 10-
12% coverage.*? Every eighth, tenth and twelfth galactofuranose is in turn connected to
arabinofuranose sugars which are further grown and split to form a web.* This
arabinogalactan (AG) layer provides a dense hydrophilic layer to support the cell wall.4> A
protective mycolic acid (MA) bilayer is then attached to the ends of arabinofuranose chains
to form the outer cell wall. Hydrophobic molecules generally enter the cell by passive
diffusion through the mycolate bilayer whilst hydrophilic compounds gain access through

porins.

Mycolate comprises approximately 60% of the cell wall and 50% of Mtb cell dry weight
and provides resistance to dehydration and reactive oxygen molecules.*® This has,
however, translated into long doubling times of around 24h when compared to bacteria
such as Escherichia coli, which replicates over 20 times faster.4” Inhibition of mycolate
biosynthesis to treat TB has been clinically validated and the frontline drug INH has been

a vital component of anti-TB treatment.

Fatty acids are essential building blocks for membrane synthesis in all cells barring
Archea.*® They are produced either by the Fatty Acid Synthase I (FAS I, mammals and
most animals) or II (FAS II, plants and most bacteria) pathways. The two systems function
in broadly the same way in so far that individual enzymes of the FAS II pathway can
occasionally be superimposed upon domains of the FAS I superstructure. This has helped
in solving the structure of the FAS I counterpart to the FAS II ketoacyl-ACP synthase.*84°

Mtb is capable of utilising both FAS systems (Scheme 1).

14
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Figure 8: Simplified image of the Mtb cell wall (top) and chemical structure (bottom).6-850 MA:
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Scheme 1: Mtb mycolic acid biosynthesis via the FAS I and FAS II pathways adapted from Abrahams
and Besra.>! ACP: acyl carrier protein.

\ MmaA2/CmaA2: Modification

Short chain fatty acids produced by the FAS-1 enzyme complex can be used to form the
a-branch of the finished mycolic acid or go on to be extended through the FAS II cycle to

form longer meromycolate chains.>?

For meromycolate synthesis, the acyl-CoA FAS-I products are fused with an acyl-carrier-
protein (ACP) bound dicarbonyl, catalysed by B-ketoacyl-acyl carrier protein synthase III
(FabH).5>3 The ketone is then reduced with NADPH-dependant keto-acyl-ACP reductase
(MabA) prior to loss of water with B-hydroxyacyl-ACP dehydratase (HadAB/BC).>*55
Saturation of the alkene is carried out by trans-enoyl-acyl carrier protein reductase (InhA)
to complete the cycle.>® Further chain extension is facilitated, two carbons per cycle, with
the addition of more malonyl-ACP catalysed by the keto synthases KasA (elongating chains
to an average of Cs0) and KasB (elongating chains to an average of Css4).5” Completed
mycolic acids can then be modified through cyclopropanation by methyl transferases
MmaA2 and CmaA2.58 The short chain FAS I product is then activated by fatty acyl-AMP
ligase FabD32, the two chains condensed by polyketide synthase 13 (Pks13) and the

resultant ketone reduced to an alcohol by Rv2509 to afford the final mycolic acid.>®-6!
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1.3 InhA

Figure 9: Full tetrameric structure of InhA with NAD* (PDB: 4U0J, 1.62 A).62 Visualised in PyMOL®,63

Enoyl-acyl carrier protein reductases (ECPRs) are poorly conserved across those species

utilising FAS I or II pathways, making them ideal targets for selective inhibition.*°

InhA (Figure 9) is a 28.5 kDa tetrameric protein present in Mtb and Mb and is comprised

of four subunits, each measuring 269 amino acids in length.%? It catalyses the final step of

mycolic acid chain extension in the FAS II pathway through NADH (17) dependent

saturation of a double bond (Scheme 2).

NH,
N= O™
/\Nl-, ' O
HzN\X\(
|
N.~N HO OH
o) o)
NH, NH,
R-N R-N® /
NADH, 17 NAD*, 18
H o / HH O
AcpM 3 AcpM
Wj\s/ cp Wsz cp
H HH

Scheme 2: Reduction of InhA natural substrate with NADH facilitated by InhA%2
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There are multiple key areas in InhA interacting with substrate and cofactor (Figure 10).
Tyr158, Phel49 and Lys165 are important catalytic residues, correctly orienting cofactor
and substrate to facilitate reduction.®* Phe149 coordinates to the NAD* nicotinamide ring
and C2-3 olefin whilst Lys165 interacts with NADH ribose through interaction with a
secondary alcohol. Tyr158 acts to stabilize the enolate intermediate produced after the
initial protonation. NADH is bound within the Rossman fold structure of InhA, reminiscent
of other short chain dehydrogenase/reductases and is comprised of eight a-helices and
seven B-sheets.%> To facilitate the presence of long, hydrophobic carbon chains, a series
of hydrophobic residues from positions 196-219 form the substrate binding loop, acting to
stabilise the substrate’s long carbon chains.®® Two conformational changes occur upon
ligand binding. The catalytic residue Tyr158 undergoes a 90° rotation of its side chain and
the substrate binding loop undergoes a slight shift. Both changes serve to widen the

binding pocket and provide a deeper substrate cavity than other dehydrogenases for the

comparatively longer fatty acids it processes.%®

Substrate mimic

\/\

N
H
3.7
) “HO
\©\/Tyr158
732

S (6]

ey N/\/\/Lys165
H 25772

R

/=/ + NADH + H+ — /—/ + NAD?

Figure 10: InhA active site displayed in PDB entry: 1BVR (left, 2.80 A)® and in skeletal structure
(right). Catalytic residues Phel149, Tyrl158 and Lys165 are in blue, NAD* in green and substrate
mimic in beige. Distances are measured in Angstroms and images were prepared in PyMOL®.64.66,63
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Targeting InhA
One of the best-known InhA inhibitors and a potent front-line TB drug is INH. INH was

discovered in 1952 and used almost immediately in combination with streptomycin and
para-aminosalicylic acid to treat TB.67:%86% Combinational therapy was essential as
resistance to INH developed rapidly in the clinic.”?® Even with this initial regimen and
combination with rifampicin, pyrazinamide and ethambutol, resistance was observed

widely in 1985.22

The INH prodrug (MIC: 0.03 pg/mL) is initially activated by catalase-peroxidase KatG, an
enzyme responsible for protection of actively dividing bacteria from the reactive oxygen
species produced by phagocytic action (Scheme 3).7! The isonicotinic acyl radical

produced (19) is quenched by NAD* (18) to form the active metabolite (20).
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Scheme 3: Isoniazid prodrug activation and attachment to NAD*72

INH Resistant strains of Mtb can feature mutation in the genes of both KatG and InhA. The
largest contributor by far is KatG with one mutation in particular accounting for up to 94%
of resistance in clinical isolates: S315T.22 In the mutant, a new hydrogen bond is thought
to form between Thr315 and INH. This change carries with it a 20-fold reduction in

turnover of the prodrug with only a mild drop of catalase-peroxidase activity.”3

INH resistance arising from InhA mutation is low level, with the three most common being
S94A, 121V and I47T.’* Each one is situated in the NADH binding region and upsets
hydrogen bonding, reducing affinity for both NADH and INH-NADH. As each of these
mutants are of low prevalence and do not appear to affect the structure of the substrate

binding site, it is hoped that new, direct inhibitors of InhA will revitalise this clinically
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validated target of which there are none in the current TB drug pipeline for future

treatment of DS, MDR or XDR-TB.

Direct inhibitors of InhA
Nine different classes of compounds known to directly inhibit InhA will be briefly reviewed,
covering natural products, high throughput screening leads and the use of DNA encoded

libraries. (Figure 11).

The natural product, pyridomicin (21, PYR) was isolated and characterised from the
bacteria Streptomyces pyridomyceticus in 1953.7> PYR was reported in 2012 to bind InhA
from X-ray crystallography and presents a MIC of 0.57 uM.”% PYR rests in a pocket between
both the substrate and cofactor binding sites and has raised interest in exploring this new
binding mode through structure-activity relationship analysis (SAR).”® Attempts have been
made to raise PYR-resistant mutants of InhA in vitro. Only one resistant mutant was
observed at D148G and retains sensitivity to INH whilst PYR is effective against INH-

resistant S94A, raising the possibility of PYR/INH combination therapy.”®

Triclosan (22) is a broad-spectrum antibiotic long used in the production of antibacterial
soap and toothpaste and bears moderate activity against InhA (MIC: 43 pM). Fragment
based drug design has been used to increase its activity against InhA and has produced a
number of active compounds, of which triazole 23 had the highest activity (MIC: 5.2
uUM).77:78 Poor solubility and susceptibility towards phase II metabolism is a recurring

problem plaguing the series.

4-Hydroxy-2-pyridones (HyPs) are a relatively new series of compounds obtained from
whole cell, high throughput phenotypic screening.’® SAR analysis of the scaffold produced
NITD-916 (24) as a potent inhibitor of Mtb (MIC: 0.57 pM). HyPs are predicted to block
substrate access through interactions with InhA and NADH. H-bonding and m-stacking is

observed between inhibitor, NADH pyridine ring and Tyr158. The cyclohexyl moiety makes
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use of the hydrophobic substrate binding pocket to further stabilise the interaction.
Overall, HyPs show good potency but there is still work required to improve solubility and

reduce their distinctively high plasma protein binding.

Compound 25 is an advanced iteration of the methyl-thiazole series developed from a GSK
HTS lead. It was obtained through modification of functional groups to the left of the
secondary amine and has an MIC of 0.19 uM.8 They bind to both NADH and InhA through
Met98 and force Tyr158 to change orientation in a novel binding mode, pushing the active

site into disarray.8°

In one of the first successful attempts at HTS against InhA in 2003, two active classes
were found, the piperazine indoleformamides and the pyrazole derivatives.8! A total of
500,000 compounds were screened and, following SAR development, produced final
compounds 26 and 27. Compound 26 showed good activity with an ICso of 0.16 pM
compared to 2.4 uM for 27 but displayed an MIC in excess of 30 uM during whole cell
screening, implying poor access to the target. The pyrazoles appear to retain their activity
in whole cell testing with 27 giving a MIC of 2.5 uM.8! 26 binds to NAD* phosphate through
its indole amine whilst hydrogen bonding through its carbonyl to both an NAD* ribose
hydroxyl and Tyr158 hydroxyl. The fluorenyl moiety forms hydrophobic contacts to the

substrate pocket. The binding mode of 27 has not yet been resolved.

He et al. performed a limited HTS of 30,000 compounds, discovering the pyrrolidine
carboxamide series, resulting in the synthesis of 28.%% Extensive SAR showed that the
alkyl and aryl rings were highly modifiable but no changes were tolerated at the lactam
core. This was validated during analysis of the crystal structure where hydrogen bonding
between the lactam carbonyl and Tyr158 hydroxyl and NAD* ribose 2’ hydroxyl were
observed, reminiscent of the indoleformamides. The compounds were prepared as
racemates but chromatographic resolution of the top three performing compounds

elucidated the R-enantiomer as the eutomer, bearing 10 times the activity of the distomer.
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Although derivatives of the series produced ICso results down to 63 nM, MIC values were

significantly higher with the lowest at 62 uM.

The imidazopiperidines are a potent class of inhibitors expressing an essential imidazole
core.®2 The two enantiomers of 29 were isolated from each other and, though the
stereochemistry of each was not recorded, the eutomer had an ICso of 50 nM compared to
240 nM for the racemate and over 10 uM for the distomer. The imidazopiperazidine binding
mode remains unexplored and they suffer from MIC results above 30 uM and high in vitro

liver toxicity.

With the aid of a more modern method of drug discovery, in 2014 Encinas et al. utilised a
DNA-encoded library (DEL) to explore the proline series at GSK.83 Starting with 22 diamino
acids, including trans-4-aminoproline, the amines were protected orthogonally and a DNA
tag attached through the carboxylic acid. At this stage, one amine could be deprotected
and coupled to one of 855 building blocks. Following extension of the DNA tag, the process
was repeated with the remaining amine with a series of 857 building blocks. The library
encompassed over 16 million molecules and was exposed to immobilised InhA where hits
were identified through DNA sequencing. Compound 30 proved to be the culmination of
this effort, forming a hydrogen bond to the NADH 2’ hydroxyl with an admirable ICso of

4.0 nM and MIC of 0.5 uM but proved ineffective in mouse studies.

InhA inhibitors have been shown to interact with catalytically active residues, NAD* and
hydrophobic residues of the substrate binding loop, making InhA accepting of a range of
chemical diversity. Bulky hydrophobic groups also appear accepted in the substrate
binding loop, assuming they are tolerated by the compound’s pharmacokinetics. Barring
pyridomycin and INH-NAD, inhibitors of InhA appear to target only the substrate binding
region without blocking NADH access. This makes the majority of InhA inhibitor classes
uncompetitive with respect to NADH despite the use of several large compound libraries

during HTS.
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Figure 11: Structures of direct inhibitors of InhA; pyridomycin (21),7¢ triclosan (22),78 triclosan
derivative 6PP (23),77 NITD-916 (24),7° methyl-thiazole (25),8° piperazine indoleformamide (26),8!
pyrazole (27),8! pyrrolidine carboxamide (28),52 imidazopiperidine (29),82 and proline (30).83
Racemised chiral centres denoted by *.

Due to the rarity of identifying inhibitors blocking access of NADH to the InhA active site

in these projects, attempting to include this region during computational screening may

be unfavourable in the identification of new inhibitors.
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The results of these studies into direct inhibition have produced a series of potent
compounds active against isolated InhA but the difficulties in translating this to the more
complex tests of whole cell and animal studies remains apparent. This is evident in the

lack of new compounds active against InhA in the current drug development pipeline.3

1.4 Aims

InhA is a high priority TB cell wall biosynthesis target with clinical relevance. Currently,
treatment regimens for TB include the front line therapeutic INH but this prodrug is losing
effectiveness as resistance grows at its site of metabolism to the active form. As InhA is
an essential enzyme, structural mutants are low level and direct inhibition remains an

attractive target.

This project aims to identify direct inhibitors of InhA. To do this, a virtual library will be

screened against InhA to identify high scoring compounds.

This will be satisfied through interrogation of the Nottingham Managed Chemical
Compound Collection (NMCCC) using the genetic optimisation for ligand docking (GOLD)
software package. The NMCCC is a chemically diverse library containing over 85,000
molecules residing at the University of Nottingham and maintained by the Schools of
Pharmacy and Chemistry. The InhA docking structure will be selected from among the

highest resolved structures available from the Protein Data Bank.

High scoring compounds will be assessed to ensure reasonable binding poses and then
taken forward for screening against InhA in UV/Vis isolated enzyme assays. Any promising
candidates will have synthetic methods developed and carried out. These compounds will
be retested to confirm their activity with UV/Vis assays and, if possible, orthogonal
screening. If any hits are obtained that satisfy these requirements they will then be

assessed for chemical derivatisation.
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2.0: Virtual screening of the NMCCC

2.1 Introduction

X-ray diffraction (XRD) provides detailed, three-dimensional images of how small
molecules interact with protein superstructures. By utilising published XRD data,
interactions of other small molecules can be predicted using in silico virtual screening
methods. For the purposes of structure-activity relationship (SAR) analysis, virtual

screening is generally carried out by:

1. Selecting and preparing a receptor

2. Selecting and preparing a ligand set

3. Docking the set into the receptor

4. Post-docking analysis and selection of leads
Receptor selection and preparation
Choosing which receptor structure to use during virtual screening can be impacted by a
few considerations: resolution, B-factor and ligand induced conformational changes. The
overall resolution of the pool of candidates, especially in well-known biological targets
where XRD data has been obtained over decades, is variable and can determine confidence
in the protein structure being used. The B-factor is a measure of the rigidity of the site of
interest and simplifies binding studies if the site can be considered static. Significant
changes occurring upon binding of ligands to the active site can be explored by identifying
and comparing available apo- and holo- forms of the enzyme to structures co-crystallised

with ligands. Once a candidate has been selected, preparation of the receptor involves:

1. Assigning bond orders and hydrogen atoms
2. Removing non-essential waters

3. Obtaining low energy bond orientations through energy minimisation

Following preparation, a receptor grid can be generated from the structure. The grid holds

a set of rules determining how library entries may interact with the receptor. These involve
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designating a volume that molecules can dock within the receptor, excluding specific areas

within this volume or designating mandatory interactions with the receptor.

Ligand set selection and preparation
Virtual libraries usually store compounds as linear strings in formats such as SMILES or

SDF which, when converted into 3D models for use, can then be assigned appropriate
stereochemistry, partial charges and ionisation states. Compounds are then minimised to

identify their lowest energy state and ready for docking into the receptor grid

Docking
Ligand docking is the most complex part of the process where several key decisions are

made. Ligands are first compared with themselves (binding pose prediction) then the

remainder of the set (scoring).

Obtaining the most advantageous binding pose of a ligand can be carried out by exploring
torsional, translational and rotational structural modifiers, using either a systematic or
stochastic conformational search. Systematic conformational searches work by making
and comparing small changes to structural parameters, eventually approaching the lowest
energy binding pose. Systematic approaches can have poor exploration of the
conformational landscape, often being caught in any sufficiently deep local energy well.
Stochastic methods take a random structural pose from which a diverse set of poses are
developed by randomly changing each parameter. The poses are docked into the receptor

grid in successive rounds to find a universal low energy conformer.

Post docking analysis
The low energy binding pose of each library entry can be compared using forcefield,

empirical or knowledge-based scoring functions. Forcefields are designed to estimate
binding energies by predicting and summing bonded and non-bonded interactions within

and between ligand and protein. Empirical scoring functions compare in situ results against
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binding affinities in the literature. Multiple linear regression analysis is performed on the
data set and a model developed against which the experiment can be compared. Compared
to forcefield scoring, this method can only be as good as the data used in the standard but
is generally faster. Knowledge-based scoring acts similarly to empirical scoring in that data
from the experiment is compared to the literature. Instead of binding affinity, interatomic
potential energy values are collated and combined by noting how frequently two atoms
are found close to each other in the data set. The distances are weighted according to
their frequency and the sum of the ligand-receptor potentials produces a score which

places between empirical and forcefield methods in terms of speed.

Once scores have been generated for the entire library, the top compounds can be collated

for further analysis and confirmed in vitro. Binding data can then be used to direct

modification of lead compounds to improve their physiochemical properties.

2.2 InhA Structure Analysis and Selection

An InhA protein receptor for use in docking studies would need to fulfill three
requirements. It must contain a ligand co-crystallised within the active site to identify the
docking area. It must express a low average uncertainty for all atoms within the crystal
(high resolution). Finally, it must not display high uncertainty for important residues within

the active site (high B-factor).

The Mtb InhA entry on Uniprot references 97 crystal structures available in the RCSB
Protein Data Bank (PDB, Table 3).8485 Filtering for a resolution of below 1.8 A provided
18 candidates. Of those 18, 16 contained both a NADH cofactor and a separate ligand
occupying part of the normal substrate binding site. The number was reduced to 12 entries
presenting no other molecules within the structure barring the cofactor, ligand and water.
The four most highly resolved complexes remaining were PDB entries: 5GOT (1.54 R),

40HU (1.60 A), 4TZK (1.62 A) and 4U0J (1.62 R), the cognate ligands of which (31 - 34)
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are displayed in Figure 12. PDB entry 4U0J] was chosen as it has been used during virtual

screening to successfully identify inhibitors of InhA in the past.86

Table 3: InhA receptor candidate selection.

Selection

Criteria Candidates
All Mtb InhA entries 97
Resolution < 1.8 & 18
Ligand and NADH 16
Only ligand, NADH, water 12
Four finalists 5GOT,®” 40HU,% 4TZK,*2
4U0]62
FinaI candidate 4U0]
/©) s \/\/\/©/ \©
32
SGOT 40HU
cl
Jo i L J
f 0O
cl ” E%N@ H N
e}
o)
33 34
4TZK 4uo0J

Figure 12: The cognate ligands co-crystallised with entries: 5G0T, 40HU, 4TZK and 4U0J.

To determine active site stability, 4U0J was coloured by temperature factor to observe the
relative uncertainty of each atom (Figure 13). Temperature factors below 40 A2 were
viewed as confident positions whereas those greater than 60 A2 were viewed as disordered
positions. The catalytic residues in the active site were highly ordered with temperature
factors less than 30 A2. Sites A and B correspond to binding loops important for
coordination to other InhA subunits and were expected to display slightly higher
temperature factors, though still of an acceptable range.®® Similarly, the substrate binding
loop (site C) had a slightly higher temperature factor due to its ability to accommodate

varying sizes of substrate. The only sites of high disorder were far from the active site, on
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the periphery of the subunit corresponding to the N-terminus (D) and a short loop

including residues 80-90 (E) each of which approached the 60 A2 cutoff.

Temperature factor (A2) 60

Figure 13: InhA subunit coloured according to temperature factor (PDB: 4U0J, 1.62 A).62 Left:
entire InhA subunit with active site residues: Phel149, Tyr158 and Lys165. Right: enlarged active
site residues. Areas A, B and C are sites of moderate order whereas D and E are of lower order.
Structures were explored using PyMOL®.63

To observe if any unknown protein-wide changes occur upon binding co-factor or inhibitor,
the structures of holo-InhA (PDB: 2AQ8, 1.92 A resolution) and apo-InhA (PDB: 4TRM,
1.80 A resolution) were aligned with 4U0J in place (Figure 14).%%°! Holo-InhA and 4U0J
were aligned with a score of 0.003 and a root mean squared deviation (RMSD) of 0.284
A. Apo-InhA and inhibited-InhA were aligned with a score of 0.012 and RMSD of 0.546 A.
An alignment score of less than 0.7 is considered a successful alignment. As the larger
structure of InhA changes little during occupation of the active site, the protein was

considered static during docking analysis.

