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Abstract

Indole-based hydroaxmic acids have previously been shown to selectively inhibit bacterial
peptide deformylase (PDF), a metalloenzyme that cleaves off formyl the N—terminal end
of newly formed proteins. Amino acid formylation and subsequent deformylation make
up a set of processes that are crucial for bacterial growth and redundant in human cells,
making PDF an intriguing antibacterial target. Inhibition of PDF represents a novel
mode of action that is yet to be exploited by commercial antibiotics, something that is
desparately needed in the fight against antimicrobial resistance.

The existence of a human mitochondrial PDF has been a source of concern despite its
role in normal cell function being largely unknown. Inhibitors that are selective towards
bacterial PDF are therefore of major interest. Indole—based inhibitors are said to achieve
selectivity through their central indole scaffold, which is reportedly too bulky to fit the
active site of human PDF. No justification for the indole fragment has been given apart
from its apparent size, raising questions around which exact structural elements are needed
for selective inhibition.

In this study, we sought to synthesise analogues of indole-based inhibitors with certain
structural elements altered, intending to explore potential enzyme interactions that may
or may not be important for inhibition. The central scaffold became the main focus of the
study, for which four different synthetic routes were designed. The four target molecules
included an indole benchmark and its corresponding benzimidazole, benzotriazole, and
indene equivalents.

Of these, only the indole and indene targets were successfully synthesised. The indole
structure could be formed at poor yields using a reported procedure, while the indene
structure required careful handling of a dynamic endo/exo—isomerisation. Major steps
were made in the syntheses of the benzimidazole and benzotriazole targets, with both
scaffolds successfully being formed as intended. Ultimately, the designed routes failed at
incorporating the needed hydroxamic acid functionality. The indole and indene inhibitors
remain to be tested for inhibitory activity.

Future studies should focus on biochemical testing of the synthesised structures, as
well as redoing the benzimidazole and benzotriazole routes using water—insoluble peptide
coupling reagents in the final step. Preliminary studies were made on the formation of
indolyl and indenyl hydrazides, although more purification is needed. Suggested synthetic

routes for indane, naphthalene, pyridine, and thiohydoxamic acid targets are provided.
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ABR Antibacterial resistance
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Introduction

The ever—increasing threat of antimicrobial resistance (AMR) is pushing the world towards
another global health crisis. The World Health Organization (WHO) estimates that
700 000 people die of drug-resistant diseases every year, a number that may reach 10
million by 2050 if no action is taken. [1,2] Key medical procedures like caesarian section
and chemotherapy are at risk of getting too dangerous to perform, and diseases like
tuberculosis and gonorrhoea are getting increasingly resistant to expensive last-resort
antibiotics. |2, 3] If nothing gets done, widespread AMR is expected to negatively impact
global poverty, economic inequality, and access to clean water, with the World Bank

predicting a constant state of financial crisis by 2030 and with no clear end in sight. [1,4|

1.1 AMR and the need for new antibiotics

Antimicrobial resistance (AMR) is a fundamental trait of evolution where microorganisms
develop resistance towards antimicrobial agents that are designed to kill them. [2] The
dangers of AMR revolve around pathogenic microbes like bacteria, viruses, fungi and
parasites, all of which can cause life-threatening infections that are difficult to treat
when resistance is present. |3] These threats are managable as long as there are several
agents suitable for treatment, however some microbes — nicknamed “superbugs” — will over
time develop multidrug resistance to entire arsenals of antimicrobials. When this occurs,
infections may become untreatable until a new agent is discovered. [2]

Resistance commonly arises through a process called selection pressure, an accelerated
type of natural selection where an antimicrobial agent Kkills off all target organisms except
a few individuals with resistant genes. These genes usually stem from random genetic mu-
tations occurring during reproduction, and encode features or changes that are beneficial
against the antimicrobial. [5-7] With most competitors gone, these individuals have the
space and opportunity to quickly reproduce and spread. Eventually, after continued ex-
posure to the agent, the resistant properties develop into robust defence mechanisms. |2,5|
This resistant strain may then spread to become the dominant strain, making the agent

in question redundant.