Figure 14: Left: Aligned structures of holo-InhA (PDB: 2AQ8, 1.92 A, red)®® and inhibited-InhA
(PDB: 4U03], 1.62 A, blue).62 Right: Aligned structures of apo-InhA (PDB: 4TRM, 1.80 &, grey)°! and
inhibited-InhA (PDB: 4UQJ, blue). Structures were explored using Maestro®,92

29



2.3 Docking Studies

The Gold suite was chosen for docking as the software has previously been validated with
two studies containing 100 and 305 PDB complexes and accuracies of 90 and 70%
respectively.®3:®* GOLD has also been used successfully for screening of compound libraries
against InhA in the past.8°> GOLD utilizes a stochastic, genetic, conformational search to
determine binding poses that can be ranked using the GOLDScore forcefield scoring

function (Equation 1).

Smhex: protein-ligand specific bond energy including ionic, hydrogen and m interactions
Svawext: protein-ligand nonspecific van der Waals energy
Sw_n:  ligand internal specific bond energy including ionic, hydrogen and m interactions

Svaw.int: ligand internal nonspecific van der Waals energy and ligand torsional strain energy

f=Shb_ext + 1.3750 X Svdw_ext + Shb_int + Svdw_int

Equation 1: GoldScore fitness function.

Svaw_ext is multiplied by 1.3750 to increase weighting of hydrophobic interactions during
binding and this value has been determined empirically.?® Docking results were validated
for InhA by redocking cognate ligands of the four highest resolved complexes: 5GOT,
40HU, 4TZK and 4U0J]. The results were superimposed and the RMSD calculated (Table
4). All four compounds gave accurate docking positions compared to the original structures
(Figure 15). Only 32 produced an RMSD above 1 A2, possibly due to the presence of a
six-carbon aliphatic chain attached to one of the aryl rings. If the hexyl-chain is

disregarded, alignment produces an RMSD of 0.6875 A2,

When each structure was instead docked with 4U0J, 31 and 33 gave GOLDScores within
2 points of the initial value, a reasonable crossover given the stochastic nature of the
scoring function. 32, however, showed a 10-point deficit compared to docking with its

home receptor.
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Table 4: RMSD and GOLDScores of cognate ligands docked to their own receptors and to 4U0J.

PDB Ligand RMSD GOLDScore GOLDScore Reported
entry (A2 redocked in 4U0J ICso (M)
5G0T 31 0.9780 93 91 0.06%7
40HU 32 1.0228 90 80 0.0188
4TZK 33 0.7515 81 79 0.39¢%
4U0J] 34 0.5312 72 = 10.6662

Figure 15: PDB cognate ligands (blue) and alignment with GOLD output pose (beige). Top left:
5GO0T, top right: 40HU, bottom left: 4TZK, bottom right: 4U0J. Structures were explored using
Maestro®.

When comparing the fitness functions for both poses, the major component of this
anomaly is a large difference in the predicted protein-ligand van der Waals energy (Svaw_ext
Equation 2). A significant change in van der Waals energy is not surprising if there is
already difficulty in assigning the exact pose for long carbon chains. As exact poses of
such flexible chains are evidently hard to predict, it is important to note if any potential

leads use them as key spacing groups or in interactions with the receptor.
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f= Shb_ext +1.3750 x Svdw_ext + Shb_int + Svdw_int
Redocked: 89.66 =3.87 + 1.3750x 63.23 + 0.00 + -1.15
4U0] dock: 79.83 = 6.00 + 1.3750 x 55.26 + 0.00 + -2.16

Equation 2: GOLDScore fitness function for the 40HU cognate ligand when redocked and when
docked to 4U0J.

The University of Nottingham maintains a molecular library of 85,061 entries at the time
of writing called the Nottingham Managed Chemical Compound Collection (NMCCC). The
library is stored at -20 °C and under a dry, inert atmosphere with HPLC-MS quality control.
The NMCCC continuously grows as products from previous drug discovery projects at the
University are added, comprising some 3,000 members of the library. Biofocus (now
Evotech) provided the remaining entries and have been prescreened to reduce the need

for end-user selection:

¢ No active functional groups as outlined by Brenk et al.®”

e 200 < molecular weight < 500

e AlogP < 4.5

¢ Aromatic Rings < 4

e Rotatable bonds < 10

e H-bond acceptors < 8

e H-bond donors < 5

¢ Maximum dissimilarity sampling algorithm ensuring chemical diversity using a

feature-connectivity bit string fingerprint for each compound (FCFP4)

The dissimilarity algorithm is a key component of the library, ensuring that compounds
occupy a wide area of chemical space despite its relatively small size. The NMCCC has
previously been used to successfully identify inhibitors of quorum sensing in Pseudomonas

aeruginosa and inhibitors of human deadenylase activity.®®°°
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The protein receptor and chemical library were prepared using Schrédinger and docked
using GOLD at the fastest setting. The top 2000 compounds by GOLDScore were redocked
using the most exhaustive setting and the top 148 compounds ranged from a GOLDScore
of 90 - 104 (Supporting information, Inhibition studies and enzyme kinetics, Table 15).

Four synthetic targets were chosen from among these compounds (35-38, Figure 16).
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Figure 16: Target compounds chosen for synthesis. Compound 39 is an established whole cell
inhibitor of Mtb.100

Targets were selected to observe a wide range of binding interactions to the InhA active
site including hydrogen bonding, -1 stacking, cation-m and hydrophobic only interactions.
All four candidates showed GOLDScores higher than those observed during redocking of
cognate ligands (Table 5). Finally, three of these compounds were unknown ligands that
could be putative inhibitors of InhA whilst 37 showed some similarity to compound 39, a

potent inhibitor of whole cell Mtb which will be discussed in the next chapter.
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Table 5: Target compound physiochemical properties.
Compound Weight cLogP* GOLDScore

35 471 1.58 104
36 474 1.16 99
37 405 3.40 96
38 482 3.00 96

*cLogP calculated through the JChem plugin for Office.'0!

2.4 Summary
PDB entry 4U0J was selected and validated for use in virtual screening studies to identify

inhibitors of InhA. The NMCCC was used as a source of chemical diversity and docked into
4U0] in place of the cognate ligand. Four candidates were selected for synthesis on the
grounds of high GOLDScore, varied originality and a wide range of interactions to the
active site. The next chapter will go into the predicted binding modes of each compound,

their synthesis and their biological evaluation.
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3.0: Synthesis and evaluation of InhA
inhibitor candidates identified during
virtual screening.

3.1 Compound 35
Compound 35 was the highest scoring of the NMCCC, exhibiting a GoldScore of 104 (Table

5) whilst making no predicted hydrogen bond to active site residues (Figure 17). The key
expected interactions take the form of a double m-stack, orienting the internal
benzylsulfonamide ring between two InhA residues (Tyr158 and Phel49). The remaining

interactions are predicted to be mostly hydrophobic/van der Waals.

Figure 17: Docking model of 35 (peach), Tyr158 and Phel49 (green, PDB: 4U0J]) and skeletal
structure of 35. m-stacking is represented by blue lines.

Synthesis
Due to the modular nature of the target a retrosynthesis proved straightforward to

develop, requiring cleavage at the sulfonamide, amide and tertiary amine (Scheme 4).
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Scheme 4: Compound 35 retrosynthetic analysis.
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The synthesis proceeded as expected via Scheme 5 with boc protection of piperazine. A
reductive amination with cinnamaldehyde facilitated by sodium triacetoxyborohydride then
furnished 42. Boc deprotection with TFA produced 43, allowing amide formation with the
aminium based peptide coupling reagent HCTU to produce 44. Following a second

deprotection, a final sulfonamide coupling furnished 24.1 mg of 35 after HPLC purification.

Scheme 5: Forward synthesis of 35.
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Reagents and conditions: i) Boc;0, CHxCl, 16 h, 81%. ii) Cinnamaldehyde, NaHB(OAc)3, AcOH,
1:3 THF:CHxCly, 20 h, 95%. iii) 1:5 CH,CI>:TFA, 5 h, 99%. iv) Fmoc B-alanine, HCTU, K2CO3, CHCl;,
24 h, 96%. v) Dimethylamine, EtOH, THF, 1.5 h, 85%. vi) 4-acetamidobenzenesulfonyl chloride,
NEts, DMF, 16 h, 14%.

36



3.2 Compound 36

Compound 36 produced a GoldScore of 99, the fourth highest predicted binder. The -
interactions visible in 35 are again visible here along with hydrogen bonding to both the
essential Tyr158 and to Pro156 (Figure 18). At the time of writing there is no evidence
of Prol56 being a site of mutation in any clinical strains of TB. There is also a predicted

hydrogen bond to the NADH cofactor at the imidazole proton.

D’Sﬁ Pro156

7

Figure 18: Docking model of 36 (peach), Tyr158 (green), Phel49 (green), Pro156 (green) and
NADH (blue, PDB: 4U0J) and skeletal structure of 36. Hydrogen bonding is represented by red lines,
m-stacking is represented by blue lines.

Synthesis

Compound 36 was initially cleaved at an amide bond to facilitate a convergent synthesis
(Scheme 6). The resulting sulfonamide can be readily prepared from a free thiol in a one-
pot synthesis. To go back to a readily available starting material, the thiol would in turn
have to be installed in place of a leaving group obtained by treatment of a free alcohol.
The alcohol can then be obtained from the readily available p-(aminomethyl)benzoic acid.

The remaining fragment can then be disconnected at the amide and sulfide bonds.

37



Scheme 6: Compound 36 retrosynthetic analysis.

Nll-iz
I}IHQ 0=8=0
> >
R R R o)\R
NH; |R
Os.NH
] on
> 0
OH OH
o) © ):O SH or
NH
j/ NP,'}—JIJ — + "’J; — N4 N 2:0
(6] —
S <= N= R/N X
N N
\—/ N=
\ N\

The synthesis of fragment 50 (Scheme 7) proceeded readily by initially treating methyl
thioimidazole with sodium hydride before introduction to methylbromoacetate to furnish
47. Hydrolysis of the methyl ester allowed peptide coupling to methyl 4-aminobenzoate,
furnishing 49 in modest yield. This is most likely due to the amine’s poor lone pair

availability and steric bulk. 50 was released by ester cleavage with LiOH.

Scheme 7: Fragment 50 synthesis.
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Reagents and conditions: i) methylbromoacetate, NaH, THF, 16 h, 64%. ii) NaOH, 1:4 H,O :
THF, 2 h, 100%. iii) methyl 4-aminobenzoate, EDC.HCI, DMAP, CHxCl, 16 h, 41%. iv) LiOH, HO,
16 h, 98%.
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Compound 58 was successfully synthesized following Scheme 8. Aminomethyl benzoic
acid (51) was reduced to the corresponding alcohol 52 which, following Cbz protection,
was converted to chloride 54 via an Appel reaction. The free thiol (56) was introduced
through displacement of chlorine with thioacetic acid and subsequent cleavage with
hydrazine monohydrate. The thiol oxidation and sulfonamide coupling was achieved in a
one-pot reaction previously described by Veisi et al. to produce 57 with a 44% vyield.10?
The proposed mechanism is given in Scheme 9 in which molecular chlorine is generated
by two of the starting materials. This is predicted to allow production of a sulfenyl chloride,
creating a target for water to attack and displace chloride which is in turn displaced by a
second thiol. The resulting disulfide may undergo dual oxidation facilitated by molecular
chlorine to produce an unstable intermediate which collapses to the desired sulfonyl
chloride. Introducing the target amine then allows substitution to produce the target
sulfonamide 57. Following Cbz deprotection, 36 was isolated after HCTU coupling of 58

to 50. HPLC purification provided 10.5 mg material.

Scheme 8: Final synthesis of 36.
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Reagents and conditions: i) p-(aminomethyl) benzoic acid, LiAlH4, THF, 70 °C, 16 h, 83%. ii)
CbzCl, K,COs3, H,0, 16 h, 90% iii) PPhs, CCls, CHCI,, 16 h, 88%. iv) Thioacetic acid, NEts, DMAP,
CHxCly, 16 h, 61%. v) N2H>.H>0, CHClz, 4 h, 35%. vi) H,O, TBACI, N-chlorosuccinimide, NH4OH,
NH4Cl (sat. sol.), MeCN, 44%. vii) Pd(OAc),, NEts, TES, CHxCly, 59%. viii) 50, HCTU, K,CO3, DMF,
16 h, 5%.
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Scheme 9: Proposed mechanism for the one pot functional group interconversion of thiols to
sulfonamides as outlined by Veisi et a/.192

3.3 Compound 37

Compound 37 was an attractive target as it not only had a respectable GoldScore of 97,
it was also significantly lighter (405 Da) than the three other candidates. This would be
beneficial during derivatisation, allowing the addition of more functionality than the other
three hits before reaching the Lipinski threshold of 500 Da. Compound 37 is predicted to
express one hydrogen bond to the NAD* cofactor dependent upon the stereochemistry of
the protonated amine (Figure 19). The S- and the R-enantiomers were calculated to have
GOLDScores of 97 and 86 respectively alongside a corresponding loss of the predicted
NAD™* hydrogen bond in the R-enantiomer. As rapid pyramidal inversion between these
structures will occur at physiological temperatures, they are not truly chiral but comparing
the structures may be valuable for the purpose of strengthening the hydrogen bond to
NAD*. Replacement of the methyl with hydrogen, for example, or movement of the
nitrogen along the ring may place a hydrogen in permanent proximity to NAD* and allow

a persistent hydrogen bond to form.
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S-37 R-37

Figure 19: Docking model of protonated 37 S- (left) and R- (Right) transient enantiomers with
Tyrl58, Phel49 and NAD* above enantiomer skeletal structures. Ligands are in peach and InhA
residues are in green (PDB: 4U0J).%2 Hydrogen bonding displayed by a red line.

Compound 37 is also of interest as work has been carried out by Tangallapally et al. to
produce a similar structure containing a nitro-furan (39, Figure 20).1°° Compound 39
was developed from an early hit (59) found during screening against uridine diphosphate-
galactopyranose mutase (UGM).193 UGM is another Mtb cell wall biosynthesis enzyme
involved in production of the galactofuranose component of the cell wall. Only 59 was
tested directly against UGM with the remaining compounds analysed through whole cell
screening and none of the compounds screened directly against InhA. As a result, any in
vitro inhibition of InhA with compound 37 would also encourage exploration of the nitro-

furan series for this target.

Q HJQ Y

N [

HN_ _O
{) )
k&m N,
37 39 59
IC50(UGM): 12 pg/ml
MICgp: 0.0062 pg/ml MICgo: 1.6 pg/ml

Figure 20: Structures of NMCCC hit (37), literature optimised candidate (39) and literature initial
hit compound (59).100,103
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Synthesis

Retrosynthesis of 37 back to readily available starting materials involved two steps
(Scheme 10). Cleavage of the central amide reveals commercially available 2-chloro-5-
(methylthio)benzoic acid and a methyl-homopiperazenyl-nicotinyl amine. A nucleophilic
aromatic substitution (SnAr) cleavage then provides the methyl-piperazene and nicotinyl

amine starting materials.

Scheme 10: Compound 37 retrosynthetic analysis.
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The synthesis of 37 was carried out according to Scheme 11. 1-Methylhomopiperazine
was installed on 6-chloronicotinamide (60) using a SnAr to afford 61 in modest yield. Due
to the volatility of 1-methylhomopiperazine, the reaction was not brought above 70 °C to
ensure the amine remained in solution for the duration of the experiment. The reaction
was carried out over four days and, if accessible, would likely benefit from microwave
irradiation in any future studies. It is expected that use of 6-fluoronicotinamide would
provide higher yields as fluoride is generally a better leaving group during SnAr reactions
but the compound proved to be prohibitively expensive. Reduction of the terminal amide
of 61 was first attempted with LiAlH4, resulting in degradation of the starting material.
BHs.THF was used instead and provided 62 after stirring at 40 °C for five days. The final
HCTU-mediated peptide coupling proceeded readily, providing 11.0 mg of 37 after HPLC

purification.
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Scheme 11: Synthesis of 37.

NH, NH, Cl

60 61 62 37 ~g

Reagents and conditions: i) 6-chloronicotinamide, DiPEA, 1-methylhomopiperazine, MeCN, 70 °C,

96 h, 33%. ii) BH3.THF, THF, 0-40 °C, 120 h, 26%. iii) 2-Chloro-5-(methylthio)benzoic acid, HCTU,
NEts, DMF, 16 h, 5%.

3.4 Compound 38

Compound 38 is predicted to have two weak interactions with the active site of InhA
(Figure 21). The first is an edge-face m-stack between the terminal benzene and InhA
Phe97 over 5.16 R offset by 77.5°. The second is a cation-m interaction occurring over
6.47 A between the central ring and catalytic triad member Lys165. Although these are
both within the ranges recognised by Maestro (5.5 A for edge-face stacking and 6.6 A for
the cation interaction) it should be noted that they are very close to the outer limits. The
docking score for 38 is, however, still appropriately high at 96 and offers an interaction

with Lys165 not commonly seen in the data set.
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Phel49

Lys165

Figure 21: Compound 38 docking image and skeletal structure. 38 in peach, Tyr158, Phel49,
Phe97 and Lys165 in green. Green line represents cation-1 interaction and blue line represents edge-
face stacking (PDB: 4U0J).

Synthesis

Compound 38 can be disconnected along its amides and sulfonamide (Scheme 12) with

alternatives to each of the fragments released proving commercially available.

Scheme 12: Compound 38 retrosynthetic analysis.
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Synthesis began with esterification of 3-(chlorosulfonyl)benzoic acid (63) to form 64
according to literature precedent.!%* Following an initial sulfonamide coupling in moderate
yield, the plan repeated an ester cleavage - HCTU coupling sequence until collection of
38. Of note is the poor yield of 67 (28%), possibly due the sterically hindered nature of
the starting materials. Compounds 67, 68 and 38 formed rotamers observed during NMR
experiments. The final structure of 38 was confirmed by repeating NMR measurements at
75 °C, at which point split peaks coalesced (Supporting information, Final compound data,
Figure 49). Compound 38 was purified by HPLC to provide 24.1 mg material.
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Scheme 13: Forward synthesis of 38.
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Reagents and conditions: i) 3-(chlorosulfonyl)benzoic acid, oxalyl chloride, MeOH, DMF, CHxCl3,
1.5 h, 33%. ii) (R)-1-phenylethan-1-amine, K,CO3, THF:H,O 1:1, 16 h, 70%. iii) LiOH, HxO, 3 h,
77%. iv) sarcosine methyl ester, HCTU, K,CO3s, DMF, 16 h, 28%. v) LiOH, Hx0, 2.5 h, 50%. vi) 4-
methoxyaniline, HCTU, K,COs3, DMF, 16 h, 17%.

3.5 Single Point Inhibition Studies
Two positive controls were used during isolated enzyme assays: Triclosan and NITD-564.

Triclosan is readily available for purchase and NITD-564 was synthesised according to
literature precedent (Scheme 14).1% The top 148 compounds identified during virtual
screening were purchased from the NMCCC and underwent single point inhibition testing

at 50 uM (Supporting information, Inhibition studies and enzyme kinetics, Table 15).

Scheme 14: Synthesis of hydroxypyridone reference (NITD-564).105,106

OH O
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Reagents and conditions: i) oxalyl chloride, DMF, CHCI3, CH,Cl;, 0-50 °C, 3 h. 99%. ii) DMAP,
Meldrum’s acid, CH;Clz, 2.5 h. 97%. iii) EtOH, reflux 16 h. 98%. iv) 30% aq. NH4sOH, EtOH, 16 h.
30%. v) diethyl 2-phenylmalonate, 220 °C, 45 mins then NaOH, 140 °C, 150 W, 1 hr, 6%.

Unfortunately, all four of the compounds chosen for synthesis displayed low single point
inhibition at 50 uM (35: 7%, 36: 2%, 37: 15%, 38: 11%) and were discontinued. Of the

remaining 144 compounds purchased from the NMCCC tested against InhA, 24 showed
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inhibition of 30 - 50%, one at 51 - 60% and four at greater than 60% (74, 75, 76 and

77, Figure 22).
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Figure 22: Four compounds exhibiting greater than 60% inhibition of InhA at 50 uM. 74: 63%, 75:
63%, 76: 70%, 77: 70%. Compounds share the general characteristics of a terminal aryl ring (blue),
an amide bridge (green) and closely linked second and third ring (red).

The compounds generally present with a lone, terminal aryl ring (blue) connected by an
amide bridge (green) to a second and third aryl ring joined by a shorter linker (red).
Although it is tempting to assume a similar binding orientation across all four compounds,
Gold suite predicts a division between how 74/76 and 75/77 are predicted to dock
(Figure 23). With lone aryl rings (blue) oriented towards the catalytic centre in the case
of 74/76 and away from the catalytic centre in the case of 75/77. Compounds 74 - 76
are all predicted to dock in the U-shaped geometry favoured by the substrate whereas 77

appears to generate a flatter pose away from the catalytic centre.
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Figure 23: Predicted binding orientations of the top 4 NMCCC hits individually and superimposed in
the center.

3.6 ICso Studies

The four compounds of interest had ICso results investigated along with NITD-564 and
triclosan (Table 6, Figure 24). NITD-564 produced an ICso of 760 nM which was within
three-fold of the published 560 nM.”® Triclosan also behaved as expected with an
experimental ICso of 9.2 yM compared to the previously reported 12.5 yM.”” 74 and 77
produced results of 12.0 and 16.2 uM respectively. 75 and 76 did not display inhibition
during ICsp analysis and were discounted as false positives. Compounds were obtained
directly from the NMCCC and any solution instability can be difficult to observe in 100 pL

volumes.

Table 6: Inhibitory data for 74, 77, NITD-564 and triclosan * standard error (SE, the standard
deviation of a sample mean from the population mean). Percentage inhibition testing was carried
out in duplicate and ICsg testing in triplicate.

Compound % inhibition at 50 pM  ICso (pM) + SE

74 63 120+ 1.1
77 70 16.2 £ 1.3
NITD-564"° N/A 0.8 £ 0.1
Triclosan N/A 9.2 +1.1
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Figure 24: ICso data for 74, 77, triclosan and NITD-564. Experiments were carried out in triplicate
with InhA (150 nM), NADH (100 pM), trans-2-octenoyl-CoA (400 uM) in PIPES buffer (30 mM, pH:
6.8) at 30 °C.

With hits 74 and 77 confirmed by ICso analysis, they were taken forward for synthesis. At
this point, university closure due to the coronavirus pandemic came into effect. Syntheses
for both compounds along with the next highest scoring candidate from single point
inhibition testing (78) were developed in preparation for regaining access to chemistry
labs (Figure 25). As the NMCCC was put out of commission at this time, an ICso for 78

could not be determined.
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Figure 25: Target compounds showing activity in vitro, 74, 77 and 78.

48



Upon examination of the docking modes for each structure, explored further in the next
chapter, only 78 was expected to exhibit a formal interaction with the active site of InhA:

a m-stack with Phe149. Further data on the candidates can be seen in Table 7.

Table 7: Target compound physiochemical properties.

Compound Molecular weight cLogP* Sci:?)lfe (:([,Zt'g)‘;t:?a) (I:Islo)
74 441 3.68 94 63 12.0 £ 1.1
77 413 3.32 91 70 16.2 £ 1.3
78 476 3.66 93 55 -
NITD-564"° 283 4.47 - - 0.76 £ 0.12
Triclosan 290 5.53 - - 9.2+1.1

“cLogP calculated through the JChem plugin for Office.10!

3.7 Summary

In silico screening of the NMCCC allowed the selection of four compounds for synthesis
(35, 36, 37 and 38). Each was successfully synthesised and purified by HPLC prior to
point inhibition testing against InhA at 50 uM. As all candidates proved to exhibit inhibition
below 30% at 50 uM, attention was instead moved to four compounds with inhibition of
greater than 60%. These were finally narrowed down to two compounds which produced
viable ICso curves (74 and 77). Due to closure of university facilities in the wake of the
coronavirus pandemic, one further compound was planned for synthesis (78). The next

chapter will focus on the synthesis and further analysis of these molecules.
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4.0: Synthesis and evaluation of InhA
inhibitor candidates identified during
preliminary isolated enzyme assays.

4.1 Compound 74

Compound 74 displayed inhibition of 63% at 50 uM, an ICso of 12.0 £ 1.1 pM and a
GoldScore of 94. The distinct similarity between 74 and 38, explored in the previous
chapter, is also interesting. Both compounds are composed of a terminal methoxyaniline,
central 1,3-sulfonylbenzamide core and a third, phenyl-based, substituent (Figure 26).
Compound 74 is not expected to form any formal interactions with InhA but the larger 38
was anticipated to form two weak interactions through Lys165 and Phe97, a cation-m and
m-T stack respectively. In the case of Lys165, the cationic side chain is only 5.6 A from
the closest phenyl carbon on 74 but approaches the edge of the ring, precluding a m-cation
interaction. In the case of Phe97, the rings are poorly oriented towards each other, and

no interaction is expected.

Phe149
Lys165 | =

Tyrl58

Figure 26: Docking model and structure of 74 (left, peach) and 38 (right, peach) in the presence
of InhA residues: Tyr158, Phel49, Lys165 and Phe97 (green). Cation-m interaction is represented
by a green line, m-stacking is represented by a blue line.
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Synthesis
Retrosynthesis of 74 was possible through the cleavage of sulfonamide and amide bonds

to furnish three building blocks (Scheme 15).

Scheme 15: Compound 74 retrosynthetic analysis.
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The forward synthesis proceeded according to Scheme 16. Secondary amine 80 was
prepared from 79 by initial formation of a formamide and subsequent reduction to the
amine with lithium aluminium hydride according to an adjusted literature procedure.%’
Coupling of 80 to 3-(chlorosulfonyl)benzoic acid with DCC proceeded with a moderate
yield of 64%, despite the presence of a terminal sulfonyl chloride and furnished 81. Correct
attachment of 80 to the carboxylic acid of to 3-(chlorosulfonyl)benzoic acid was confirmed
when NMCCC candidate 74 was produced by simple treatment of 81 with o-anisidine under
basic conditions and purified via HPLC to provide 61.1 mg material. Compounds 81 and
74 were observed to form rotamers during NMR spectroscopy experiments. When
spectroscopy was repeated at 75 °C, split peaks for 74 were observed to coalesce

(Supporting information, Final compound data, Figure 54).
Scheme 16: Forward synthesis of 74.
/\©/ /\©/ \‘ /\O©)L

Reagents and conditions: i) HCO;Et, THF, 16 h, 47 °C then LiAlH4, THF, 4.5 h, 0-70 °C, 43%. ii)
3-(chlorosulfonyl)benzoic acid, DCC, DMAP, CH,Cl, 16 h, 43%. iii) o-anisidine, NEts, CHxCl, 16 h,
17%.
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4.2 Compound 77
Compound 77 was recorded with an inhibition of 70% at 50 uM, an ICsp of 16.2 £ 1.3 uM

and a GoldScore of 91. Like 74, 77 is not expected to form any significant polar
interactions with InhA. Some portions of 77 come into close contact with two InhA catalytic
residues, however (Figure 27). The thioether bridge is within 4 A of the Phe149 aromatic
ring and the benzene ring of 77 is near Tyr158. When an R-primary amine is attached to
carbon in place of the thioether (77-A), a cation-m interaction is predicted to form. By
installing a hydroxyl group ortho- to the thioether (77-B), it is possible to predict hydrogen

bonding to Tyr158. Both interactions could prove interesting places to start derivatization.

77
H R
OY\/N S

fN NH o)

N/
NH,
77-A

H R

Phe149

Lvs165

Figure 27: Top left: docking model of 77 with no formal interactions with InhA. Top right: skeletal
structures of 77 and proposed derivatives 77-A and 77-B. Bottom Left: docking model of 77-A.
Bottom right: docking model of 77-B. Ligands are colored in peach and InhA residues in green.
Distances are represented by dashed lines, a cation-m interaction by a green line and hydrogen
bonding by a red line.
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Synthesis

Compound 77 was initially cleaved at the central amide to furnish a diarylsulfane and
thiophene-amide (Scheme 17). Two of the four starting materials were obtained through
SNAr cleavage of the diarylsulfane at the sulfur-pyrimidine bond. Finally, another amide

cleavage affords the two other starting materials.

Scheme 17: Compound 77 retrosynthetic analysis
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The forward synthesis began with a rapid SnAr reaction modified from the literature in
which equimolar amounts of 4-aminobenzenethiol and pyrimidine 82 were mixed at 100
°C for two hours (Scheme 18).19 The reaction proceeded and provided 83 in good yield.
The aryl rings were confirmed to have coupled through the sulfur by proton NMR
spectroscopy where two aniline peaks were observed at 5.45 ppm. Compound 85 was
afforded though a DCC mediated peptide coupling of methyl 3-aminopropanoate and
thiophene-2-carboxylic acid. Unmasking of the terminal carboxylic acid to obtain 86 using
lithium hydroxide then facilitated a final peptide coupling with 83 and completed the

synthesis of 77, providing 130 mg material after HPLC purification.

Scheme 18: Forward synthesis of 77.
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Reagents and conditions: i) 4-aminobenzenethiol, K;CO3, DMF, 2 h, 100 °C, 89%. ii) methyl 3-
aminopropanoate, DCC, DMAP, CH,Cl;, 18 h, 71%. iii) LiOH, NEts3, 1:1 DMF:H,0, 3 h, 88%. iv) 83,
86, DCC, DMAP, CHxCl3, 16 h, 8%.
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4.3 Compound 78

Compound 78 produced an inhibition of 55% at 50 uM and a GoldScore of 93. A synthesis
was planned and undertaken before obtaining ICso data, during a period of closure for
facilities required to carry out assays. Compound 78 was the fifth most potent candidate
observed during single point in vitro assay of the top 148 NMCCC compounds produced
from virtual screening. Unlike 74 and 77, 78 is expected to produce an offset m-stack with

InhA through Phel149 (Figure 28).

Phe149

0) N
'/ \ /N
Lys165 N o
/N~§—O
o
78

Figure 28: Docking model of 78 in the presence of InhA residues: Tyr158, Phel49 and Lys165 and
the skeletal structure of 78. 78 is coloured peach with the InhA residues in green and an offset m-
stack with Phe149 represented by a blue line.

Synthesis

Retrosynthetic analysis of compound 78 began by cleaving the product for a SnAr at the
electron poor pyridine ring (Scheme 19). The released heterocycle was further simplified
by cleavage of the sulfonamide. The remaining fragment was then opened at the thiazole,
providing a terminal thioamide. The amide bond was then cleaved to provide a
commercially available dimethyl aniline and 3-amino-3-thioxopropanoic acid derivative.

This derivative would then be developed from a 1,3-dicarbonyl.
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Scheme 19: Compound 78 retrosynthetic analysis.
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The forward synthesis of 78 began with a peptide coupling between 2,5-dimethylaniline
and 3-ethoxy-3-oxopropionic acid (87) in good yield (Scheme 20). Following this, a
terminal amide was installed by treatment of 88 with methanolic ammonia solution and a
distillation workup. In anticipation of installing the thiazole, the terminal amide of 89 was
converted to thioamide 90 using Lawesson’s reagent in the lowest yielding step of the
scheme at 48%. Completion of the reaction was confirmed by proton NMR, where a high
change in shift of the -NH2 protons was observed following conversion. This behaviour is
supported in the literature with similar products achieved through an orthogonal route
(Scheme 21).1%° Formation of the thiazole was achieved through exposure of 90 to 1,3-
dichloroacetone and the resultant chloride displaced in favour of thioacetone to provide
92. Cleavage of the thioester was carried out using hydrazine monohydrate to provide the
first portion of 78, 93. The final fragment, 95 was prepared from dimethyl amine and 94

which in turn participated in the final SnAr to provide 15.8 mg of 78 after HPLC purification.
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Scheme 20: Compound 78 forward synthesis.
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Reagents and conditions: i) 2,5-dimethylaniline, DCC, DMAP, NEts, CH;Cl;, 16 h, 90%. ii) NH3,
MeOH, 16 h, 96%. iii) Lawesson’s reagent, 1,4-dioxane, 2 h, 60 °C, 48%. iv) 1,3-dichloroacetone,
toluene, 2 h, 80 °C, 54 %. v) thioacetic acid, DMAP, NEts, CH;Cl,, 3 h, 84%. vi) NxH2.H,O, CHxCl;,
2.5 h, 78%. vii) NHMe;, NEts, THF, 2 h, 87%. viii) 93, 95, K,COs, DMF, 16 h, 8%.

Scheme 21: Comparative NMR chemical shifts for amide 89, thioamide 90 (left) and a range of
thioamides characterized by Dyachenko and Vovk in DMSO (d-6, right).10°
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4.4 Inhibition studies
The three candidates were evaluated as inhibitors at 50 uM, where very low activities were

observed (74: 13%, 77: 8% and 78: 0%). This was compared to initial testing carried
out on ligand samples purchased from the NMCCC, where inhibition of InhA by each
candidate was more than 60% at 50 yM. This change in behaviour can be rationalised with
experiences gathered during sample preparation. All three compounds were successfully
synthesised on larger scale than provided by the NMCCC. As such, preparation of 1 mL
stock solutions made observation considerably easier than in the 20 uL ligand solutions

made in 96 well plates during the initial 148 compound screen. Upon dilution in aqueous
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buffer, all three synthesised compounds precipitated out to some degree. This was
successfully reversed with heating and sonication over an hour. Although effective in this
case, these conditions were not possible during the preliminary 148 compound screen due
to the 96-well plate format. As a result, presumed instability of ligand solutions is expected
to be responsible for the apparent inhibition obtained during preliminary screening. This
is possibly due to a reduction in transmittance over time in the sample well as the ligand
precipitated out, mimicking actual inhibition of the enzyme and associated reduction of
NADH turnover. This is similar to the disparity observed when single point inhibition results
were not replicated during ICso testing for the two other compounds exhibiting inhibition
over 60% at 50 uM, 75 and 76. Unfortunately due to decommissioning of the NMCCC,

revisiting the stock samples was not possible.

4.5 Summary

Two candidates (74 and 77) were selected from in vitro ICso screening of the NMCCC. The
synthesis of these along with a third compound (78) was planned and undertaken during
restricted access to equipment necessary for ICso testing. Solvation of these samples
required extensive effort prior to carrying out isolated enzyme assays. These conditions
were not available during previous testing and all three candidates showed low activity at
50 uM. At this stage, an orthogonal method of in vitro screening would be required to

confirm further compound activities. These methods will be described in the next chapter.
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5.0: Conclusions and Future Prospects

5.1 Conclusions

This project has followed the screening of the Nottingham Managed Chemical Compound
Collection against the Mtb and Mb cell wall biosynthesis enzyme, InhA. An initial in silico
screen facilitated the selection and synthesis of four compounds predicted to interact with
InhA (35-38, Figure 29, Table 8). These high scoring compounds did not display activity
against InhA in isolated enzyme assays. Two other compounds showed activity against
InhA with ICso values in the low micromolar range (74, 77). One other compound showed
over 50% inhibition at 50 uM (78). These three compounds did not display inhibition of
InhA following resynthesis and required extended effort to solvate prior to isolated enzyme
assays. A further 24 compounds have shown greater than 30% InhA inhibition at 50 uM

in initial isolated enzyme studies.
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Figure 29: Hit compounds selected and synthesised from virtual screen (35-38) and hits selected
from initial point inhibition testing (74, 77 and 78).
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Table 8: Project synthetic targets and their activity against InhA in isolated enzyme assays. Initial
point inhibitions were taken from preliminary screening of ligands obtained from the NMCCC and
final point inhibitions taken following resynthesis. Results + SE.

Point Inhibition

Point Inhibition

Compound  GoldScore y o101 (o5, 50 uM) 1€50 (WM il (06, 50 uM)
35 104 13 - -
36 99 7 - -
37 97 14 ; ;
38 96 11 - -
74 94 63 12.0 + 1.1 13
77 91 70 16.2 + 1.3 8
78 03 55 } 0

Due to the extended effort required to solvate compounds 74, 77 and 78, it is possible
that initial inhibition results were false positives arising as a function of solution instability,
a complicating factor in several InhA studies.!-112 When observing cLogP data, the first
set of compounds (35-38) generally have lower values than the second (74-78) and all
barring 77 express more hydrophobic contact (Svaw_ext) with InhA relative to the four
known inhibitors explored during validation of the structure (Table 9). The top performing
candidates from single point inhibition studies have, therefore, been comprised of a subset

of lipophilic compounds resistant to solvation and with little activity towards InhA.

Table 9: GOLDScore fitness functions for redocked compounds during validation and hit compounds
synthesised during the study.

f = Shbext + 1.3750 X Svdw ext + Svdw int CLOgP*
5GOT 9336 = 446 + 1.3750 x 65.02 + -0.50 3.07
40HU 8966 = 387 + 13750 x 63.23 + -1.15 6.58
4TZK 80.68 = 330 + 1.3750 x 56.47 + -0.26 2.87
4U0] 71.75 = 2.92 + 1.3750 x 50.17 + -0.15 1.76
35 104.27 = 10.23 + 1.3750 x 72.79 + -6.05 1.58
36 99.09 = 12.79 + 1.3750 x 66.70 + -5.41 1.16
37 9583 = 330 + 1.3750 x 67.50 + -0.28 3.40
38 9583 = 241 + 13750 x 73.89 + -8.18 3.00
74 93.64 = 1.65 + 13750 x 67.99 + -1.49 3.68
77 9091 = 6.00 + 13750 x 63.80 + -2.82 3.32
78 92.88 = 0.42 + 1.3750 X 71.74 + -6.19 3.66

*cLogP calculated through the JChem plugin for Office.

This may be in part due to the nature of the enzyme itself and the highly hydrophobic,
large, mycolic acid precursors it processes. In Figure 30, the active site surface has been
coloured according to relative hydrophobicity of the associated peptide side chains.''3 The

substrate binding pocket is almost entirely red, indicating a region of high lipophilicity. The
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only major hydrophilic sites of interest are at the catalytic centre, containing Lys165 and
Tyr158 (A), the lip of the binding pocket (GIn100, B) and two smaller regions depressed
from the remainder of the pocket (Glu219, € and GIn214, D). The substrate pocket’s

extensive hydrophobicity may have the side effect of over-selection for hydrophobic and

potentially insoluble or aggregative ligands during virtual screening.

Figure 30: Binding cavity of InhA (PDB: 4U0], 1.62 R)2 coloured according to side chain
hydrophobicity as described by Eisenburg et al.113 Hydrophobicity is on a scale where white describes
hydrophilic residues and red describes hydrophobic residues. NADH cofactor is coloured in green and
cognate ligand in blue. Lettered regions indicate hydrophilic sites of interest.

5.2 Future Prospects

When interrogating any remaining NMCCC compounds with apparent inhibition of InhA, it
would be beneficial to pay close attention to available parameters relating to lipophilicity.
As cLogP is only a measure of relative solubility between the organic and aqueous phase
and does not account for a molecule’s overall solvation limit, a solubility parameter for

these compounds was also computed.

The Scrédinger suite includes a software package called QikProp which can calculate

predicted physiochemical properties based on compound structure. As the NMCCC was
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constructed to contain molecules expected to be soluble in common aqueous media,
QikProp was not used for compound selection during the preliminary 148 compound
screen. It is evident that at least some of the compounds of interest screened are not
soluble during InhA experiments carried out, however, and QikProp could be a valuable
tool in the future of the project. Specifically, Qikprop contains a prediction of the aqueous
logarithm of solubility (Log Sqr) in moles per litre which has been shown to have
reasonable correlation to experimentally derived parameters for a series of 429
compounds.t* The study also included a statistical distribution of 476 orally bioavailable
drugs where 80% fell between Log Sqpr of -7 and 0, with a peak of 25% of the compounds
in the range of -4 to -3. As a result, any candidates with Log Sqr greater than -4 would

prove encouraging for future testing.

Remaining compounds of interest within the NMCCC

Compounds showing greater than 30% inhibition of InhA at 50 uM and a cLogP of less
than 3 are listed in Table 10 along with calculated Log Sqpr values. All 11 showed a tight
range of GOLDScores between 91 and 93 and point inhibition values from 31-39% at 50
MM. Two of the candidates, 99 and 106 expressed Log Sqr values greater than -4.
Unfortunately, at the time of writing (February 2021), the NMCCC is out of commission

and so a follow up study has not been possible.

61



Table 10: NMCCC hits with greater than 30% inhibition at 50 uM and cLogP less than 3. Log S

calculated using Maestro QikProp.°2

el Active Site
# Structure cLogP GScore Inhibition LogSqr
Contacts
(50 uM)
O
h N\H\(O
Phe149 -
96 HN ~. 1.14 93 33 -4.4
}N\/\{N stack
/N_
O~
O\\S,NH
97 @(\b 1.39 93 31 5.4 Phe97 m-stack
. HN
N\/go
0 ©
Moo
\/N\“S 0
3 N\ﬁ
/o .
98 L7, 1.05 93 33 -5.1 Hydrophobic
HN._ only
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>—NH
Esf/o Tyr158/Phe149
O//\ -
99 H _\_/<o 1.73 92 36 3.9 double T-stack
N
/
e
/
ol
HN—>_
N/ Tyr158 H-
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o
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el Active Site

# Structure cLogP GScore Inhibition LogSqr Contacts
(50 uM)
R F
F < % o)
101 Né y 2.25 92 36 -5.1 Hydrophobic
N\/O\' only
T
O —
N—
/
F
8! :
NH N0
102 O&,Lﬂ/@ f 1.38 92 37 -6.3  Tyr158 H-bond
S
o}
A
\=\
F F
F
DR o
N =
| NH
103 Ty 238 ot 34 5.8 |Yris8/Phels
o] double m-stack
HO "
o 2
0
-
NH
N>/__ 0
— Tyr158 H-bond
104 NH 0.45 91 31 -5.2 Tyr158/Phe149
0 @ o double m-stack
/87
O” 'NH
H
s §
=N O o Tyr158 H-bond
105 N 0=8=0 2.47 91 39 -5.0 Tyr158/Phel149
E):O r;ll\| double m-stack
N
s
v
Met98 H-bond
(0) _ 12
106 N/H o2.57 91 32 2.0 Tyr158 m-stack
K,N\/L(
Br N
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Four compounds are expected to form a double m-stack to InhA Tyrl58 and Phel49 (99,
103, 104 and 105, Figure 31). Compounds 104 and 105 are also predicted to show
hydrogen bonding to Tyr158. This repetition of binding behaviour, low cLogP and, barring
103, predicted solubility better than 74 (-5.6), 77 (-7) and 78 (-6.8) makes them
encouraging starting points. Although this binding mode did not seem to translate to
potency with compounds 35 and 36, its accompanying activity during in vitro studies
deserves further research. The binding mode appears reasonable in 99, 103 and 104 but
in 105 a thiazole nitrogen presents its lone pair towards the edge of the Tyr158 ring. This
interaction may be unfavourable due to interference with the Tyr158 ring m-electron cloud
above the plane. This is different to orientations seen in 99, 103 and 104, where hydrogen

is presented to the ring instead and a more likely prediction of the correct binding pose.
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104 105

Figure 31: Predicted binding modes and skeletal structures of 99 (top left), 103 (top right), 104
(bottom left) and 105 (bottom right) to InhA (PDB: 4U0QJ). m-stacking is indicated with blue lines
and hydrogen bonding with yellow lines.

The double m-stack has been predicted in the literature where a different series is expected

to interact with Tyr158 and Phe149 through the imidazole of 107 and the methyl benzene
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of 108 (Figure 32).''> The interaction was observed using docking program Glide from
the Schrodinger suite, lending further weight to the interaction as it appears to be viable
across compound series and docking programs. The compounds proceeded successfully to

whole cell testing with MICs of 26.3 uM and 6.03 uM respectively.