1.1. AMR and the need for new antibiotics

However, resistance is not exclusively hereditary. In the world of bacteria, the pri-
mary mechanism for resistance transmission is through horizontal gene transfer, a process
where genetic material can be transferred between two individual bacteria of the same
generation. |5] The bacteria in question can be of different species and do not need to
be closely related. [8] This means that antibacterial resistance (ABR) can spread rapidly
across species whenever resistant bacteria get introduced to a bacterial flora, even in
places where the antibacterial agent has never been used. Consequently, if bacteria with
different modes of resistance are present in the same flora, horizontal gene transfer makes
multidrug resistance more likely to emerge. [5,9]

This ease of transmission, combined with a widespread overuse of readily available an-
tibiotics, is partly why ABR is viewed as the most threatening branch of AMR. |1, 3|
Despite the recent uptake in global awareness, its consequences are already present.
Multidrug-resistant tuberculosis, caused by resistant strains of Mycobacterium tuberculo-
s1s, accounts for more than 35% of all annual deaths by drug-resistant diseases world-
wide. [10] Gonorrhea, caused by Neisseria gonorrhoeae, is on the rise in the Western world
after becoming resistant to four out of five applicable medications. [2| And infections by
Clostridioides difficile, while not typically resistant, saw an increase in mortality rate of
400 % across the 2000s following several deadly outbreaks of a resistant strain. [11] More
generally, out of 66 countries surveyed by the WHO in 2019, more than 30 countries
reported some degree of resistance in common infectious bacteria like Escherichia coli
and Klebsiella pneumoniae, with some countries citing resistance rates of 80-90 % for cer-
tain antibiotic-bacterium combinations. [12] Healthcare officials agree that, while tackling
AMR is inherently a multifaceted issue, the development of new antibiotics is urgently
needed to reduce and prevent the impacts of ABR. [1-3]

Antibiotics are, in short, molecules that kill or otherwise inhibit the growth of bacteria.
[2] They typically work by interacting with macromolecules that are crucial to the inner
workings of bacterial cells. Their modes of action vary greatly, and will often define
to which class they belong. [13| Penicillins, for instance, work by inhibiting enzymes
that strengthen the bacterial cell wall, whereas quinolones work by obstructing DNA
replication. Some antibiotics are classified as broad—spectrum and can be used on a wide
range of bacteria, while others are more narrowly tailored for specific groups. [14| Having
a large variety in both angle of attack and target specificity is an essential part of modern
medicine, since the cause of infection and degree of resistance is often unknown. [14, 15|

Modern antibiotic development is, however, considered insufficient by the WHO and
other healthcare officials at tackling ABR. [10] Following a golden age of class discovery in
the mid 1900s, the focus of the pharmaceutical industry shifted to analogue development
in the early 1970s, a strategy where old antibiotics are improved by adding or replacing
functional groups to the baseline structure without altering the mode of action. [16] Over

time, as older drugs turn ineffective, bacteria are able to quickly adapt their existing
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defense mechanisms to new analogues over a relatively short time. [3] By contrast, intro-
ducing new classes with novel modes of action force the bacteria to develop new resistance
over a far longer time period. Analogue development as a strategy merely postpones the
threats of ABR, and offers no sustainable long—term solution to the issue. [17]

This choice of strategy has resulted in a pool of antibiotics that is dominated by old
classes, most of which were discovered sometime between 1940 and 1970. Following the
release of carbapenems in 1985, nearly 25 years passed before a new class was on the
market. [16] Of the five entirely new classes approved since 2000, four are limited to only
one agent. [18-21] Of the eleven agents approved since 2017, only two are categorised
as novel. And of the 43 antibiotics currently in clinical trials, only seven are considered
innovative. [10]