NO,

N N
HN— HN—”
A ~<S ] ) ‘<S ]

N
\(/N\N cFa~ \
S%\ \ S—
N Cl
107 108

Figure 32: Compounds previously predicted to form double m-stack interactions with Tyr158 and
Phe149.

As compound 99 shares a common predicted binding mode with three other candidates,

of which it is the predicted most soluble, it is currently the highest priority target.

It is evident from previous screening difficulties that further analysis of any compounds of
interest will be required and so an orthogonal screen with inbuilt quality control with

regards to compound precipitation and aggregation would be valuable.

Orthogonal Screening

Saturation transfer difference (STD) NMR spectroscopyexperiments selectively saturate
protein hydrogens outside the range of ligand hydrogens.''® This saturation can transfer
to any ligand binding to the protein, partially saturating the ligand bulk.!*® Binding ligands
express attenuated peaks in the presence of protein and the difference versus the normal
spectrum creates a positive peak in the STD result. This can be carried out in the presence
of a cocktail of different ligands.''® STD NMR is also able to identify false positives from
aggregation by running an STD NMR experiment in the absence of protein and discounting
any “active” compounds.!!® Limited determination of ligand binding sites can also be

achieved through competition assays with known inhibitors.t!”
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STD NMR screening has been used successfully to identify lead compounds active against
InhA as well as cooperative binding with NADH.!17:118 Although this process is usually used
to screen fragment libraries, it might also be used for interrogation of NMCCC leads. The
chief concern associated with using NMR screening for larger compounds is poor
identification of hits too potent to dissociate from the protein across NMR timescales. This
occurs when inhibitors bind to a target with long residence times, resulting in poor
exchange with the ligand bulk over the course of an experiment. Only a small proportion
of free ligand is saturated by the protein target and provides either a very weak or
complete lack of signal in the STD NMR spectrum. As mentioned in chapter 2, the NMCCC
was designed as a small library of diverse chemistry to identify starting points for
development. These compounds are not predicted to be initial nM inhibitors of InhA,
supported by their modest point inhibition scores, and so generation of false negatives in
this way are not expected. Any leads corroborated by orthogonal assays would be
considered InhA inhibitors with a high degree of confidence and may proceed to whole-
cell testing. Organisations such as the not-for-profit Tres Cantos Open Lab Foundation
(TCOLF) provide a wide range of facilities including labs capable of carrying out whole cell
testing against Mtb and Mb. This would be a valuable resource for testing any confirmed

hits.

Compound development

Following identification of any hits active against InhA and whole cell Mtb and Mb,
development would be required. As many of the structures identified as potential hits from
screening of the NMCCC are well developed, they do not fit fully within the substrate pocket
of the active site. For example, 99, 103, 104 and 105 all contain solvent exposed residues
predicted to extend out of the pocket (Figure 33). These portions could either be pruned
to increase compound efficiency or as modifiable handles for future physiochemical
development. Although these compounds are predicted to be soluble, development within

the extremely lipophilic substrate binding loop is likely to carry an increase in LogP. Solvent
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exposed regions free of the loop may allow tolerated modification to increase hydrophilicity

and ensure solubility throughout series development.

Figure 33: Compounds 99, 103, 104 and 105 occupying the active site of InhA (PDB:4U0], 1.62
R)52 and displaying solvent exposed functionality. All resides and cofactor have been treated as the
protein surface.

5.3 Summary
In conclusion, the Nottingham Managed Chemical Compound Collection has been screened

computationally and a subset of 148 compounds screened in isolated enzyme assays for
the presence of inhibitors of InhA. A set of seven NMCCC candidates have been synthesised
and retested for activity against InhA with minor activity observed. A further 24
compounds have shown activity in isolated enzyme assays, with 99 displaying a cLogP
below 3 and good predicted solubility. A similar binding mode has been observed in four
compounds and future prospects laid out to further expand the project. Unfortunately, due
to the emergence of Covid-19 and the closure of many university facilities, some intended
experiments could not be completed. These include the development of an orthogonal
compound screen and synthesis of further compounds of interest. This does mean,

however, that interesting work remains to be carried out in the future.
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6.0: Experimental Section

6.1 In silico screening

Virtual Screening was carried out using RCSB PDB entries 4U0J and 2AQ8.

Schrodinger 2018-1 and Maestro v11.5 were used for the following:

Protein superimposition/alignment. Structures were superimposed in place and
aligned to calculate root mean squared deviation using the protein structure alignment
tool.

Protein preparation. The Maestro protein preparation wizard was used to prepare a
single monomer of InhA. Bond orders and hydrogen atoms were assigned automatically,
and ionization states formed using Epik at pH: 7.0. When more than one ionization state
was possible, the candidate with the lowest ionization penalty was chosen. Hydrogen
bonding was assigned using PROPKA at pH 7. The OPLS3 forcefield was used to minimize
heavy atom locations partially to a RMSD of below 0.3 & and hydrogen atom locations
fully. NADH was treated as part of the protein structure and the minimised protein was
superimposed with the original entry to ensure that neither key residues nor the larger
structure had changed significantly during minimisation. All water molecules were
removed, and the protein exported to GOLD for docking studies as a Mol2 file.

Ligand preparation. The NMCCC SDF file was loaded into Maestro and a SMILES search
carried out to ensure no structures submitted following the library’s inception expressed
Michael acceptors, esters or molecular weight exceeding 500 Da. The Epik and LigPrep
modules were used to prepare ligand SDF files, using the OPLS3 forcefield for minimization
and a pH of 7 £ 1 to obtain 3D structures of each candidate with any appropriate ionized
or tautomeric states. Where chiral compounds were not explicitly stated by the incoming
SDF file or were generated by protonation during ligand preparation, all possible variations
were prepared and included within the screen.

Solvent Prediction. The QikProp module was used to predict solubility data at pH 7 + 1.
GOLD v5.2.2 and Hermes 1.6.2 were used for the following:

Docking. The protein Mol2 file was loaded into GOLD and the active site identified by

selecting all protein atoms within 10 A of the 4U0J cognate ligand. The ligand was then
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removed from the structure. Docking was carried out on a 4 — core processor running at
3.6 GHz, 16 Gigabytes RAM and a Quadro FX 5000 GPU. Candidates were docked with a
maximum of 10 runs each and the top scoring pose for each retained. Individual runs took
approximately 10 seconds, with each ligand taking up to 100 seconds if all 10 runs were
carried out. The docking run in its entirety took six weeks. Poses were ranked according
to the GoldScore Fitness function.

PyMOL v2.1 was used for the following:

Post docking analysis. Data was visualized to ensure no atypical ligand binding such as
atomic overlap or occupying areas outside defined binding site prior to isolated enzyme
studies.

Temperature factoring. Structure 4U0J was coloured by temperature factor to observe
the relative uncertainty of each atom. Temperature factors below 40 A2 were viewed as

confident positions, whereas > 60 A2 were viewed as disordered positions.

6.2 Enzyme Isolation

Plasmid. A pET 15b plasmid containing an 871-base sequence InhA insert between Ncol
and BamHI was donated to the group by Prof. Peter Tonge (State University of New York,
Stoney Brook) exhibiting a thrombin His tag cleavage site (Supporting information, Figure
35) and stored at -20 °C. Methods for carrying out transformation, protein expression
and purification were developed by Aneesa Ahmed and utilised for this study.!'®
Transformation. Sample prepared from 1 pl plasmid and 20 pl calcium-chloride
competent BL21-DE3 cells and incubated on ice for 30 mins. The transformation mixture
was shocked at 42 °C for 45 secs and placed back on ice for 2 mins. Lysogeny broth (LB,
250 pl) was added and incubated at 37 °C for 45 mins before being plated on ampicillin
treated agar and incubated overnight at 37 °C.

DNA sequencing. Sequence alignment was confirmed by dosing LB (20 mL) with 100
pg/mL ampicillin then treated with a single colony from a Petri dish and incubated for 12

hours at 37 °C. The cells were centrifuged at 30,000 g at 4 °C for 15 mins and treated to
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extract samples for sequencing using a New England BioLabs Monarch Plasmid Miniprep
Kit.

Protein expression. LB (20 mL) was inoculated with a single colony and grown at 37 °C
with 180 rpm shaking overnight. This was then used to inoculate 1 L LB and left shaking
at 37 °C, 180 rpm until an ODsoo of 0.5 - 0.8 was reached. IPTG was added to an overall
concentration of 1 mM and the culture left for 6 hours at 37 °C, 180 rpm. All work involving
the use of bacteria up until this point was carried out using autoclaved bacteria and under
sterile conditions. This involved cleaning of workstations with iso-propyl alcohol prior to
the commencement of work and the use a Bunsen burner near any bacteria-containing
open vessels. The culture was centrifuged at 30,000 g, 4 °C for 15 mins to obtain the cell
pellet. The pellet was suspended in 20 mM Tris, 300 mM NaCl, pH 7.5, 20 mM Imidazole
(binding buffer) and sonicated on ice using an MSE Soniprep 150 at an amplitude of 15
Mm. The supernatant was filtered through a Minisart 0.45 pm unit.

Purification. The sample was purified on a Fast Protein Liquid Chromatography (FPLC)
setup (AKTA prime). A nickel affinity column (HisTrap) was equilibrated with 10 column
volumes of binding buffer at 1 mL/min and the sample loaded at 1 mL/min until protein
flow through finished and a steady baseline reached. Protein was eluted on a gradient of
20 - 500 mM imidazole over 100 mL using elution buffer (200 mM Tris, 300 mM NacCl, pH
7.5, 500 mM imidazole, Supporting information, Figure 36). Absorbance was measured
at 280 nm (g: 37,300 Mt cm™)!20 and InhA protein containing fractions confirmed using
SDS-PAGE (Supporting information, Figure 37) and Mass Spectrometry kindly carried out
by Faadil Fawzy on a Thermo LTQ FT-Ultra and analysed using Water SYNAPT G2-Si HDMS
software (Supporting information, Figure 38). SDS-PAGE solutions were used for gels
composed of solutions laid out in Table 11. Resolving gel was added to the mould and
cast over 30 minutes followed by the stacking gel, again left for 30 minutes. FPLC fractions
were mixed with loading dye and heated to 90 °C for 5 minutes before being added to the
gel along with PageRuler Plus prestained protein ladder. Gels were submerged in running

buffer and run at 120 V until the dye front travelled the length of the gel. The Gel was
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stained using Coomassie Blue over 30 minutes with shaking and de-stained in water

overnight with shaking to allow visualisation under UV light.

Table 11: SDS gel components (12%).
Resolving Gel - 10 mL 3.4 mL water, 4 mL 30% bisacrylamide,

2.5 mL TRIS-HCI pH 8.8, 50 pL 20% SDS,
100 pL 10% APS, 10 pyL TEMED

Stacking Gel - 4 mL 2.7 mL water, 0.8 mL 30% bisacrylamide,
0.5 mL TRIS-HCI pH 6.8, 20 pL 20% SDS,

40 pL 10% APS, 4 pL TEMED

Running Buffer 25 mM TRIS-HCI, 250 mM glycine, 0.1%
SDS, pH 8.3
Loading dye 50 mM TRIS-HCI pH 6.8, 2% SDS, 10%

Glycerol, 0.01% Bromophenol blue, 2 mM

DTT

Purified InhA fractions were moved from elution buffer to storage buffer (30 mM PIPES,
pH 6.8) with spin dialysis and glycerol added to a final concentration of 10%. The protein
concentration was determined using a Nanodrop ND-1000 UV spectrophotometer at 280
nm (X: 37,300 M1cm).120 Protein stocks were divided into 0.5 mL aliquots, flash frozen
in liquid N2 and stored at -80 °C as single use samples for up to six months. A 1 L culture

provided 9 - 13 mg purified protein.

6.3 UV/Vis screening

Materials. All materials were purchased from Sigma-Aldrich except the following
compounds: InhA prepared as stated in the previous section. NADH disodium salt
purchased from PanReac AppliChem and a 10 mM stock solution freshly prepared in 30

mM PIPES buffer at pH 6.8 (assay buffer) and stored on ice. Samples were diluted

72



accordingly and used within the same day. trans-2-Octenoyl CoA (OcCoA, Figure 34) was

prepared by Tom Armstrong and provided for use in this study.!?!

NH,
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Figure 34: Assay substrate: trans-2-octenoyl-CoA (109).

Aliquots were thawed on ice on the day of testing and dissolved in 800 pL assay buffer to
provide a 5 mM stock solution. Concentrations were confirmed prior to testing with a
TECAN Spark for both NADH (340 nm) and OcCoA (254 nm) with extinction coefficients of
6220 M-'cm™ and 20,400 M-lcm! respectively and diluted accordingly. Assays were carried
out using Corning® 96-well clear flat bottom UV-transparent microplates with a path length

of 0.29 cm.

All NMCCC ligands were purchased and provided by Lubna Hashmi as 10 mM stocks in
DMSO in 96 well plates. Volumes of 2 uL and 10 uL per compound were purchased for
percentage inhibition and ICso testing respectively and used without further manipulation.
Triclosan and NITD-564 were taken as reference ligands during testing. Triclosan had to
be prepared differently to those obtained from the NMCCC. As Triclosan precipitates upon
DMSO-water dilution, it was first dissolved in 1 M NaOH to a concentration of 10 mM.
NMCCC candidates and Triclosan were then diluted in assay buffer to a range of
concentrations (0.1 pM - 100 pM) required for testing, ensuring a final percentage of 0.5%
(v/v) DMSO or 1 M NaOH (final assay volume 100 pL). Negative control solutions

containing only 0.5% (v/v) DMSO or 1 M NaOH were carried out alongside each row.

Enzyme Kinetics. Methods for carrying out enzyme kinetics and inhibition studies were
developed by Aneesa Ahmed and utilised for this study.!!® Measurements were carried out

using a TECAN Sunrise. To obtain Km data for InhA, NADH absorbance was observed at
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340 nm every 20 seconds for 15 cycles (5 min) at 30 °C (£ 0.5 °C, Supporting information,
Figure 39). The NADH concentration was varied (0 - 120 pM) whilst holding the OcCoA
concentration at 400 uM then the OcCoA concentration was varied (0 - 415 uM) whilst
holding the NADH concentration at 100 pM (Supporting information, Table 12, Table 13,
Table 14 Figure 40 and Figure 41). A row of 12 wells were charged with OcCoA and
assay buffer with a 12-channel pipette and an initial reading taken. NADH was added to
the wells and InhA added to the row directly underneath (final concentration of 150 nM).
The top row was transferred to the bottom and mixed three times to initiate the 100 pL
reaction. Initial absorbances were subtracted from each measurement cycle and the
resultant values transformed into NADH concentration through use of the Beer — Lambert
law (g: 6220 Mtcm?, I: 0.29 cm). The first two-minute linear slope was taken as the initial
rate and GraphPad Prism 8 used to plot OcCoA and NADH concentrations against reaction
rate to determine Km constants using the non-linear regression tool and Michaelis - Menten

enzyme kinetics analysis. Constants were within three-fold of three independent studies.

Enzyme Inhibition Studies. Enzyme kinetics methods were repeated for use in inhibition
studies with the addition of ligand stock solutions to the wells prior to measurement of
initial absorbance. Assay components were: InhA (5 pL, 150 nM), NADH (10 - 11 uL, 100
MM), OcCoA (9 - 11 pL, 400 pM), Ligand (10 L, 0.1 - 100 pM) made up to 100 pL with
pH: 6.8, 30 mM PIPES buffer ensuring a final concentration of 0.5% (v/v) DMSO or 1M
NaOH in the reaction. Percentage inhibition studies were carried out at 50 uM in duplicate
and results obtained by calculating loss of activity vs negative control (Equation 3).
Negative controls were run once per row, positive controls once per plate and each

compound assessed in duplicate.

(Vo — V1D
<T) * 100

Equation 3: Calculation of percentage inhibition where Vg: rate in absence of inhibitor and Vi: rate
in presence of inhibitor (UM.min"1).
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ICso values were determined by plotting reaction rates against the log of concentrations
from 0 - 50 uyM in triplicate. GraphPad Prism four-parameter model: log (inhibitor) vs

response — (variable slope) then provided the appropriate ICso (Equation 4).

(Top — Bottom)
(1 + 10(0og Cso-X)Hillstope)

Y = Bottom +

Equation 4: ICso four parameter model. Top and Bottom: velocity plateaus, Hillslope: incline of the
slope, ICso: concentration at which the response is halfway between Top and Bottom.

Positive controls took the form of triclosan and hydroxypyridone 46 (NITD-564) with
reported ICso values of 12.5 and 0.59 uM respectively, within threefold of the values

obtained during this study (Table 14).77:7° Error recorded as standard error (SE).
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6.3 Chemical Synthesis

Reagents were commercial or HPLC grade obtained from Merck, Alfa Aesar, Fisher or
Fluorochem and used as received unless indicated otherwise.

Solvents were obtained from Fisher Scientific for common use and used as received.
Deuterated and anhydrous solvents were obtained from Merck and used as received.
Reactions were conducted under a nitrogen atmosphere unless otherwise stated and
monitored by TLC using Merck Kieselgel 60 F254 plates with detection by UV absorption
(254 nm) and staining with KMnO4 (1.58 mg/mL) or Vanillin (60 mg/mL). Column
chromatography was performed on silica gel from Merck or Fluorochem (0.040-0.063 nm).
Microwave irradiation was carried out using a CEM Discover-S system.

HPLC purification was carried out using two systems. System 1: an Agilent 1200 series
equipped with an Agilent 1260 Infinity Variable Wavelength Detector VL measuring at 215
nm. System 2: a Shimadzu Prominence UFLC system equipped with an SPD-20A Detector
measuring at 220 nm. Purification was carried out on a semi-preparative column: XDB-
C18 eclipse, 9.4 x 250mm, 5um pore size, 2 mL/min. Runs were carried out using 0.1%
v/v formic acid in water as solvent A and 0.1% v/v formic acid in MeCN as solvent B.
LCMS analysis was performed on a Shimadzu UFLCXR system coupled to an applied
biosystems API2000 using a Phenomenex Gemini-NX 3mm-110A C18 column at a flow
rate of 0.5 mL/min and UV detection at 220 nm. Samples were equilibrated at 5% solvent
B in solvent A for one minute then method run: 5 to 98% solvent B over 2 mins, 98%
solvent B for 2 mins, 98 to 5% solvent B over 0.5 min then 5% solvent B for one min.
LCMS reference spectra for the purpose of displaying purity have been provided for all
final compounds with retention times noted (Supporting information, Final compound
data).

Optical rotation was measured using a Bellingham and Stanley ADP 220 Polarimeter.
HRMS was recorded on a BrukerTM micrOTOF, an orthogonal Time Of Flight (TOF)
instrument with electrospray ionisation (ESI, positive and negative ion). Mass to charge

ratio (m/z) given to four decimal places.
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1H- and 13C- NMR spectra were recorded (at 400 and 100 MHz respectively) on Bruker
AV-400, AV(III) 400 or DPX 400 spectrometers running at ambient temperature unless
otherwise stated. Chemical shifts are given in parts per million (ppm, &) and J values in
Hertz (Hz) relative to solvent residual peaks as an internal standard (chloroform-d:
7.26ppm and 77.1ppm, methanol-ds: 3.31ppm and 49.00ppm, dimethylsulfoxide-ds:
2.50ppm and 39.52ppm and deuterium oxide-d2: 4.79ppm). Coupling constants are given
in Hz. '3C- spectra were proton decoupled. Proton assignment was assisted through use
of 2D COSY and HSQC spectra. Multiplets are designated by the following notations:
apparent (app, indicating the formation of one of the following multiplets arising from
interaction with more than the expected number of nuclei) singlet (s), broad signal (br)
doublet (d), triplet (t), quartet (q), pentet (p), doublet doublet (dd), doublet triplet (dt)
or multiplet (m). 'H NMR reference spectra for the purpose of displaying purity have been
provided for all final compounds (Supporting information, Final compound data).

All final compounds were synthesised and purified to at least 95% by LCMS.
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boc-Piperazine (41)!%2
HNY
K/N\H/O\{/
o
Piperazine (861 mg, 10.0 mmol) was dissolved in CH2Cl2 (15 mL) and stirred. boc-
Anhydride (1.09 g, 5.00 mmol) in CH2Cl2 (15 mL) was then added dropwise and the
reaction stirred for 16 hours. The reaction was filtered and washed with CH2Cl. before
concentration under reduced pressure. The crude product was re-dissolved in water and
filtered before being saturated with K2COs and extracted three times with Et20. The
combined organic layers were dried over MgSOQg, filtered, and concentrated under reduced
pressure to yield the pure product as a clear oil (Yield: 754 mg, 4.05 mmol, 81%).
HRMS (ESI) required for CoH1sN202*: 187.1441, found 187.1444,
'H NMR (400 MHz, chloroform-d) 6 3.44 - 3.31 (m, 4H, CH2), 2.92 - 2.74 (m, 4H, CH2),
2.29 (s, NH), 1.45 (s, 9H).
13C NMR (101 MHz, chloroform-d) & 154.9(CO), 79.8 (C), 45.9 (CHz), 28.6 (CH3).

Note: 'H NMR consistent with reported values
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4-Cinnamylpiperazine-1-boc (42)
spae
K/N\”/O\{/
0

Compound 41 (1.00 g, 5.40 mmol) was dissolved in 1:3 THF:CH2Cl> (40 mL) with
cinnamaldehyde (800 mg, 5.90 mmol), sodium triacetoxyborohydride (1.50 g, 7.00 mmol)
and two drops of AcOH and stirred for 20 hours. The mixture was partitioned between
CHCIs and NaHCOs aqg. sat. sol. and the organic layer dried over MgSOQs, filtered, and
concentrated under reduced pressure. The crude product was purified by column
chromatography (50-75% EtOAc/hexane) to produce a white solid (Yield: 1.60 g, 5.15
mmol, 95%).
HRMS (ESI) required for CisH27N202*: 303.2073, found 303.2088.
1H NMR (400 MHz, chloroform-d) & 7.41 - 7.34 (m, 2H, ArH), 7.31 - 7.21 (m, 2H, ArH),
7.26 - 7.20 (m, 1H, ArH), 6.52 (d, J = 15.6, 1H, CH), 6.26 (dt, J = 15.7, 6.8 Hz, 1H, CH),
3.47 (m, 4H, CH2), 3.18 (d, J = 6.8, 2H, CH2), 2.46 (m, 4H, CH2), 1.46 (s, 9H, CHz).
13C NMR (101 MHz, chloroform-d) & 154.9 (CO), 136.9 (ArC), 133.7 (CH), 128.7 (ArC),
127.8 (CH), 126.5 (ArC), 126.0 (ArC), 79.8 (C), 61.2 (CHz), 53.1 (CHz), 43.2(CHz), 28.6
(CHs).

Note: 'H NMR consistent with reported values.!?3
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4-Cinnamylpiperazine (43)'%3

Compound 42 (1.60 g, 5.15 mmol) was dissolved in 1:5 TFA:CH2Cl> (50 mL) and stirred
for 5 hours producing a turquoise solution. The solution was concentrated to yield the
crude product as a beige solid which was split between CH2Cl2 and 1 M NaOH and extracted
with CH2Cl2 a further two times. The solution was dried over MgSOQs, filtered, and
concentrated under reduced pressure to afford a pale-yellow oil (Yield: 1.03 g, 5.07 mmol,
99%) which was used without further purification.

HRMS (ESI) required for Ci3HioN2*: 203.1543, found 203.1546.

'H NMR (400 MHz, methanol-ds) & 7.53 - 7.46 (m, 2H, ArH), 7.40 - 7.28 (m, 3H, ArH),
6.96 (d, J = 15.6 Hz, 1H, CH), 6.33 (dt, J = 15.5, 7.5 Hz, 1H, CHCH), 4.03 (d, J = 7.6,
2H, CH2), 3.60 (s, 8H, CH2).

13C NMR (101 MHz, methanol-ds4) d 141.7 (CH), 137.2 (ArC), 131.0 (ArC), 129.2 (ArC),
127.7 (ArC), 116.7 (CH), 60.0 (CHz), 49.1 (CH2), 42.2 (CH>).

Note: 'H NMR consistent with reported values.
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(9H-Fluoren-9-yl)methyl (3-(4-cinnamylpiperazin-1-yl)-3-oxopropyl)carbamate

(44)
X
N
©/\/\ K/)\IT‘/\/NHFmoc

0
Compound 43 (2.00 g, 9.89 mmol) was dissolved in CH2Cl2 (100 mL) with HCTU (6.10 g,
14.8 mmol), Fmoc-B-alanine (3.39 g, 10.9 mmol) and K2COs (4.10 g, 29.7 mmol) and
stirred for 24 hours. The suspension was diluted to half concentration in CH2Cl> and treated
successively with NaHCOs and brine. The crude was dried over MgSOs, filtered, and
concentrated under reduced pressure before purification by column chromatography to
produce a clear, viscous oil (1-3% MeOH/CH2Cl2) (Yield: 4.75 g, 9.58 mmol, 96%).
HRMS (ESI) required for C31H3aN303*: 496.2595, found 496.2621.
'H NMR (400 MHz, chloroform-d) & 7.76 (d, J = 7.5 Hz, 2H, ArH), 7.59 (d, J = 7.5 Hz,
2H, ArH), 7.43 - 7.35 (m, 4H, ArH), 7.35 - 7.27 (m, 4H, ArH), 7.23 (m, 1H, ArH), 6.52
(d, J = 15.9 Hz, 1H, CH), 6.24 (dt, J = 15.9, 6.8 Hz, 1H, CH), 5.61 (t, J = 6.4 Hz, 1H,
NH), 4.35 (d, J = 7.2 Hz, 2H, CH2), 4.20 (t, J = 7.2 Hz, 1H, CH), 3.75 - 3.62 (m, 2H,
CH2), 3.58 - 3.49 (m, 2H, CH2), 3.49 - 3.40 (m, 2H, CH2), 3.17 (d, J = 6.8 Hz, 2H, CH2>),
2.54 (t, J = 5.5 Hz, 2H, CH2), 2.51 - 2.37 (m, 4H, CH2).
13C NMR (101 MHz, chloroform-d) 6 170.0 (CO), 156.6 (CO), 144.1 (ArC), 141.4 (ArC),
136.8 (ArC), 133.7 (CH), 128.8 (ArC), 127.8 (ArC), 127.8 (ArC), 127.2 (ArC), 126.5
(ArC), 125.9 (CH), 125.3 (ArC), 120.1 (ArC), 66.9 (CHz), 61.0 (CH2), 53.2 (CH2), 52.9

(CH2), 47.4 (CH), 45.4 (CH>), 41.7 (CH2), 36.9 (CH2), 33.3 (CHa).
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3-Amino-1-(4-cinnamylpiperazin-1-yl)propan-1-one (45)
g0
N NH,
701/\/
Compound 44 (500 mg, 1.01 mmol) was dissolved in THF (1.8 mL) with dimethylamine in
EtOH (1.8 mL, 5.6 M, 10.00 mmol) and stirred for 1.5 hours. The crude product was
concentrated in vacuo then co-evaporated with MeCN. The product was purified by column
chromatography using a short silica plug (5-25% MeOH/CH2Cl>) to produce a clear, viscous
oil (Yield: 232 mg, 850 pmol, 85%).
HRMS (ESI) required for CisH24N30*: 274.1914, found 274.1925.
'H NMR (400 MHz, dimethylsulfoxide-ds) & 7.51 - 7.38 (m, 2H, ArH), 7.38 - 7.27 (m,
2H, ArH), 7.27 - 7.14 (m, 1H, ArH), 6.55 (d, J = 16.0 Hz, 1H, CH), 6.30 (dt, J = 16.0,
6.6 Hz, 1H, CH), 3.57 - 3.36 (m, 4H, CH2), 3.11 (d, J = 6.6 Hz, 2H, CH2), 2.72 (t, 2H, J
= 6.5 Hz, CH2), 2.45 - 2.17 (m, 6H, CH2), 1.42 (br, 2H, NH2).
13C NMR (101 MHz, dimethylsulfoxide-ds) 8 170.4 (CO), 137.1 (ArC), 132.7 (CH), 129.1
(ArC), 127.9 (ArC), 127.2 (CH), 126.7 (ArC), 60.5 (CHz), 53.4 (CHz), 52.9 (CHz), 45.3

(CH2), 41.3 (CH2), 38.6 (CH2), 36.9 (CH>).
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N-(4-(N-(3-(4-Cinnamylpiperazin-1-yl)-3-oxopropyl)sulfamoyl)phenyl)

acetamide (35)
N
O Y
bR

Compound 45 (115 mg, 370 umol) was dissolved in DMF (2 mL) with NEts (94.0 ul, 730
pmol) at 0 °C using an ice water bath. 4-Acetamidobenzenesulfonyl chloride (94.0 mg,
400 pmol) was dissolved in DMF (2 mL) and added dropwise and stirred for ten minutes
before allowing the reaction to warm to room temperature and stirring for 16 hours. The
reaction was concentrated under reduced pressure, providing 240 mg crude material.
Reverse-phase HPLC purification (10% B over 8 mins, 10-25% B over 1 min, 25% B over
10 mins, 25-100% B over 1 min, 100% B over 5 mins) of 60.0 mg crude material provided
a white powder (Yield: 24.1 mg, 50.0 umol, 14%).

HRMS (ESI) required for C24H31N404S*: 471.2066, found 471.2057.

'H NMR (400 MHz, dimethylsulfoxide-de) & 10.32 (s, 1H, CONH), 8.15 (s, 1H, NH), 7.79
- 7.69 (m, 4H, ArH), 7.46 - 7.39 (m, 2H, ArH), 7.35 - 7.29 (m, 2H, ArH), 7.26 - 7.20
(m, 1H, ArH), 6.53 (d, J = 16.0 Hz, 1H, CH), 6.29 (dt, J = 16.0, 6.6 Hz, 1H, CH), 3.45 -
3.31 (m, 4H, CH2), 3.10 (d, J = 6.6 Hz, 2H, CH2), 2.93 (app q, J = 6.8 Hz, 2H, CH2), 2.43
(t, J = 6.8 Hz, 2H, CH2), 2.39 - 2.20 (m, 4H, CH2), 2.08 (s, 3H, CHs).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 169.0 (CO), 168.4 (CO), 142.8 (ArC), 136.6
(ArC), 134.0 (ArC), 132.3 (CH), 128.6 (ArC), 127.7 (ArC), 127.5 (ArC), 126.6 (CH), 126.2
(ArC), 118.6 (ArC), 60.0 (CHz), 52.6 (CHz2), 52.2 (CH2), 44.7 (CH2), 41.0 (CH2), 38.9

(CH2), 32.5 (CH2), 24.1 (CHs).
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Methyl 2-((1-methyl-1H-imidazol-2-yl)thio)acetate (47)

/
[N/>_‘°L/<Z_

1-Methyl-1H-imidazole-2-thiol (1.00 g, 8.76 mmol) was dissolved in THF (18 mL) at 0 °C
using an ice water bath and NaH (60%, 526 mg, 13.1 mmol) added portion-wise to form
a slurry which was left to stir for 30 mins at 0 °C. Methyl 2-bromoacetate (0.8 mL, 8.76
mmol) was added dropwise at 0 °C, allowed to warm to room temperature and stirred for
16 hours. The reaction was acidified to pH 3 with 1M HCI, extracted with CH>Cl> and washed
successively with NaHCOs3 aq. sat. sol. and brine. The organic layer was dried over MgSQy,
filtered, and concentrated under reduced pressure to produce a yellow oil (Yield: 768 mg,
5.64 mmol, 64%).

HRMS (ESI) required for C7H11N202S*: 187.0536, found 187.0543.

'H NMR (400 MHz, chloroform-d) & 7.07 (d, J = 1.3 Hz, 1H, ArH), 6.93 (d, J = 1.3 Hz,
1H, ArH), 3.86 (s, 2H, CH2), 3.70 (s, 3H, CHs), 3.67 (s, 3H, CH3).

13C NMR (101 MHz, chloroform-d) 6 169.8 (CO), 140.1 (ArC), 129.4 (ArC), 122.8 (ArC),

52.9 (CHs), 36.4 (CH2), 33.6 (CH3).
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2-((1-Methyl-1H-imidazol-2-yl)thio)acetic acid (48)
N/
[ )=S0
¢
OH
Compound 47 (1.00 g, 5.37 mmol) was dissolved in 4:1 THF:2M aqueous NaOH (54 mL)
and left to stir for 2 hours. THF was removed by rotary evaporation and the reaction
neutralised with 1 M HCI. The suspension was extracted three times with EtOAc and the
combined organic layers dried over MgSQ, filtered, and concentrated under reduced
pressure to produce a yellow solid with no further purification (Yield: 930 mg, 5.39 mmol,
100%).
HRMS (ESI) required for CeHoN202S*: 173.0379, found 173.0387.
1H NMR (400 MHz, deuterium oxide-d>) d 7.59 (d, J = 2.0 Hz, 1H, ArH), 7.54 (d, J = 2.0
Hz, 1H, ArH), 3.95 (s, 3H, CH3), 3.91 (s, 2H, CHa).
13C NMR (101 MHz, deuterium oxide-d2) 8 172.2 (CO), 133.4 (ArC), 125.5 (ArC), 120.9
(ArC), 36.5 (CH2), 35.2 (CHs).

Note: 'H NMR consistent with reported values.'?*
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Methyl 4-(2-((1-methyl-1H-imidazol-2-yl)thio)acetamido)benzoate (49)
/

[N/)—s 0
N A 0
HN4< >—/<O_

Compound 48 (925 mg, 5.37 mmol) was dissolved in CH2Cl> (25 mL) with methyl 4-
aminobenzoate (812 mg, 5.37 mmol), EDC.HCI (1.13 g, 5.91 mmol) and DMAP (131 mg,
1.07 mmol) and left to stir for 16 hours. NH4Cl aq. sat. sol. was added and the suspension
extracted with CH2Cl> three times before being washed with H20 and Brine. The combined
organic layers were dried over MgSQs, filtered, and concentrated before purification by
column chromatography (50% EtOAc/hexane) to produce a white solid (Yield: 674 mg,
2.21 mmol, 41%).

HRMS (ESI) required for C14H14N303S™: 304.0761, found 304.0754.

1H NMR (400 MHz, chloroform-d) & 11.58 (s, 1H, NH), 8.04 - 7.91 (m, 2H, ArH), 7.75 -
7.62 (m, 2H, ArH), 7.16 (d, J = 1.5 Hz, 1H, ArH), 6.98 (d, J = 1.5 Hz, 1H, ArH), 3.90 (s,
2H, CH2), 3.88 (s, 3H, CHs), 3.63 (s, 3H, CH3s).

13C NMR (101 MHz, chloroform-d) 6 167.7 (€CO), 166.8 (CO), 143.0 (ArC), 142.7 (ArC),
130.7 (ArC), 127.3 (ArC), 125.2 (ArC), 122.9 (ArC), 118.8 (ArC), 52.0 (CH3), 37.4 (CH2),

33.6 (CH3).
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4-(2-((1-Methyl-1H-imidazol-2-yl)thio)acetamido)benzoic acid (50)
/

[N/)—s o)
N A 0
HN@—/(OH

Compound 49 (305 mg, 1.00 mmol) was dissolved in H20 (2 mL) with LiOH (59.9 mg, 2.5
mmol) and left to stir for 16 hours. The solution was acidified to pH 1 and extracted with
EtOAc three times before being dried over MgSQy, filtered, and concentrated to produce a
pale-yellow solid which was taken forward without further purification (Yield: 286 mg, 0.98
mmol, 98%).

HRMS (ESI) required for Ci13H12N303S™: 290.0605, found 290.0601.

'H NMR (400 MHz, dimethylsulfoxide-ds) & 11.32 (s, 1H, NH), 7.93 - 7.79 (m, 2H, ArH),
7.77 - 7.68 (m, 2H, ArH), 7.68 - 7.60 (m, 1H, ArH), 6.69 - 6.62 (m, 1H, ArH), 4.31 (s,
2H, CH2), 3.85 (s, 3H, CH3s).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 167.3 (CO), 166.6 (CO), 143.1 (ArC), 139.7
(ArC), 131.6 (ArC), 130.8 (ArC), 121.5 (ArC), 119.0 (ArC), 114.4 (ArC), 37.2 (CH2), 35.6

(CH3).
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(4-(Aminomethyl)phenyl)methanol (52)'2°

HO
NH,

Lithium aluminium hydride (2.4 M in THF, 44 mL, 106 mmol) was diluted in THF (30 mL)
at 0 °C using an ice water bath. 4-(aminomethyl)benzoic acid (4 g, 26.5 mmol) was
dissolved in THF (10 mL) and added dropwise, forming a white suspension and left to stir
for 30 mins. The reaction was heated to reflux slowly over 1 hour, turning pale-blue at 30
°C then purple at 45 °C. The suspension was left to reflux at 70 °C for 16 hours, forming
a white suspension. The reaction was quenched at 0 °C with MeOH before being filtered
through Celite and washed with EtOAc. The product was concentrated and co-evaporated
with toluene to produce a yellow oil which was taken forward without further purification
(Yield: 3.02 g, 22.0 mmol, 83%).

HRMS (ESI) required for CsH12NO*: 138.0913, found 138.0916.

'H NMR (400 MHz, methanol-ds) & 7.31 (s, 4H, ArH), 4.58 (s, 2H, CH2), 3.77 (s, 2H,
CH>).

13C NMR (101 MHz, methanol-ds) 6 142.7 (ArC), 141.4 (ArC), 128.4 (ArC), 128.2 (ArC),
65.0 (CH2), 46.5 (CH2).

Note: 'H and 13C NMR consistent with reported values.
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Benzyl (4-(hydroxymethyl)benzyl)carbamate (53)!2¢
HO
NHCbz

Compound 52 (18.2 g, 132 mmol) was suspended in H20 (1.0 L) with K2COs (36.6 g, 264
mmol) and left to stir for 10 mins until solvated. CbzCl (32 mL, 225 mmol) was added
dropwise and stirred for 16 hours. The suspension was extracted three times with CH2Cl3,
dried over MgSOs4, filtered, and concentrated prior to purification by column
chromatography (30-100% EtOAc/hexane) to provide a white solid (Yield: 32.2 g, 119
mmol, 90%).

HRMS (ESI) required for CisH17NOsNa*: 294.1101, found 294.1109.

1H NMR (400 MHz, chloroform-d) & 7.48 - 7.12 (m, 9H, ArH), 5.22 - 4.98 (m, 3H, CH2
NH), 4.67 (s, 2H, CH2), 4.37 (d, J = 5.6 Hz, 2H, CH2), 1.77 (s, 1H, OH).

13C NMR (101 MHz, chloroform-d) d 156.6 (CO), 140.4 (ArC), 138.0 (ArC), 136.6 (ArC),
128.7 (ArC), 128.3 (ArC), 128.3 (ArC), 127.9 (ArC), 127.4 (ArC), 67.0 (CH2), 65.1 (CH>),
45.0 (CH2).

Note: 'H and 13C NMR consistent with reported values.
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Benzyl (4-(chloromethyl)benzyl)carbamate (54, adapted procedure)'?’
Cl
NHCbz

Compound 53 (32.2 g, 119 mmol) was dissolved in CH2Cl2 (450 mL) with PPhs (46.7 g,
178 mmol) and CCls (90 mL, 920 mmol) and left to stir for 16 hours before being
concentrated and purified by column chromatography (100% CHCI3) to produce a white
solid (Yield: 30.2 g, 104 mmol, 88%).

HRMS (ESI) required for CieHisCINO2Na*: 312.0767, found 312.0769.

1H NMR (400 MHz, chloroform-d) & 7.53 - 7.12 (m, 9H), 5.24 - 5.06 (m, 3H), 4.60 (s,
2H), 4.41 (d, J = 6.0 Hz, 2H).

13C NMR (101 MHz, chloroform-d) & 156.4 (CO), 138.8 (ArC), 136.8 (ArC), 136.4 (ArC),
129.0 (ArC), 128.6 (ArC), 128.2 (ArC), 128.2 (ArC), 127.9 (ArC), 67.0 (CHz), 45.9 (CH>),

44.8 (CH>).
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S-(4-((((Benzyloxy)carbonyl)amino)methyl)benzyl)ethanethioate (55)
@)

s
/\©\/NHCbz

Compound 54 (30.2 g, 104 mmol) was dissolved in CH2Cl> (420 mL) with thioacetic acid
(10 mL, 146 mmol), NEts (20 mL, 146 mmol) and DMAP (1.27 g, 10.4 mmol) and stirred
for 16 hours. The reaction was washed with NaHCOs and H20 before being dried over
MgSO4, filtered, concentrated and purified by column chromatography (10-30%
EtOAc/hexane) to provide a yellow oil (Yield: 21.0 g, 63.8 mmol, 61%).

HRMS (ESI) required for CisH1osNO3sSNa*: 352.0983, found 352.0990.

1H NMR (400 MHz, chloroform-d) & 7.41 - 7.15 (m, 9H, ArH), 5.22 - 4.99 (m, 3H, CHz,
NH), 4.35 (d, J = 6.0 Hz, 2H, NHCH2), 4.09 (s, 2H, CH2), 2.34 (s, 3H, CHs).

13C NMR (101 MHz, chloroform-d) d 195.2 (CO), 156.5 (ArC), 137.6 (ArC), 137.1 (ArC),
136.6 (ArC), 129.2 (ArC), 128.6 (ArC), 128.3 (ArC), 127.9 (ArC), 67.0 (CH2), 44.9 (CH2),

33.2 (CH2), 30.4 (CH3).
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Benzyl (4-(mercaptomethyl)benzyl)carbamate (56, adapted procedure)'?®
HS
NHCbz

Compound 55 (21.0 g, 63.8 mmol) was dissolved in CH2Cl2> (450 mL) at 0 °C using an ice
water bath and hydrazine monohydrate (31 mL, 178 mmol) added dropwise. The reaction
warmed to room temperature and stirred for 4 hours. The reaction was diluted to 1 | in
CH:Cl2 and washed with water and sat. aq. NH4Cl before being dried over MgSOQg, filtered,
concentrated and purified by column chromatography (15-100% EtOAc/hexane) to
provide an off-white solid (Yield: 6.4 g, 22.2 mmol, 35%).

HRMS (ESI) required for CisH17NO2SNa*: 310.0872, found 310.0885.

'H NMR (400 MHz, chloroform-d) d 7.44 - 6.90 (m, 9H, ArH), 5.14 - 4.93 (m, 2H, CH2,
NH), 4.28 (d, J = 6.0 Hz, 2H, CH2), 3.64 (d, J = 7.5 Hz, 2H, SHCH2), 1.66 (t, J = 7.5 Hz,
1H, SH).

13C NMR (101 MHz, chloroform-d) 6 156.4 (CO), 140.5 (ArC), 137.3 (ArC), 136.5 (ArC),
129.7 (ArC), 128.6 (ArC), 128.4 (ArC), 128.2 (ArC), 127.9 (ArC), 66.9 (CH2), 44.8 (CH>),

28.6 (CH2).
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Benzyl (4-(sulfamoylmethyl)benzyl)carbamate (57, adapted procedure)!°?

HoN
//S\\
o g\©\/NHCbz

Compound 56 (2.00 g, 6.96 mmol) was dissolved in MeCN (60 nL) with H20 (0.31 mL,
17.3 mmol) and tetrabutylammonium chloride (5.80 g, 21.0 mmol). N-chlorosuccinimide
(2.80 g, 20.8 mmol) was added in portions over 5 mins resulting in slight heat evolution.
After stirring for 110 mins, NH4OH (15 M in water, 2.0 mL, 29.1 mmol) was added dropwise
and stirred for 10 mins followed by addition of NH4Cl aq. sat. sol (8.0 mL). After stirring
for 50 mins, the solution was extracted with EtOAc three times and the combined organic
layers washed with ag. 1M NaOH, H20 and brine before being dried over MgSQOg, filtered,
and concentrated under reduced pressure to provide a white powder (Yield: 1.01 g 3.03
mmol, 44%).