As it stands, the global health sector is in dire need of new classes of antibiotics with
novel modes of action. [3,15,17] This requires the scientific community to explore new
ways of inhibiting bacteria, and the list of potential ways to do so is far from short. [22]
The work in this thesis will focus on inhibitors of peptide deformylase, an enzyme involved
in bacterial protein synthesis. As of June 2021, no commercially available antibiotic has

inhibition of peptide deformylase as its mode of action. [23]
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1.2 Peptide deformylase and its inhibitors

Peptide deformylase (PDF) is a globular, single-chained metalloenzyme found in all
species of bacteria. Its purpose is to catalyse the deformylation of N—formylmethionyl
peptides, a hydrolysis reaction where the formyl group is removed from the end of the
chain and the resulting methionyl peptide is left with an exposed N—terminus. [24]

The need for PDF comes from the fact that, in bacteria, N—formylmethionine (fMet)
is the starting residue that initiates close to all protein syntheses (Figure 1.1). Following
ribosomal translation of mRNA, the fMet residue is no longer of use and newly made
proteins almost always undergo deformylation. Of those deformylated, a majority has the
underlying methionine removed by an enzyme named methionyl aminopeptidase (MAP).
For some proteins the removal of this methionine is crucial to their function, since the
N—-terminal amino acid can affect stability and be involved in biological activity. In some
cases the N-terminus is modified further, for instance to improve lipophilicity. [24]

The importance put on removing this terminal methionine means that inhibition of
MAP can cause bacterial death. However, direct inhibition of MAP is not a viable strat-
egy, as every other cellular life has regular methionine as the protein synthesis initiator.
Treatment with MAP inhibitors is therefore lethal both to bacteria and humans. [24]

fMet — tRNAMet

AAT—tRNA!
AA2— tRNAZ?
- S R\
+ mRNA  AA"— tRNAP - \/\HJ\H
H\H/NH
o)
| fMet — AAT— AA2— . — AA"—tRNA" | + H20
i s v
: Formic acid
| Met— AAT— AAZ— .. — AAT—RNA" | 0
------------------------------------------- N /S N}"&
NH, H
0
MAP
+
HJ\OH
AAT— AAZ— | — AA7

Figure 1.1: Schematic overview of bacterial protein synthesis, with AA? being the i-th amino
acid. Recreated from ref. 24 Framed: Peptide deformylase (PDF) catalyses the hydrolysis of
N—formylmethionyl peptides into methionyl peptides and formic acid.
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The reason PDF is a promising antibacterial target comes from its direct relationship
with MAP. For the latter to be catalytically active, the incoming methionyl peptide must
be deformylated in advance. [24| If most proteins remain formylated, the bacteria must
survive using leftover proteins that were synthesised with methionine as the starting
residue, since these can still react with MAP. This drastically reduces the number of
functioning proteins in the cell, causing a bacteriostatic effect where the bacterium is not
killed but its growth is severely hampered. [25]

The PDF enzyme itself consists of roughly 200 amino acids arranged in a single chain
with a divalent iron cation in the centre. [22] Known for its instability, PDF is often
isolated as a more stable nickel, cobalt, or zinc analogues. [26] The protein fold shows
several consistent motifs across all bacterial species, including a central helix wedged
between two B—sheets and a hairpin turn located close the metal centre (Figure 1.2). [24]
These three motifs contain all the amino acids that make up the active site, including
those specifically needed for catalysis. The metal cation, being bound to two histidines

and one cysteine, adopts a tetrahedral geometry with a hydroxide ion as the fourth ligand
(Figure 1.3). [26]