HRMS: required for CisH1sN204SNa*: 357.0879, found 357.0892.

1H NMR (400 MHz, dimethylsulfoxide-ds) & 7.84 (t, J = 6.2 Hz, 1H, NH), 7.42 - 7.19 (m,
9H, ArH), 6.81 (s, 2H, NH2), 5.04 (s, 2H, CH2), 4.26- 4.16 (m, 4H, CH2).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 156.4 (CO), 139.5 (ArC), 137.2 (ArC), 130.7
(ArC), 129.3 (ArC), 128.4 (ArC), 127.8 (ArC), 127.8 (ArC), 126.9 (ArC), 65.4 (CH2), 59.9

(CH2), 43.5 (CH>).
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(4-(Aminomethyl)phenyl)methanesulfonamide (58)

HoN.
//S\\
© g\©\/NH2

Compound 57 (563 mg, 1.68 mmol) was dissolved in CH2Cl2 (20 mL) with Pd(OAc)2 (20.3
mg, 0.09 mmol), NEts (36.0 ul, 0.260 mmol) and triethylsilane (434 ul, 2.72 mmol) and
stirred for 48 hours. The reaction was filtered through Celite and stirred in sat. aq. NH4Cl
for 15 mins before the layers were separated and the aqueous phase extracted twice with
EtOAc. The combined organic layers were dried over MgSQs, filtered, concentrated and
purified by column chromatography (5-20% MeOH/CH2ClI2) to provide a white solid (Yield:
200 mg, 1.00 mmol, 62%).

HRMS (ESI) required for CsH13N202S*: 201.0692, found 201.0698.

1H NMR (400 MHz, dimethylsulfoxide-ds) & 7.48 - 7.13 (m, 4H), 6.77 (br, 2H), 4.23 (s,
2H), 3.75 (s, 2H), 1.84 (s, 1H).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 142.6 (ArC), 130.5 (ArC), 128.9 (ArC), 127.1

(ArC), 60.0 (CHz), 44.9 (CH.).
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4-(2-((1-Methyl-1H-imidazol-2-yl)thio)acetamido)-N-(4-(sulfamoylmethyl)
benzyl)benzamide (36)

N
i R
HoN N Pe
>s¢ s~ N
o}

Compound 58 (79.6 mg, 0.45 mmol) was dissolved in DMF (5 mL) with compound 50
(157 mg, 0.54 mmol), K2COs (186 mg, 1.34 mmol) and HCTU (278 mg, 0.67 mmol) and
stirred for 16 hours. The reaction was diluted four-fold in CH2Cl2 and washed successively
with NaHCOs and brine then dried over MgSQg, filtered, and concentrated under reduced
pressure. The reaction provided 140 mg crude material, 100 mg of which was purified by
reverse-phase HPLC purification (0% B over 5 mins, 0-15% B over 1 min, 15% B over 10
mins, 15-100% B over 1 min, 100% B over 6 mins) to provide a white powder (10.5 mg,
22.2 ymol, 5%).

HRMS (ESI) required for C21H24Ns04S2*: 474.1264, found 474.1267.

1H NMR (400 MHz, dimethylsulfoxide-ds) 6 10.61 (s, 1H, NH), 8.95 (t, J = 6.1, 1H, NH),
7.85 (m, 2H, ArH), 7.63 (m, 2H, ArH) 7.31 (s, 4H, ArH), 7.25 (d, J = 1.3, 1H, ArH), 6.96
(d, J = 1.3, 1H, ArH), 6.81 (s, 2H, NH2), 4.46 (d, J = 6.1, 2H, CH2), 4.23 (s, 2H, CH2),
3.89 (s, 2H, CH2), 3.60 (s, 3H, CHs).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 167.45 (CO), 166.23 (CO), 141.92 (ArC),
139.97 (ArC), 139.91 (ArC), 131.14 (ArC), 129.60 (ArC), 129.48 (ArC), 129.03 (ArC),
128.66 (ArC), 127.61 (ArC), 124.09 (ArC), 118.80 (ArC), 60.33 (CHz), 42.77 (CH>), 38.84

(CH2), 33.46 (CHs).
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6-(4-Methyl-1,4-diazepan-1-yl)nicotinamide (61)

1-Methylhomopiperazine (2.0 mL, 15.8 mmol) was dissolved in MeCN (60 mL) with 6-
chloronicotinamide (2.35 g, 15.0 mmol) and DiPEA (7.84 mL, 45.0 mmol) and stirred at
80 °C for 48 hours. DMF (10 mL) was added, and the reaction stirred for a further 48
hours. The reaction was concentrated under reduced pressure and diluted with 1 M NaOH
before extraction with EtOAc three times. The organic phases were combined, dried over
MgSOs, filtered, and concentrated under reduced pressure. The product was purified using
a silica plug flushed successively with CH2Cl2, EtOAc and MeOH to produce the desired
product as a yellow solid (1.17 g, 5.01 mmol, 33%).

HRMS (ESI) required for Ci12H1oN4O*: 235.1553, found 235.1567.

'H NMR (400 MHz, dimethylsulfoxide-de) d 8.58 (d, J = 2.3 Hz, 1H, ArH), 7.91 (dd, J =
9.0, 2.3 Hz, 1H, ArH), 7.70 (br, 1H, NH2), 7.06 (br, 1H, NH2), 6.62 (d, J = 9.0 Hz, 1H,
ArH), 3.80 - 3.70 (m, 2H, CH2), 3.70 - 3.57 (m, 2H, CH2), 2.61 - 2.54 (m, 2H, CH2),
2.47 - 2.40 (m, 2H, CH2), 2.24 (s, 3H, CHs), 1.96 - 1.76 (m, 2H, CH2).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 166.9 (CO), 159.0 (ArC), 148.4 (ArC), 136.6
(ArC), 117.0 (ArC), 104.3 (ArC), 57.2 (CHz2), 56.6 (CH2), 46.3 (CH2), 46.1 (CHz), 46.0

(CHs), 26.8 (CH2).
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(6-(4-Methyl-1,4-diazepan-1-yl)pyridin-3-yl)methanamine (62)
\

Compound 61 (1.17 g, 5.01 mmol) was dissolved in dry THF (5 mL) and cooled to 0 °C
using an ice water bath. BH3.THF (20 mL, 1.0 M) was added dropwise and the reaction
heated to 40 °C and left to stir for 5 days. After observing completion by TLC, the reaction
was cooled to 0 °C and quenched with 5 M HCI. The mixture was stirred at room
temperature for 1 hour then at 60 °C for 20 mins. The solvent was evaporated under
reduced pressure and the product extracted from 1 M NaOH with EtOAc three times. The
organic phases were combined, dried over MgSO4, filtered, and concentrated under
reduced pressure to afford the product as a pale-yellow oil (Yield: 281 mg, 1.27 mmol,
26%).

HRMS (ESI) required for Ci2H21N4*: 221.1761, found 221.1764.

'H NMR (400 MHz, dimethylsulfoxide-de) & 7.96 (d, J = 2.4 Hz, 1H, ArH), 7.45 (dd, J =
8.8, 2.4 Hz, 1H, ArH), 6.54 (d, J = 8.8 Hz, 1H, ArH), 3.85 - 3.65 (m, 2H, CH2), 3.62 -
3.49 (m, 4H, CH2), 2.64 - 2.53 (m, 2H, CH2), 2.45 - 2.38 (m, 2H, CH2), 2.25 - 2.21 (m,
5H, NH2, CHs), 1.98 - 1.75 (m, 2H, CH>).

13C NMR (101 MHz, dimethylsulfoxide-des) 6 157.4 (ArC), 146.8 (ArC), 137.5 (ArC), 126.5
(ArC), 105.4 (ArC), 58.0 (CHz), 57.2 (CH2), 46.6 (CHs), 46.5 (CH2), 46.3 (CH2), 43.1

(CH2), 27.5 (CH2).
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2-Chloro-N-((6-(4-methyl-1,4-diazepan-1-yl)pyridin-3-yl)methyl)-5-
(methylthio)benzamide (37)

\
"N
&/N N
| N
=
HN (0]
Cl
s

2-Chloro-5-(methylthio)benzoic acid (122 mg, 0.600 mmol) was dissolved in DMF (1.5
mL) with HCTU (414 mg, 1.00 mmol) and NEts (0.20 mL, 1.50 mmol) for 10 mins,
producing a light brown solution. 62 (110 mg, 0.50 mmol) was added and the solution
stirred for 16 hours. The reaction was split between EtOAc and 1 M NaOH and the organic
layer washed with water and brine before being dried over MgSQs, filtered, and
concentrated under reduced pressure to afford 220 mg crude product. 105 mg was purified
using reverse-phase HPLC (15% B over 3 mins, 15-25% B over 12 min, 25-100% B over
1 min, 100% B over 9 mins) to produce a white powder (Yield: 11.0 mg, 27.2 umol, 5%).
HRMS (ESI) required for C20H26CIN4OS*: 405.1510, found 405.1528.

1H NMR (400 MHz, dimethylsulfoxide-ds) 0 8.85 (t, J = 5.8, 1H, NH), 8.02 (d, J = 2.4 Hz,
1H, ArH), 7.48 (dd, J = 8.8, 2.4 Hz, 1H, ArH), 7.41 (d, J = 8.4 Hz, 1H, ArH), 7.31 (dd, J
= 8.4, 2.4 Hz, 1H, ArH), 7.25 (d, J = 2.4 Hz, 1H, ArH), 6.60 (d, J = 8.8 Hz, 1H, ArH),
4.28 (d, J = 5.8, 2H, CH2), 3.73 (m, 2H, CH2), 3.56 (t, J= 6.2 Hz, 2H, CH2), 2.67 - 2.60
(m, 2H, CH2), 2.29 (s, 3H, CH3), 1.94 - 1.85 (m, 2H, CH2).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 165.7 (€CO), 157.1 (ArC), 146.8 (ArC), 137.6
(ArC), 137.3 (ArC), 137.1 (ArC), 130.0 (ArC), 127.8 (ArC), 126.3 (ArC), 125.7 (ArC),
121.4 (ArC), 105.1 (ArC), 57.3 (CHz), 56.5 (CH2), 46.1 (CH2), 45.8 (CHs), 45.3 (CH2),

39.9 (CHz), 26.6 (CHz), 14.7 (CH3).
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Methyl 3-(chlorosulfonyl)benzoate (64)!%

3-(Chlorosulfonyl)benzoic acid (8.80 g, 40.0 mmol) was dissolved in CH2Cl2 (400 mL) with
DMF (0.20 mL). Oxalyl chloride (5.2 mL 60.0 mmol) was added dropwise and stirred 1.5
hours. MeOH (8.1 mL, 200 mmol) was added dropwise and left to stir for a further 15
mins. The reaction was concentrated under reduced pressure and purified by column
chromatography (20% EtOAc/hexane) to provide a pale-yellow solid (Yield: 3.10 g, 13.2
mmol, 33%).

HRMS (ESI) required for CgHsClO4S*: 234.9826, found 234.9833.

1H NMR (400 MHz, chloroform-d) & 8.78 - 8.58 (m, 1H, ArH), 8.47 - 8.35 (m, 1H, ArH),
8.28 - 8.15 (d, 1H, ArH), 7.74 (app t, J = 7.9 Hz, 1H, ArH), 4.00 (s, 3H, CHa).

13C NMR (101 MHz, chloroform-d) d 164.6 (CO), 144.8 (ArC), 135.9 (ArC), 132.1 (ArC),
130.7 (ArC), 130.1 (ArC), 128.1 (ArC), 52.9 (CHs).

Note: 'H NMR consistent with reported values.
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Methyl (R)-3-(N-(1-phenylethyl)sulfamoyl)benzoate (65)
o 1 1 TN
Il
o @)
Compound 64 (551 mg, 2.35 mmol) was suspended in 1:1 THF:H20 (10 mL) with K2COs
(974 mg, 7.05 mmol) and (R)-1-phenylethan-1-amine (948 mg, 2.58 mmol) and stirred
for 16 hours. THF was removed under reduced pressure and the resulting suspension
acidified with 1 M HCI and extracted twice with EtOAc. After being washed with NaHCOs3
and brine, the product was dried over MgSOs, filtered, concentrated under reduced
pressure, and purified by column chromatography (20% EtOAc/hexane) to provide a clear
oil (Yield: 528 mg, 1.65 mmol, 70%).
[a]?%: +36.0 (c 1.0, CHCIs).
HRMS (ESI) required for CisH1sNO4S™: 318.0806, found 318.0811.
'H NMR (400 MHz, chloroform-d) & 8.32 - 8.28 (m, 1H, ArH), 8.11 (d, J = 7.8 Hz, 1H,
ArH), 7.84 (d, J = 7.8 Hz, 1H, ArH), 7.42 (t, J = 7.8 Hz, 1H, ArH), 7.12 (m, 3H, ArH),
7.08 - 7.01 (m, 2H, ArH), 5.08 (d, J = 6.9 Hz, 1H, NH), 4.55 (app p, J = 6.9 Hz, 1H, CH),
3.92 (s, 3H, CHs), 1.45 (d, J = 6.9 Hz, 3H, CHs3).
13C NMR (101 MHz, chloroform-d) d 165.6 (CO), 141.5 (ArC), 141.5 (ArC), 133.2 (ArC),
131.1 (ArC), 131.0 (ArC), 129.1 (ArC), 128.7 (ArC), 128.3 (ArC), 127.7 (ArC), 126.3

(ArC), 54.1 (CH), 52.6 (CHs), 23.8 (CH3).
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(R)-3-(N-(1-Phenylethyl)sulfamoyl)benzoic acid (66)
OH
Ho\ﬂ/©\§/N
(@) @)

Compound 65 (528 mg, 1.65 mmol) was suspended in H20 (35 mL) with LiOH (98.9 mg,
4.13 mmol) and stirred for 3 hours. The reaction was acidified to pH 1 with 1 M HCI and
extracted three times with CH2Cl.. The product was dried over MgSQs4, filtered, and
concentrated under reduced pressure to yield a white solid (Yield: 386 mg, 1.26 mmol,
77%).
[a]2%: +32.0 (c 1.0, CHCI3).
HRMS (ESI) required for Ci1sH14aNO4S : 304.0649, found 304.0644.
1H NMR (400 MHz, methanol-ds) & 8.28 - 8.14 (m, 1H, ArH), 8.05 (d, J = 7.8 Hz, 1H,
ArH), 7.82 (d, J = 7.8 Hz, 1H, ArH), 7.44 (t, J = 7.8 Hz, 1H, ArH), 7.18 - 6.95 (m, 5H,
ArH), 4.46 (g, J = 7.0 Hz, 1H, CH), 1.37 (d, J = 7.0 Hz, 3H, CH3).
13C NMR (101 MHz, methanol-ds) & 168.0 (CO), 143.7 (ArC), 143.5 (ArC), 133.8 (ArC),
132.7 (ArC), 131.8 (ArC), 130.1 (ArC), 129.3 (ArC), 129.2 (ArC), 128.1 (ArC), 127.2

(ArC), 55.1 (CH), 24.1 (CHs).
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Methyl (R)-N-methyl-N-(3-(N-(1-phenylethyl)sulfamoyl)benzoyl)glycinate (67)
T H
\O)K/N g/N
O
Compound 66 (386 mg, 1.30 mmol) was dissolved in DMF (20 mL) with sarcosine methyl
ester (194 mg, 1.39 mmol), K2CO3 (698 mg, 5.05 mmol) and HCTU (784 mg, 1.89 mmol)
and stirred for 16 hours to form a pale-yellow suspension. The reaction was concentrated
under reduced pressure and diluted with EtOAc before being washed with 1 M HCI, NaHCO3
aqg. sat. sol., and brine. The crude product was dried over MgS0, filtered, concentrated
under reduced pressure, and purified by column chromatography (50% EtOAc/hexane) to
produce an off white solid (Yield: 140 mg, 388 umol, 28%).
[a]?%: +20.0 (c 1.0, CHCI3).
HRMS (ESI) required for C19H23N20s55*: 391.1354, found 391.1367.
1H NMR (400 MHz, chloroform-d) & 7.90 - 7.77 (m, 1H, ArH), 7.75 - 7.65 (m, 1H, ArH),
7.64 - 7.48 (m, 1H, ArH), 7.45 - 7.31 (m, 1H, ArH), 7.21 - 7.04 (m, 5H, ArH), 5.22 -
5.02 (m, 1H, NH), 4.64 - 4.42 (m, 1H, CH), 4.26 (s, 1H), 3.87 (s, 1H), 3.81 - 3.73 (m,
3H), 3.12 (s, 1H), 2.95 (s, 2H), 1.44 (d, J = 6.7 Hz, 3H, CHCH3).
13C NMR (101 MHz, chloroform-d) & 170.5 (CO), 169.3 (CO), 141.8 (ArC), 141.4 (ArC),
136.3 (ArC), 131.3 (ArC), 129.2 (ArC), 128.7 (ArC), 128.4 (ArC), 127.8 (ArC), 126.3
(ArC), 125.9 (ArC), 54.0 (CH), 52.5 (CHs), 49.3 (CHz), 38.8 (CHs), 23.8 (CHs).
Note: Rotamers observed, peak assignments confirmed in final product through high

temperature 'H NMR.
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(R)-N-Methyl-N-(3-(N-(1-phenylethyl)sulfamoyl)benzoyl)glycine (68)
O
et L

0]
Compound 67 (143 mg, 366 pmol) was suspended in H20 (5 mL) with LiOH (30.0 mg,
1.25 mmol) and stirred for 16 hours. The reaction was acidified to pH 1 with 1 M HCI and
extracted three times with CH2Cl>. The product was dried over MgS04 and concentrated
under reduced pressure to produce a viscous clear oil (Yield: 68.3 mg, 181 umol, 50%).
[a]?°p: +16.0 (c 1.0, CHCIs).
HRMS (ESI) required for C1sH19N20sS": 375.1020, found 375.1031.
'H NMR (400 MHz, methanol-ds) & 7.80 - 7.66 (m, 2H), 7.58 - 7.53 (m, 1H), 7.49 - 7.35
(m, 1H), 7.17 - 7.04 (m, 5H), 4.59 - 4.37 (m, 1H), 4.25 (s, 1H), 3.92 (s, 1H), 3.10 (s,
1H), 2.92 (s, 2H), 1.42 - 1.31 (m, 3H).
13C NMR (101 MHz, methanol-ds) & 172.8 (CO), 172.3 (CO), 172.0 (CO), 143.9 (ArC),
143.5 (ArC), 143.4 (ArC), 137.5 (ArC), 137.3 (ArC), 131.5 (ArC), 130.9 (ArC), 130.3
(ArC), 130.2 (ArC), 129.3 (ArC), 129.3 (ArC), 128.2 (ArC), 127.2 (ArC), 126.5 (ArC),
126.1 (ArC), 54.9 (CH), 50.1 (CHz), 39.3 (CH3), 34.9 (CHs), 24.2 (CHs), 24.1 (CHs).
Note: Rotamers observed, peak assignments confirmed in final product through high

temperature 'H NMR.
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(R)-N-(2-((4-Methoxyphenyl)amino)-2-oxoethyl)-N-methyl-3-(N-(1-phenyl
ethyl)sulfamoyl)benzamide (38)

| OH
N In_N
Ny L
H I
0] (0]

Compound 68 (114 mg, 304 pmol) was dissolved in DMF (5 mL) with p-anisidine (52.4
mg, 425 pmol), K2CO3 (210 mg, 1.52 mmol) and HCTU (226 mg, 547 pmol) and stirred
for 16 hours. The reaction was concentrated and dissolved in EtOAc then washed with 1
M HCI, NaHCOs aq. sat. sol. and brine. The product was dried over MgSQy, filtered, and
concentrated under reduced pressure to afford 118 mg crude material. 60 mg crude
material was purified using reverse-phase HPLC (42% B over 5 mins, 42-60% B over 1
min, 60% B over 10 mins, 60-100% B over 1 min, 100% B over 6 mins) to produce a
white powder (Yield: 24.1 mg, 50.3 umol, 17%).

HRMS: (ESI) required for CasH26N30s57: 480.1599, found 480.1592.

[a]?%b: +19.9 (c 1.0, CHCI3).

'H NMR (400 MHz, dimethylsulfoxide-ds) 6 10.12 - 9.86 (m, 1H, NH), 8.50 - 8.21 (m,
1H, NH), 7.87 - 7.63 (m, 2H, ArH), 7.63 - 7.39 (m, 4H, ArH), 7.28 - 7.01 (m, 5H, ArH),
7.01 - 6.73 (m, 2H, ArH), 4.48 - 4.18 (m, 2H, CH, CH2), 3.95 (s, 1H, CH2) 3.80 - 3.65
(m, 3H, CHs), 2.99 (s, 1H, CHs), 2.90 (s, 2H, CH3), 1.25 (d, J = 7.0 Hz, 2H, CHCH3s) 1.14
(d, J = 7.0 Hz, 1H, CHCH?3).

13C NMR (101 MHz, dimethylsulfoxide-ds) 6 170.4 (CO), 169.7 (CO), 166.5 (CO), 166.4
(CO), 155.9 (ArC), 155.6 (ArC), 143.5 (ArC), 143.4 (ArC), 142.2 (ArC), 142.2 (ArC),
137.3 (ArC), 137.0 (ArC), 132.5 (ArC), 132.0 (ArC), 130.7 (ArC), 130.4 (ArC), 129.5
(ArC), 128.5 (ArC), 127.7 (ArC), 127.6 (ArC), 127.3 (ArC), 127.2 (ArC), 126.4 (ArC),
125.3 (ArC), 125.2 (ArC), 121.4 (ArC), 121.0 (ArC), 114.3 (ArC), 55.6 (CHs), 54.4 (CH3),
53.4 (CH), 53.3 (CH2), 50.8 (CH2), 39.1 (CHs), 34.4 (CHs), 24.1 (CHs), 23.8 (CHs).
Note: Rotamers observed, peak assignments confirmed through high temperature *H NMR

(Figure 49).
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2-Cyclohexylacetyl chloride (70, modified procedure)!