Figure 1.2: Left: Cartoon visualisation of E. coli Ni-PDF with the characteristic helix (blue),
B—sheets (green) and hairpin (red) motifs highlighted. Right: Rainbow cartoon visualisation of E.
coli Ni-PDF (top) and Staphylococcus aureus Zn-PDF (bottom), demonstrating a clear
similarity across species. Metal cations are depicted as light green and white spheres,
respectively. PDB IDs: 1BS7 and 1LMH. [27,28§]
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fMet-peptide
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Figure 1.3: Top: Stick visualisation
of the E. coli Ni-PDF catalytic site,
with nickel as light green sphere.
Atomic colours, with protein carbons
coloured by mechanistic function of
residue. PDB ID: 1BS7 [27]. Bottom:
Fragment of the metal-generalised
E. coli PDF catalytic cycle, showing
the deformylation step.
Recreated from ref. 26

Studies on the catalytic site has proposed this
metal-bound hydroxide to be the nucleophile in the de-
formylation reaction. [26] As the fMet—peptide enters
the site, hydrogen bonds from two nearby leucine and
glutamine residues activate the formyl carbonyl bond.
This allows the hydroxide to perform a nucleophilic at-
tack, forming a tetrahedral oxyanion that is stabilised
by both the metal and the aformentioned residues. The
hydroxide proton is, simultaneously, transported near
to the fMet nitrogen by a glutamate residue. Hydrogen
bonds between the glutamate, a nearby glycine, and
the substrate nitrogen promotes leaving group ability
such that, when the oxyanion collapses, the metion-
ine peptide is released. The remaining metal-bound
formate readily hydrolyses, completing the catalytic
cycle. [24,26]

The greater active site also includes a deep hy-
drophobic pocket directly adjacent to the catalytic site,
meant to accommodate the sulfide side chain of the
fMet residue (Figure 1.4). [26] This pocket gives PDF
its high specificity towards fMet—terminal peptides,
and is the reason why deformylation can occur regard-
less of which amino acid is the second residue. [24]

With these results in mind, researchers quickly de-
veloped metal-coordinating inhibitors that could dis-
place the active hydroxide ligand and disrupt the cat-
alytic cycle. The coordinating group needed to be
small enough to enter the narrow catalytic site and
sufficiently acidic so as to form a strong ionic bond
to the metal. Nearby, there had to be a hydrophobic
structure element that could mimic the substrate me-
thionyl side chain. The earliest inhibitors thus com-
bined monodentate functional groups like thiols and
hydrogen phosphonates with linear alkylic side chains
like n—butyl and n—pentyl, producing inhibitory con-
centrations in the low micromolar range. [29,30] De-
spite being definite proofs of concept, they ultimately
lacked the degree of potency required of medicinal an-
tibiotics. [31]
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A major breakthrough came with the discovery that actinonin, a naturally occurring
antibacterial agent, had PDF inhibition as its mode of action. [25,32] X-ray crystal-
lography showed actinonin binding to the metal cation in a bidentate manner through
its hydroxamic acid group. [33| This turned out to be a substantially stronger interac-
tion than what the monodentate inhibitors had previously produced, as demonstrated by
inhibitory concentrations reported in the single-digit nanomolar range. [25] Hydroxamic
acid has since become the dominating metal—chelating functional group amongst synthetic
PDF inhibitors, including all four inhibitor that have reached clinical trials. [34-37|

Figure 1.4: Top: Structural comparison of the fMet—peptide substrate (left) and the natural PDF
inhibitor actinonin (right). Bottom: Sphere visualisation of the E. coli Ni-PDF active site in complex
with tripeptide Met—Ala—Ser (left) and actinonin (right). Both show respective side chain protruding

into a nearby hydrophobic pocket (obstructing atoms omitted for clarity). Atomic colours, except

enzyme carbons in white and nickel in light green. PDB IDs: 1BS6 and 1G2A, respectively. [26, 33]