QU

Cl

To a yellow solution of cyclohexylacetic acid (4.00 g, 28.1 mmol) in chloroform (60 mL)
was added CH2Cl2 (50 mL) and DMF (0.5 mL) and the reaction cooled to 0 °C sing an ice
water bath. Oxalyl chloride (7.2 mL, 84.4 mmol) was added dropwise over 10 mins, turning
the solution colourless with gas evolution. The solution was warmed to 50 °C and stirred
for 3 hours before being concentrated under reduced pressure, producing a brown solid.
The product was taken forward without further purification (Yield: 4.45 g, 27.7 mmol,
99%).
1H NMR (400 MHz, chloroform-d) & 2.75 (d, J = 7.0 Hz, 2H, COCH2z), 1.99 - 1.83 (m, 1H,
CH), 1.81 - 1.60 (m, 4H, CH2), 1.38 - 1.08 (m, 4H, CH2), 1.07 - 0.90 (m, 2H, CH2).
13C NMR (101 MHz, chloroform-d) 6 173.1 (€CO), 54.6 (CHz), 35.2 (CH), 32.6 (CH2), 26.0
(CHz), 25.9 (CH2).
Note: 'H and '3C NMR consistent with reported values (spectra not recorded by title

paper).12°
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5-(2-Cyclohexyl-1-hydroxyethylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione (71,
modified procedure)!°>106

To a solution of 70 (4.45 g, 27.7 mmol) in CH2Cl2 (30 mL) at 0 °C in an ice water bath
was added DMAP (7.18 g, 59.0 mmol) and Meldrum’s acid (4.04 g, 28.1 mmol). The
solution was stirred at room temperature for 2.5 hours. The solution was washed with 5%
aqg. potassium bisulfate three times and brine once then dried over MgSOQys, filtered, and
concentrated under reduced pressure to yield an off-white solid (Yield: 7.20 g, 26.7 mmol,
97%).

HRMS (ESI) required for C14H190s5: 267.1238, found 267.1236.

1H NMR (400 MHz, chloroform-d) & 15.27 (s, 1H, OH), 2.97 (d, J = 7.0 Hz, 2H, CH2),
1.94 - 1.79 (m, 1H, CH), 1.78 - 1.59 (m, 10H, CH2, CH3), 1.35 - 0.97 (m, 6H, CH2).
13C NMR (101 MHz, chloroform-d) 6 197.6 (COH), 170.5 (CO), 104.7 (C), 92.0 (C), 42.6
(CHz), 36.7 (CH), 33.1 (CHz), 26.8 (CH3), 26.1 (CHz), 26.0 (CH2).

Note: 'H NMR consistent with reported values (spectra not recorded by title paper).13°
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Ethyl 4-cyclohexyl-3-oxobutanoate (72, modified procedure)0>106
O\/?J\)OJ\
o7

Compound 71 (7.20 g, 26.7 mmol) was dissolved in EtOH (70 mL) and stirred at reflux
for 16 hours. The solution was concentrated under reduced pressure and taken forward
without further purification as a viscous clear oil (Yield: 5.56 g, 26.2 mmol, 98%).

HRMS (ESI) required for Ci2H2003Na*: 235.1305, found 235.1330.

1H NMR (400 MHz, chloroform-d) d 4.17 (q, J = 7.1 Hz, 2H, OCH2), 3.39 (s, 2H, CH2),
2.38 (d, J = 6.8 Hz, 2H, CH2), 1.91 - 1.76 (m, 1H, CH), 1.76 - 1.56 (m, 5H, CH2), 1.32
-1.19 (m, 5H, CHs, CH2), 1.18 - 1.05 (m, 1H, CHz2), 0.98 - 0.84 (m, 2H, CH2).

13C NMR (101 MHz, chloroform-d) & 202.5 (€CO), 167.2 (CO), 61.3 (CH2), 50.6 (CH2),
49.8 (CH2), 33.5 (CH), 33.0 (CH2), 26.1 (CH2), 26.0 (CH2), 14.1 (CHs).

Note: 'H and 3C NMR consistent with reported values.!3!
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Ethyl 3-amino-4-cyclohexylbut-2-enoate (73, modified procedure)0>106

NH, O

S O/\

To a solution of 72 (5.60 g, 26.2 mmol) in EtOH (13 mL) cooled with an ice water bath at
0 °C was added 30% aq NH4OH (30 mL, 210 mmol). The solution was left to warm to
room temperature and stirred for 16 hours. The solution was concentrated under reduced
pressure. The crude product was purified by column chromatography (0-6% MeOH/CH2Cl2)
to provide a pale-yellow oil (Yield: 1.62 g, 7.79 mmol, 30%).
HRMS (ESI) required for Ci12H22NO2*: 212.1645, found 212.1656.
'H NMR (400 MHz, chloroform-d) d 4.46 (s, 1H, CH), 4.07 (q, J = 7.1 Hz, 2H, CH2), 1.94
(d, J = 7.3 Hz, 2H, CH2), 1.77 - 1.57 (m, 5H, CH2), 1.50 - 1.40 (m, 1H, CH), 1.25 - 1.05
(m, 6H, CHs, CH2), 0.96 - 0.81 (m, 2H, CH2).
13C NMR (101 MHz, chloroform-d) & 170.3 (CO), 162.7 (CNHz), 84.1 (CH), 58.5 (CH2),

44.6 (CH2), 37.0 (CH), 33.1 (CHz), 26.3 (CH2), 26.1 (CH>), 14.6 (CH3).
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6-(Cyclohexylmethyl)-4-hydroxy-3-phenylpyridin-2(1H)-one (NITD-564)10>
OH

X

| o
Compound 73 (99.2 mg, 0.47 mmol) was dissolved in diethyl 2-phenylmalonate (100 pL,
0.47 M) and heated to 220 °C for 45 mins. The crude product was then dissolved in aq. 2
M NaOH and microwave irradiated at 140 °C, 150 W in a sealed tube for 1 hour. The
solution was cooled to room temperature and acidified to pH 6 with ag. 1 M HCl. The
precipitated product (230 mg) was collected, and 106 mg purified by reversed phase HPLC
(30-95% B over 25 mins) to provide a white solid (8.0 mg, 28.2 pmol, 6%).

HRMS (ESI) required for CisH20NO2": 282.1500, found 282.1501.

1H NMR (400 MHz, dimethylsulfoxide-ds)  11.02 (s, 1H), 10.46 (s, 1H), 7.42 - 7.36 (m,
2H, ArH), 7.29 - 7.25 (m, 2H, ArH), 7.18 - 7.12 (m, 1H, ArH), 5.78 (s, 1H, ArH), 2.26
(d, J =7.0Hz, 2H, CH2), 1.77 - 1.45 (m, 6H, CH), 1.32 - 1.02 (m, 3H, CH2, CH), 1.02 -
0.77 (m, 2H, CH2).

13C NMR (101 MHz, dimethylsulfoxide-des) d 163.6 (COH), 163.4 (CO), 146.8 (ArC), 134.4
(ArC), 130.9 (ArC), 127.1 (ArC), 125.7 (ArC), 108.5 (ArC), 98.6 (ArC), 37.0 (CH2), 32.4
(CH), 26.0 (CHz), 25.7 (CH2).

Note: 'H and 13C NMR consistent with reported values.
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1-(3-Methoxyphenyl)-N-methylmethanamine (80, adapted procedure)?%’
\H/\©/O\

(3-Methoxyphenyl)methanamine (3.00 g, 21.9 mmol) was dissolved in THF (32 mL) with

ethyl formate (7.3 mL, 98.4 mmol) and stirred 47 °C for 16 h. The mixture was

concentrated under reduced pressure before being dissolved in THF (10 mL) and cooled

to 0 °C using an ice water bath. A solution of LiAlH4 (66.0 mmol, 2.4 M in THF) in THF

(6M) was added dropwise at 0 °C using an ice water bath before being warmed slowly to

70 °C over 1 hour and refluxed for 3.5 h. The completed reaction was cooled to 0 °C and

quenched with 10% aq. KOH solution, filtered and extracted twice with CH2Cl.. The

solution was dried over MgSO4 and concentrated under reduced pressure to provide a

white solid (Yield: 2.61 g, 17.3 mmol, 79%) which was taken forward without further

purification.

HRMS (ESI) required for CoH14NO*: 152.1070, observed: 152.1080.

'H NMR (400 MHz, dimethylsulfoxide-ds) & 7.21 (app t, J = 7.9 Hz, 1H, ArH), 6.99 - 6.84

(m, 2H, ArH), 6.84 - 6.65 (m, 1H, ArH), 3.73 (s, 3H, CH3s), 3.63 (s, 2H, CH2), 3.20 (s,

1H, NH), 2.26 (s, 3H, CH3).

13C NMR (101 MHz, dimethylsulfoxide-ds) 6 159.7 (ArC), 142.3 (ArC), 129.6 (ArC), 120.7

(ArC), 113.9 (ArC), 112.7 (ArC), 55.4 (CH.), 55.2 (CHs), 35.7 (CHs).
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3-((3-Methoxybenzyl)(methyl)carbamoyl)benzenesulfonyl chloride (81)

o, 0 O

Compound 80 (454 mg, 3.00 mmol) was dissolved in CH2Cl> (10 mL) with DCC (1.86 g,
4.50 mmol) and DMAP (41.0 mg, 300 umol) then stirred at room temperature for 10 mins.
3-(chlorosulfonyl)benzoic acid (0.66 g, 3.00 mmol) was then added and stirred for 16 h.
The contents were filtered then concentrated under reduced pressure. Following flash
column chromatography (0-50% EtOAc/hexane) 681 mg of a pale-yellow solid was
obtained, co-eluting with a 34 mol% impurity of dicyclohexylurea (calculated product
yield: 452 mg, 1.28 mmol, 43%).

HRMS (ESI) required for Ci1eH1eNO4SCINa*: 376.0381, observed: 376.0387.

1H NMR (400 MHz, chloroform-d) & 8.03 - 7.84 (m, 2H, ArH), 7.55 - 7.37 (m, 2H, ArH),
7.36 - 7.15 (m, 2H, ArH), 7.04 - 6.52 (m, 3H, ArH), 4.73 (s, 1H), 4.48 (s, 1H), 3.95 -
3.68 (m, 3H), 3.54 (m, 1H, dicyclohexylurea), 3.07 (s, 1H), 2.91 (s, 2H), 1.96 - 0.97 (m,
8H, dicyclohexylurea).

13C NMR (101 MHz, chloroform-d) & 171.86 (CO), 160.00 (ArC), 157.00 (ArC), 144.41
(ArC), 144.29 (ArC), 136.76 (ArC), 133.23 (ArC), 130.16 (ArC), 130.05 (ArC), 129.31
(ArC), 128.45 (ArC), 124.80 (ArC), 120.41 (ArC), 119.15 (ArC), 114.10 (ArC), 113.43
(ArC), 113.29 (ArC), 112.80 (ArC), 55.57 (CHs), 55.30 (CHs), 53.52 (CH2), 51.86 (CH2),
34.13 (CH3), 32.34 (CHs3).

Note: Rotamers formed, peak assignments were confirmed in final product through high

temperature 'H NMR.
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N-(3-Methoxybenzyl)-3-(N-(2-methoxyphenyl)sulfamoyl)-N-methylbenzamide
(74)

Compound 81 (431 mg, 800 umol) was dissolved in CH2Cl> (4 mL) with o-anisidine (110
pl, 960 umol) and NEts (120 ul, 1.60 mmol) and stirred for 16 h. The reaction was diluted
four-fold with CH2Cl> and washed with 1 M HCI, %2 sat. NaHCOs and brine. The solution
was dried over MgSOy, filtered, and concentrated under reduced pressure to afford 186
mg crude product. Following reverse-phase HPLC purification (30-70% B over 1 min, 70%
B over 2 mins, 70-71% B over 2 mins, 71% B over 2 mins, 71-95% B over 0.5 mins, 95%
B over 3 mins, 95-30% 0.5 mins, 30% B over 4 mins.) of 125 mg crude material, a white
powder was obtained (Yield: 61.1 mg, 139 pmol, 17%).

HRMS (ESI) required for C23H23N20sS": 439.1333, observed: 439.1335.

1H NMR (400 MHz, dimethylsulfoxide-ds) 8 7.83 - 7.47 (m, 4H, ArH), 7.45 - 7.17 (m,
2H, ArH), 7.17 - 7.03 (m, 1H, ArH), 6.97 - 6.76 (m, 4H, ArH), 6.76 - 6.44 (m, 1H, ArH),
4.64 (s, 1H, CH2), 4.31 (s, 1H, CH2), 3.84 - 3.64 (m, 3H, CH3s), 3.58 - 3.27 (s, 3H, CH3),
2.88 (s, 1H, CHs), 2.72 (s, 2H, CH3s).

13C NMR (101 MHz, dimethylsulfoxide-ds) 3 169.74 (CO), 160.0 (ArC), 153.1 (ArC), 141.2
(ArC), 139.2 (ArC), 137.1 (ArC), 131.2 (ArC), 130.9 (ArC), 130.2 (ArC), 129.6 (ArC),
128.0 (ArC), 127.4 (ArC), 126.4 (ArC), 125.5 (ArC), 125.4 (ArC), 120.9 (ArC), 120.2
(ArC), 119.4 (ArC), 113.8 (ArC), 113.1 (ArC), 112.2 (ArC), 55.7 (CHs), 55.4 (CH3), 54.2
(CH2), 50.3 (CH2), 37.2 (CH3), 33.5 (CHs3).

Note: Rotamers observed, peak assignments were confirmed through high temperature

'H NMR (Figure 54).
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4-((4,6-Dimethylpyrimidin-2-yl)thio)aniline (83, modified procedure)!°
/N S
Wq L
NH,
4,6-Dimethyl-2-(methylsulfonyl)pyrimidine (1.86 g, 10.0 mmol) was dissolved in DMF (25
mL) with 4-aminobenzenethiol (1.25 g, 10.0 mmol) and K2COs (2.76 g, 20.0 mmol) then
stirred at 100 °C for 2 h. The contents were poured into 200 mL water then extracted
three times with EtOAc. The organic layers were washed with water and brine, dried over
MgSOs, filtered, and concentrated under reduced pressure. The crude product was purified
via flash column chromatography (33-50% EtOAc/hexane) to provide a yellow solid (Yield:
2.05 g, 8.86 mmol, 89%).
HRMS (ESI) required for C12H14N3S*: 232.0903, observed: 232.0913.
1H NMR (400 MHz, dimethylsulfoxide-ds)  7.26 - 7.03 (m, 2H, ArH), 6.89 (s, 1H, ArH),
6.65 - 6.47 (m, 2H, ArH), 5.45 (s, 2H, NH2), 2.25 (s, 6H, CHs).
13C NMR (101 MHz, Dimethylsulfoxide-ds) 3 171.7 (ArC), 166.9 (ArC), 149.9 (ArC), 136.6

(ArC), 116.0 (ArC), 114.2 (ArC), 112.9 (ArC), 23.4 (CHs).
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Methyl 3-(thiophene-2-carboxamido)propanoate (85)

GHJ\N/\)J\O/
\ g H

Thiophene-2-carboxylic acid (3.84 g, 30.0 mmol) was dissolved in CH2Cl> (100 mL) with
methyl 3-aminopropanoate (3.09 g, 30.0 mmol), DCC (9.28 g, 45.0 mmol) and DMAP
(422 mg, 3.00 mmol) then stirred at room temperature for 18 h. The contents were filtered
then concentrated under reduced pressure. The crude product was purified via flash
column chromatography (20-50% EtOAc in hexane) to provide a white solid (Yield: 4.56
g, 21.4 mmol, 71%).

HRMS (ESI) required for CoH11NOsSNa*: 236.0352, observed: 236.0359.

1H NMR (400 MHz, dimethylsulfoxide-ds) & 8.57 (t, J = 5.6 Hz, 1H, NH), 7.77 - 7.69 (m,
2H, ArH), 7.13 (dd, J = 5.0, 3.7 Hz, 1H, ArH), 3.60 (s, 3H, CHs), 3.50 - 3.41 (m, 2H,
CH2), 2.58 (t, J = 7.0 Hz, 2H, NHCH2CH2).

13C NMR (101 MHz, Dimethylsulfoxide-ds) & 171.7 (CO), 161.2 (CO), 139.8 (ArC), 130.7

(ArC), 128.1 (ArC), 127.9 (ArC), 51.4 (CHs), 35.3 (CH2), 33.6 (CH2).
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3-(Thiophene-2-carboxamido)propanoic acid (86)

Compound 85 (1.89 g, 8.86 mmol) was dissolved in 1:1 DMF:water (10 mL) with LiOH
(587 mg, 24.6 mmol) and stirred for 3 h. The contents were poured into 1 M NaOH and
washed with EtOAc. The aqueous layer was acidified with 6 M HCI and extracted three
times with EtOAc. The organic layers were combined, dried over MgSOy, filtered, and
concentrated under reduced pressure to afford a yellow oil (Yield: 1.56 g, 7.83 mmol,
88%).

HRMS (ESI) required for CgsHsNOsS™: 198.0230, observed: 198.0234.

1H NMR (400 MHz, dimethylsulfoxide-ds) & 12.24 (s, 1H, COzH), 8.54 (t, J = 5.6 Hz, 1H,
NH), 7.84 - 7.63 (m, 2H, ArH), 7.13 (dd, J = 4.9, 3.8 Hz, 1H, ArH), 3.47 - 3.38 (m, 2H,
CH2), 2.52 - 2.48 (m, 2H, NHCH2CH2).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 173.3 (CO), 161.6 (CO), 140.4 (ArC), 131.1

(ArC), 128.5 (ArC), 128.3 (ArC), 35.9 (CHz), 34.3 (CHa).
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N-(3-((4-((4,6-Dimethylpyrimidin-2-yl)thio)phenyl)amino)-3-
oxopropyl)thiophene-2-carboxamide (77)

| NYS\O\ o o
\%N A
H Ho |y

Compound 83 (910 mg, 3.93 mmol) was dissolved in CH2Cl2 (40 mL) with 86 (784 g, 3.93
mmol), DCC (1.22 g, 5.90 mmol) and DMAP (55.0 mg, 0.40 mmol) then stirred at room
temperature for 16 h. The contents were filtered then washed with 33% aqueous NH4CI
solution (w/w) and 1 M NaOH before being dried over MgS0O4 and concentrated under
reduced pressure to provide 871 mg crude product. Following reverse-phase HPLC
purification (30-54% B over 5 mins, 54-60% B over 12 mins, 60-95% B over 0.5 mins,
95% B over 2.5 mins, 95-30% B over 0.5 mins, 30% B over 1 min) of 177.1 mg crude
material, a white powder was obtained (Yield: 130.0 mg, 0.32 mmol, 8%).
HRMS (ESI) required for C20H21N402S2*: 413.1100, observed: 413.1110.
1H NMR (400 MHz, dimethylsulfoxide-ds) & 10.19 (s, 1H, NH), 8.66 (t, J = 5.6 Hz, 1H,
NH), 7.77 - 7.71 (m, 2H, ArH), 7.70 - 7.65 (m, 2H, ArH), 7.50 - 7.46 (m, 2H, ArH), 7.16
- 7.09 (m, 1H, ArH), 6.96 (s, 1H, ArH), 3.53 (m, 2H, CHz), 2.65 (t, J = 6.9 Hz, 2H, CHz2),
2.27 (s, 6H, CH3).
13C NMR (101 MHz, dimethylsulfoxide-ds) & 170.3 (CO), 169.8 (CO), 167.2 (ArC), 161.3
(ArC), 140.0 (ArC), 140.0 (ArC), 135.7 (ArC), 130.6 (ArC), 128.0 (ArC), 127.9 (ArC),

122.6 (ArC), 119.5 (ArC), 116.5 (ArC), 36.4 (CHz), 35.7 (CHz2), 23.4 (CHs).
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Ethyl 3-((2,5-dimethylphenyl)amino)-3-oxopropanoate (88)
O O

PO SN
H

Monoethyl malonate (12 mL, 102 mmol) was dissolved in CH2Cl2 (100 mL) with DCC (31.5
g, 152 mmol), NEts (40 mL, 305 mmol) and DMAP (138 mg, 1.00 mmol). The reaction
was stirred for 10 mins prior to addition of 2,5-dimethylaniline (15 mL, 112 mmol) and
then stirred for 16 hours. The reaction was filtered, the filtrate diluted in EtOAc and treated
successively with 1M NaOH, 1M HCI and brine before being dried over MgSO0yg, filtered, and
concentrated under reduced pressure. The product was purified by flash column
chromatography (20-40% EtOAc/hex) to produce a white solid (Yield: 10.8 g, 45.7 mmol,
90%).
HRMS (ESI) required for Ci3H17NOsNa*: 258.1101, observed: 258.1104.
1H NMR (400 MHz, dimethylsulfoxide-de) & 9.47 (s, 1H, NH), 7.22 (s, 1H, ArH), 7.09 (d,
J = 7.5 Hz, 1H, ArH), 6.91 (d, J = 7.5 Hz, 1H, ArH), 4.13 (q, J = 7.1 Hz, 2H, CH2), 3.46
(s, 2H, CH2), 2.24 (s, 3H, CHs), 2.15 (s, 3H, CH3), 1.21 (t, J = 7.1 Hz, 3H, CH3).
13C NMR (101 MHz, dimethylsulfoxide-ds) d 168.4 (CO), 164.5 (CO), 136.2 (ArC), 135.5
(ArC), 130.6 (ArC), 129.0 (ArC), 126.5 (ArC), 125.8 (ArC), 61.1 (CHz), 43.5 (CH2), 21.0

(CH3), 17.8 (CH3), 14.5 (CH3).
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N-(2,5-Dimethylphenyl)malonamide (89)
Jeds:
A
H

Compound 88 (2.48 g, 10.5 mmol) was dissolved in 7M NH3 solution in methanol (15 mL,

2

105 mmol). The reaction was stirred for 16 hours and concentrated under reduced
pressure to produce a white powder (Yield: 2.08 g, 10.1 mmol, 96%) which was taken
forward without further purification.

HRMS (ESI) required for Ci11H14N202Nat: 229.0947, observed: 229.0947.

1H NMR (400 MHz, dimethylsulfoxide-ds) d 9.64 (s, 1H), 7.59 (s, 1H), 7.42 (s, 1H), 7.19
(s, 1H), 7.07 (d, J = 7.7 Hz, 1H), 6.87 (d, J = 7.7 Hz, 1H), 3.26 (s, 2H), 2.24 (s, 3H),
2.16 (s, 3H).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 170.0 (CO), 165.9 (CO), 136.5 (ArC), 135.5
(ArC), 130.5 (ArC), 127.5 (ArC), 125.8 (ArC), 124.5 (ArC), 43.7 (CH2), 21.2 (CH3), 17.7

(CH3).
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3-Amino-N-(2,5-dimethylphenyl)-3-thioxopropanamide (90, adapted

procedure)?!3?
jod8
A

H 2

Compound 89 (6.30 g, 30.5 mmol) was suspended in 1,4-dioxane (50 mL) and heated to
60 °C. Lawesson’s reagent (6.20 g, 15.3 mmol) was added and stirred for two hours to
form a clear yellow solution which was cooled and concentrated under reduced pressure.
The crude material was diluted with 0.5 M NaHCO3 and extracted with EtOAc three times
before being dried over MgSO0s, filtered, and concentrated under reduced pressure. The
product was purified by flash column chromatography (35-100% EtOAc/hex) to produce
a pale-yellow solid (3.25 g, 14.6 mmol, 48%).

HRMS (ESI) required for C:11H13N20S™: 221.0754, observed: 221.0750.

1H NMR (400 MHz, dimethylsulfoxide-ds) 8 9.67 (s, 1H), 9.45 (s, 1H), 9.41 (s, 1H), 7.26
(s, 1H), 7.09 (d, J = 7.8 Hz, 1H), 6.90 (d, J = 7.8 Hz, 1H), 3.70 (s, 2H), 2.25 (s, 3H),
2.18 (s, 3H).

13C NMR (101 MHz, dimethylsulfoxide-ds) 6 200.6 (CS), 165.8 (CO), 136.3 (ArC), 135.4
(ArC), 130.6 (ArC), 128.8 (ArC), 126.4 (ArC), 125.6 (ArC), 52.5 (CH2), 21.1 (CH3s), 17.9

(CH3).
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2-(4-(Chloromethyl)thiazol-2-yl)-N-(2,5-dimethylphenyl)acetamide (91)
Cl

Compound 90 (3.25 g, 14.6 mmol) was suspended in DMF (20 mL) with 1,3-
dichloroacetone (2.12 g, 16.8 mmol) and heated at 80 °C for 2 hours at which point it
dissolved. EtOAc was added to the reaction and treated with aq. sat. sol. NaHCOs and
brine before being dried over MgSO0s, filtered, and concentrated under reduced pressure.
The product was purified by flash column chromatography (35-100% EtOAc/hex) to
produce a white solid (2.35 g, 7.97 mmol, 54%).

HRMS (ESI) required for Ci14H16N20SCl*: 295.0666, observed: 295.0665.

'H NMR (400 MHz, dimethylsulfoxide-ds) d 9.69 (s, 1H), 7.68 (s, 1H), 7.24 (s, 1H), 7.09
(d, J = 7.8 Hz, 1H), 6.91 (d, J = 7.8 Hz, 1H), 4.81 (s, 2H), 4.17 (s, 2H), 2.24 (s, 3H),
2.16 (s, 3H).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 166.3 (CO), 164.5 (ArC), 150.7 (ArC), 135.7
(ArC), 135.0 (ArC), 130.7 (ArC), 128.5 (ArC), 126.1 (ArC), 125.4 (ArC), 120.0 (ArC), 40.9

(CH2), 40.2 (CH>), 20.6 (CHs), 17.4 (CH3).
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S-((2-(2-((2,5-Dimethylphenyl)amino)-2-oxoethyl)thiazol-4-yl)methyl)
ethanethioate (92)

Compound 91 (2.35 g, 7.97 mmol) was dissolved in CH2Cl> (50 mL) with thioacetic acid
(1.00 mL, 12.1 mmol), NEts (1.00 mL, 12.1 mmol) and DMAP (100 mg, 0.90 mmol) and
stirred for 3 hours. The reaction was treated with aqg. sat. sol. NaHCO3z and water before
being dried over MgSO0y, filtered, and concentrated under reduced pressure. The product
was purified by flash column chromatography (10-30% EtOAc/hex) to produce a white
powder (2.25 g, 6.73 mmol, 84%).

HRMS (ESI) required for Ci16H1sN202S>*: 335.0882, observed: 335.0885.

'H NMR (400 MHz, chloroform-d) & 9.30 (s, 1H, NH), 7.82 (s, 1H, ArH), 7.17 (s, 1H,
ArH), 7.05 (d, J = 7.9 Hz, 1H, ArH), 6.87 (d, J = 7.9 Hz, 1H, ArH), 4.24 (s, 2H, CH2),
4.09 (s, 2H, CH2), 2.35 (s, 3H, CHs), 2.32 (s, 3H, CHs), 2.25 (s, 3H, CH3), .

13C NMR (101 MHz, chloroform-d) 6 194.6 (CO), 164.7 (CO), 164.3 (ArC), 152.4 (ArC),
136.6 (ArC), 135.8 (ArC), 130.3 (ArC), 125.8 (ArC), 125.4 (ArC), 122.8 (ArC), 116.8

(ArC), 40.9 (CHa), 30.5 (CHs), 29.0 (CH2), 21.3 (CHs), 17.8 (CH3).
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N-(2,5-Dimethylphenyl)-2-(4-(mercaptomethyl)thiazol-2-yl)acetamide (93)

H
Compound 92 (2.25 g, 6.73 mmol) was dissolved in CH2Cl> (50 mL) with hydrazine
monohydrate (2.90 mL, 60.0 mmol) and stirred for 2.5 hours. The reaction was diluted
with CH2Cl> and treated with aq. sat. sol. NaHCO3 and water before being dried over MgSQO4
and concentrated under reduced pressure. The product was purified by flash column
chromatography (50-100% EtOAc/hex) to produce a pale-yellow oil (Yield: 1.54 g, 5.28
mmol, 78%).

HRMS (ESI) required for C14H17N20S2*: 293.0777, observed: 293.0779.

1H NMR (400 MHz, dimethylsulfoxide-ds) & 9.67 (s, 1H, NH), 7.39 (s, 1H, ArH), 7.24 (s,
1H, ArH), 7.09 (d, J = 7.6 Hz, 1H, ArH), 6.91 (d, J = 7.6 Hz, 1H, ArH), 4.13 (s, 2H,
COCHz), 3.82 (d, J = 7.6 Hz, 2H, SCH2), 2.81 (t, J = 7.6 Hz, 1H, SH), 2.24 (s, 3H, ArCH3s),
2.16 (s, 3H, ArCHs).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 166.9 (CO), 164.2 (ArC), 155.6 (ArC), 137.6
(ArC), 135.5 (ArC), 130.6 (ArC), 128.9 (ArC), 127.2 (ArC), 125.8 (ArC), 116.4 (ArC), 40.7

(CH2), 23.1 (CH2), 20.6 (CHs), 18.1 (CHs3).
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6-Chloro-N,N-dimethylpyridine-3-sulfonamide (95)

N/
- \ /O
s%o
/
NN
Cl

2-Chloro-5-pyridinesulfonyl chloride (1.50 g, 7.07 mmol), THF (7 mL), NEts (1.12 mL,
8.49 mmol) and NHMez (1.40 mL, 5.6 M in EtOH) were combined and stirred for 2 hours.
The solution was concentrated under reduced pressure and split between CH2Cl> and
water. The organic layer was dried over MgSQOsg, filtered, and concentration under reduced
pressure, the product was purified by flash column chromatography (20-50%
EtOAc/hexane) to produce a pale-yellow solid (Yield: 1.31 g, 6.18 mmol, 87%).

HRMS (ESI) required for C7H10CIN202S*: 221.0146, observed: 221.0142.

'H NMR (400 MHz, dimethylsulfoxide-ds) d 8.78 (dd, J = 2.6, 0.7 Hz, 1H, ArH), 8.21 (dd,
J = 8.4, 2.6 Hz, 1H, ArH), 7.81 (dd, J = 8.4, 0.7 Hz, 1H, ArH), 2.68 (s, 6H, CH3).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 154.34 (ArC), 148.46 (ArC), 138.90 (ArC),

131.06 (ArC), 125.31 (ArC), 37.35 (CHs).
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N-(2,5-Dimethylphenyl)-2-(4-(((4-(N,N-
dimethylsulfamoyl)phenyl)thio)methyl)thiazol-2-yl)acetamide (78)

/@IMS —
H o)

N/
:S\\ \

O

Compound 93 (127 mg, 434 umol) was dissolved in DMF (5 mL) with compound 95 (96.0
mg, 434 pmol) and K2COs3 (180 mg, 1.30 mmol) and stirred for 16 hours, forming a dark
brown solution. The reaction was diluted with EtOAc and treated with 1M NaOH, 1 M HCI
and brine before being dried over MgSO4, filtered, and concentrated under reduced
pressure to afford 70 mg crude material. The product was purified by reverse-phase HPLC
purification (50% B over 5 min, 50-60% B over 1 min, 60-80% B over 10 mins, 80-100%
B over 1 min, 100% B over 8 mins) to provide a white powder (Yield: 15.8 mg, 33.2 pmol,
8%).

HRMS (ESI) required for C21H2sN40O3S3*: 477.1083, observed: 477.1075.

1H NMR (400 MHz, dimethylsulfoxide-ds) & 9.66 (s, 1H, NH), 8.76 (dd, J = 0.9, 2.4, 1H,
ArH), 7.95 (dd, J = 2.4, 8.5 Hz, 1H, ArH), 7.61 (dd, J = 0.9, 8.5 Hz, 1H, ArH), 7.54 (s,
1H, ArH), 7.23 (s, 1H, ArH), 7.09 (d, J = 7.7 Hz, 1H, ArH), 6.91 (d, J = 7.7 Hz, 1H, ArH),
4.60 (s, 2H, CH2), 4.13 (s, 2H, CH2), 2.65 (s, 6H, CH3), 2.24 (s, 3H, CH3), 2.16 (s, 3H,
CH3).

13C NMR (101 MHz, dimethylsulfoxide-ds) & 166.8 (CO), 164.5 (ArC), 164.4 (ArC), 150.8
(ArC), 148.2 (ArC), 136.2 (ArC), 135.9 (ArC), 135.5 (ArC), 130.6 (ArC), 128.9 (ArC),
127.8 (ArC), 126.6 (ArC), 125.8 (ArC), 122.2 (ArC), 118.4 (ArC), 39.7 (CH2), 37.9 (CH2),

29.8 (CHs), 21.0 (CHs), 17.9 (CH3).
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8.1 InhA Purification

5

3

Figure 35: Nucleotide sequence for plasmid InhA insert kindly donated to the group by Peter Tonge (State university of New York at Stoney Brook).

CATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGACAGGACTGCTGGACGGCAAACGGATTCTGGTTAGC

GTACCCGTCGTCGGTAGTAGTAGTAGTAGTGTCGTCGCCGGACCACGGCGCGCCGTCEGTATACTGTCCTGACGACCTGCCGTTTGCCTAAGACCAATCG

GGAATCATCACCGACTCGTCGATCGCGTTTCACATCGCACGGGTAGCCCAGGAGCAGGGCGCCCAGCTGGTGCTCACCGGGTTCGACCGGCTGCGGCTGA

CCTTAGTAGTGGCTGAGCAGCTAGCGCAAAGTGTAGCGTGCCCATCGGGTCCTCGTCCCGCGGGTCGACCACGAGTGGCCCAAGCTGGECCGACGCCGACT

TTCAGCGCATCACCGACCGGCTGCCGGCAAAGGCCCCGCTGCTCGAACTCGACGTGCAAAACGAGGAGCACCTGGCCAGCTTGGCCGGCCGGETGACCGA

AAGTCGCGTAGTGGCTGGCCGACGGCCGTTTCCGGGGCGACGAGCTTGAGCTGCACGTTTTGCTCCTCGTGGACCGGTCGAACCGGCCGGCCCACTGGET

GGCGATCGGGGCGGGCAACAAGCTCGACGGGGTGGTGCATTCGATTGGGTTCATGCCGCAGACCGGGATGGGCATCAACCCGTTCTTCGACGCGCCCTAC

CCGCTAGCCCCGCCCGTTGTTCGAGCTGCCCCACCACGTAAGCTAACCCAAGTACGGCGTCTGGCCCTACCCGTAGTTGGGCAAGAAGCTGCGCGGGATG

GCGGATGTGTCCAAGGGCATCCACATCTCGGCGTATTCGTATGCTTCGATGGCCAAGGCGCTGCTGCCGATCATGAACCCCGGAGGTTCCATCGTCGGCA

CGCCTACACAGGTTCCCGTAGGTGTAGAGCCGCATAAGCATACGAAGCTACCGGTTCCGCGACGACGGCTAGTACTTGGGGCCTCCAAGGTAGCAGCCGT

TGGACTTCGACCCGAGCCGGEGCGATGCCGGCCTACAACTGGATGACGGTCGCCAAGAGCGCGTTGGAGTCGGTCAACAGGTTCGTGGCGCGCGAGGCCGE

ACCTGAAGCTGGGCTCGGCCCGCTACGGCCGGATGTTGACCTACTGCCAGCGGTTCTCGCGCAACCTCAGCCAGTTGTCCAAGCACCGECGCGETCCGGEC

CAAGTACGGTGTGCGTTCGAATCTCGTTGCCGCAGGCCCTATCCGGACGCTGGCGATGAGTGCGATCGTCGGECGGTGCGCTCGGCGAGGEAGGCCGGCGEC

GTTCATGCCACACGCAAGCTTAGAGCAACGGCGTCCGGGATAGGCCTGCGACCGCTACTCACGCTAGCAGCCGCCACGCGAGCCGECTCCTCCGGECCGEGE

CAGATCCAGCTGCTCGAGGAGGGCTGGGATCAGCGCGCTCCGATCGGCTGEAACATGAAGGATGCGACGCCGOTCGCCAAGACGGTGTGCGCGCTGETGT

GTCTAGGTCGACGAGCTCCTCCCGACCCTAGTCGCGCGAGGCTAGCCGACCTTGTACTTCCTACGCTGCGGCCAGCGGTTCTGCCACACGCGCGACGACA

CTGACTGGCTGCCGGCGACCACGGGTGACATCATCTACGCCGACGGCGGCGCGCACACCCAATTGECTTTAG 3
871

GACTGACCGACGGCCGCTGGTGCCCACTGTAGTAGATGCGGCTGCCGCCGCGCGTGTGEGTTAACGAAATC 5
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Figure 36: Typical FPLC chromatogram for InhA purification. Peaks: 3-5 min (50% buffer 2), 28-55 min (flowthrough), 63-70 min (10 % Buffer 2), 70-
82 min (25 % Buffer 2), 85-95 min (InhA, 70 % Buffer 2).
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Figure 37: SDS-PAGE gel of FPLC purification. Numbering: 1 PageRuler Plus prestained protein
ladder, 2-Insoluble fraction, 3-soluble fraction, 4-FPLC flowthrough, 5-FPLC peak at 10% imidazole,
6-FPLC peak at 25% imidazole, 7-FPLC peak at 70% imidazole containing InhA.
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Figure 38: Protein Mass spectrometry result for InhA (target mass -N-terminal Met: 30,559.97 Da)

Top: raw data, bottom: deconvolution. Secondary peak at 30,740.00 Da consisted with partial alpha-
N-6-phosphogluconylation of his-tag.133
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8.2 Inhibition studies and enzyme kinetics
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Figure 39: Standard reaction curve for InhA over 15 mins. Conditions: 100 uM NADH, 400 uM
OcCoA, 150 nm InhA, 30 mM PIPES buffer, 30 °C, pH 6.8.

Table 12: Initial velocities for varying NADH concentration, results taken in duplicate.
[NADH] (uM) Average initial velocity + SE (UM.min™!)

120 10.22 + 0.09
100 9.30 + 0.12
75 9.59 + 0.10
50 7.87 £ 0.17
20 5.79 £ 0.06
10 3.86 + 0.22
0 0
151
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= 10-1
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g 5
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£
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0 50 100 150
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Figure 40: Michaelis Menton plot for InhA rate vs NADH concentration.

141



Table 13: Initial velocities for varying OcCoA concentration, results taken in duplicate.
[OcCoA] (UM) Average initial velocity + SE (UM.min™?!)

415 9.09 = 0.20
400 8.29 = 0.15
300 7.48 + 0.08
200 6.24 + 0.10
150 4.81 + 0.18
100 3.92 £ 0.14
50 2.61 + 0.16
0 0.24 + 0.10
157
E
= 104
2
S
$
©
£

0 100 200 300 400 500
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Figure 41: Michaelis Menton plot for InhA rate vs OcCoA concentration.

Table 14: NADH K, OcCoA Kr, and Triclosan ICsg results compared with other studies. Obtained Kn,
results are within three-fold of each study, error in SE.

Study NADH Km OcCoA Km Vmax Triclosan ICso
(uM) (BM) (MM.min"?) (BM)
Current 21.0+ 1.9 267 + 31 14.3 + 0.62 9.17 £ 1.3
Ahmed'?® 26.0 £ 4.5 428 + 195 19.0 £ 0.73 6.14 £ 1.1
Quemard? 7.60 £ 0.5 467 + 90 3.60 £ 0.50 -
Khan3* 19.1 £ 5.4 528 + 17 15.3 + 2.4 -
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Table 15: Collated information of the top 148 hits taken from screening of the NMCCC library and their associated GoldScore and point inhibition data at
50 uM. Compounds synthesised in chapter 3 are highlighted in blue. Compounds synthesised in chapter 4 are highlighted in orange. The remaining 11

compounds discussed in the conclusion are highlighted in black. Assays were run in duplicate at pH 6.8 in 30 mM PIPES buffer at 30 °C using 150 nM InhA,
100 yM NADH and 400 uM OcCoA with a final DMSO concentration of 0.5%.
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 pM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 pM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
o’
% O
HN-° O
S50 \/( )X\\//O NCC-00011675 489 0.42 92.56 16
N
\\/N
Olzsl\NHz
S51 NCC-00082137 433 3.67 92.56 9
S52 NCC-00043364 406 2.46 92.54 <5
NCC-00062869 479 1.05 92.51 33

158



# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
\Q\\ 0
HN&\\
S64 HN\>\‘ NCC-00047455 437 3.45 91.99 33
NCC-00031435 448 1.34 91.98 37
(\N/
S65 H H OTN\) NCC-00003134 422 0.13 91.94 <5
0 N
/ /l/ I
0 (0]
—0
</\'L\ /y O
S66 d NH, NCC-00027221 475 1.72 91.93 21

162



# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)

HNQ
S81 ,sfo NCC-00043187 475 3.95 91.50 13

S82 NH NCC-00009861 458 4.14 91.43 9

N\
S83 X =0 NCC-00083427 463 2.68 91.42 <5
S O
0 )
N-N
}‘\N
’O"(NJ\S 2
S84 NCC-00061296 419 1.47 91.41 <5

167



# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 pM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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# Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)
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Structure Sample Id MW cLogP GScore Point Inhibition (%, 50 uM)

N
S
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8.3 Final compound data
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Figure 42: 'H NMR spectra of compound 35 (400 MHz, dimethylsulfoxide-ds).
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Figure 43: LCMS result for compound 35, with a retention time of 2.30 min (Cx4H31N404S*: 471.2,
found 471.1).
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Figure 44: 'H NMR spectra of compound 36 (400 MHz, dimethylsulfoxide-ds).
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Figure 45: LCMS result for compound 36 with a retention time of 2.11 min (C1H24N504S,%: 474.1,
found 474.1).
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Figure 46: 'H NMR spectra of compound 37 (400 MHz, dimethylsulfoxide-d6).
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Figure 47: LCMS result for compound 37 with a retention time of 1.94 min (Cz0H26CIN4OS*: 405.2,
found 405.2).
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Figure 48: 'H NMR spectra of compound 38 (400 MHz, dimethylsulfoxide-d6, 25 °C).
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Figure 49: 'H NMR spectra of compound 38 (400 MHz, dimethylsulfoxide-d6, 75 °C).
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Figure 50: LCMS result for compound 38 with a retention time of 2.92 min (CysH2sN30sS*
found 482.2).
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Figure 51: 'H NMR spectra of NITD-564 (400 MHz, dimethylsulfoxide-ds).
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Figure 52: LCMS result for NITD-564 with a retention time of 2.88 min (CigH22NO;*: 284.2, found
284.1).
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Figure 53: 'H NMR spectra of compound 74 (400 MHz, dimethylsulfoxide-d6, 25 °C).
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Figure 54: 'H NMR spectra of compound 74 (400 MHz, dimethylsulfoxide-d6, 75 °C).
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Figure 55: LCMS result for compound 74 with a retention time of 3.04 min (Ca3H25N2055%: 441.1,
observed: 441.0).
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Figure 56: 'H NMR spectra of compound 77 (400 MHz, dimethylsulfoxide-d6).
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Figure 57: LCMS result for compound 77 with a retention time of 2.91 min (CoH21N40;S,t: 413.1,
observed: 413.1).
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Figure 58: 'H NMR spectra of compound 78 (400 MHz, dimethylsulfoxide-d6).
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Figure 59: LCMS result for compound 78 with a retention time of 3.09 min (Cz1H25N403S3%: 477.1,
observed: 477.0).
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