Around the same time as the first actinonin studies were published, researchers dis-
covered two versions of PDF in the small flowering plant Arabidopsis thaliana. [38] Soon
after, a human version was identified. [39] This revealed PDFs to be more common than
previously believed, a surprising result given the consistent use of regular methionine as
protein synthesis initiator in non—bacterial cells. The only exceptions to this rule occur
inside mitochondria and plastids, two cellular structures where protein formation proceeds
exclusively with fMet as the initiator. Proteins formed in these structures are few in num-
ber (< 90) and have been observed with formyl groups retained, making the importance of
deformylation uncertain. [40,41| Nevertheless, the newly discovered PDFs were identified

as mitochondrial and plastidic, suggesting they may have a related function. [42]
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The existence of human mitochondrial PDF has naturally raised doubts on PDF as an
antibacterial target. Actinonin was quickly shown to inhibit human PDF, and yet has not
been found toxic in studies on healthy mice. [33,39,43| It has, on the other hand, shown
antitumor activity against several cancerous cell lines, implying that mitochondrial PDF
is essential in cells that grow rapidly. [44]| Since it remains unclear what role — if any —
human PDF has in normal cell function, it is of great interest to develop inhibitors that
are active against bacterial PDF only.

Designing selective inhibitors relies on exploiting chemical or structural differences
between bacterial and human PDF. Remarkably, non-bacterial PDFs retain most of the
key features from their bacterial counterparts including similar protein folds with near—
identical structural motifs (Figure 1.5). [45,46] The actual catalytic site remains virtually
unchanged with six out of seven amino acids being equal to those found in bacteria,
resulting in little to no difference in catalytic pathways. [46-48] As such, any potential

selectivity must come from structural differences alone.

Figure 1.5: Rainbow cartoon visualisation of three different PDFs representing three widely
different organisms. From left to right: E. coli Ni-PDF, A. thaliana Zn—-PDF1A, Homo sapiens
Co-PDF. Metal cations are depicted as light green, white, and pink spheres, respectively.
PDB IDs: 1BS7, 1ZY0, and 3G5P. [27,45, 46]

The most substantial active site difference lies in the hydrophobic side pocket, which
is notably shallower in non-bacterial versions (Figure 1.6). [45] A study by the Meinnel
group showed that bulkier fragments like phenyl do not fit the pocket of human PDF,
a result which led them to develop a series of bulky indole-based hydroxamic acids that
showed excellent selectivity towards bacterial PDF. [48,49] Their leading candidate, collo-
quially named AB47, consisted of a 5—bromoindole core attached to an acetohydroxamic
acid fragment (Figure 2.1). The bromine atom was said to protrude deeply into the hy-
drophobic pocket, succesfully mimicing methionyl in bacterial PDF while failing to enter
the active site of human PDF.
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The field of selective PDF inhibitors has
somewhat stagnated since the publication of
ABA47 in 2007. Two years after its discov-
ery, Meinnel and affiliates improved the ac-
tivity by attaching a benzyl motif to the in-
dole nitrogen (Figure 1.7). [50] A few years

later, the same groups developed a more po-

tent oxadiazole series, identifying an addi-

tional hydrogen bond involving the heterocy-  Figure 1.6: Sphere visualisation of H. sapiens
Co—PDF in complex with actinonin, showing a
narrowing of the hydrophobic pocket compared to
tighter binding. [51] Its activity towards hu- in E. coli PDF (Figure 1.4). Obstructing atoms
are omitted for clarity. Atomic colours, except
protein carbons in white and cobalt in pink. PDB
further development having been published ID: 3G5K. [46]

since 2016. [52]
Meanwhile, the four PDF—-inhibiting drug candidates that have entered clinical trials

cle oxygen as a key interaction for achieving

man PDF is yet to be investigated, with no

have since been discontinued or put on hold. [23,53-55] These were pseudopeptide struc-
tures heavily based on actinonin itself, albeit with largely different structural elements
past the first internal peptide bond. [34-37] Rapid development of antibacterial resistance
is suspected to be the main concern, although problems around selectivity may also play

a part. [17,22,54] As it stands, the potential of PDF inhibition remains unproven. [23]

Br Br
b, i
(0] O HO. N
HO. Pl HO. <N N ~
N N O-N
H H /
AB47 SMP195 ATO19 (@)
OH NJ\N OH F
[ H | H 1 7
O N N N N O N N \
H ) " s\
F N ) N V
H j H S
Lanopepden o LBM415

Figure 1.7: A collection of PDF inhibitors, including the selective indoles AB47 and SMP195.

ATO019 represents the oxadiazole series, while Lanopepden and LBM415 are two drug—candidates

that entered clinical trials. The latter two are examples of “reverse” hydroxamic acids, where the
chelator nitrogen is tertiary. Structures were obtained from refs. 34,36,49,50,52.
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1.3 Motivation for this work

The contents of this thesis represent the first work on PDF inhibitors conducted in the
Sandtorv group. The long—term goal of this project is to develop an understanding of
what makes a good PDF inhibitor, and use that to synthesise new drug candidates with
greater potency and selectivity than what has previously been observed. To achieve this,
the group partnered with the group of Dr. Hans—Petter Hersleth at the Department of
Biosciences, University of Oslo, which has an ongoing project studying the expression and
inhibition of catalytically active PDFs. This collaboration allows for an iterative cycle
where freshly synthesised target molecules are tested for inhibitory porperties against
PDFs of differenct origins, the results of which influence the design of new target molecules
to be synthesised.

The focus of this first study was to determine the effects of different structural prop-
erties on the overall potency of indole-based PDF inhibitors. In the initial planning
phase, the indole series stood out as the only inhibitor series with a documented selec-
tivity towards bacterial PDF, thus making it an interesting base structure to explore.
While the hydroxamic acid moiety has a long—standing history in the field, the indole
scaffold came as a result of an undisclosed medium-throughput screening of bulky, cyclic
compounds. [25,33,49| As such, it remained unclear which exact structural properties
were important for inhibition, and which could be altered or removed to improve the
inhibitory response. To assess this, analogues of the indole-based inhibitors with certain
altered properties would be synthesised and tested for inhibitory activity. Due to its

simple strucure, AB47 was chosen as the benchmark molecule to beat.
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2

Aim of the study

The aim of the study was to explore the structural elements of indole-based PDF in-
hibitors and assess their influence on PDF inhibition. The benchmark molecule AB47
was deconstructed into three key parts; a metal-binding chelator, a bulky central scaf-
fold, and a far-reaching methionyl mimicker (Figure 2.1). AB47 was to be synthesised

alongside structural analogues where these key elements were altered.

0] Methionyl
mimicker

Br H ~OH Metal
N |:> chelator
N
H
Bulky scaffold
AB47

Figure 2.1: The structure of AB47 alongside a decomposition of its key structural
elements. Note that the molecule is redrawn compared to in Figure 1.7.

Three target scaffolds with different properties were envisioned, including benzimidazole,
benzotriazole, and indene (Figure 2.2). The metal chelator was to be altered by making

the corresponding hydrazides. The methionyl mimicker was left unchanged in this study.

o) o)
N-OH N-OH /)(NAOH
H

Br H Br NAH Br N
\ \©: /> \Q "N
N N N
H
2f

o}
OH

o]

1b 3f 4e
(AB47)
o] o] o)
~NH /)< ~NH H( ~NH ~NH
Br { H 2 Br\@[N H 2 Br N H 2 Br H 2
? | N O‘
H N Z N

1c 2g 39 4f

Figure 2.2: Selective PDF inhibitor AB47 and the analogues to be synthesised in this thesis.
Top row: Target molecules with differing central scaffolds. Bottom row: Target molecules where
the metal-chelating hydroxamic acid is replaced with hydrazide.
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3

Synthesis and Discussion

Based on analyses in literature, we deconstructed AB47 into three key structural elements;
a metal-binding chelator, a bulky central scaffold, and a far-reaching methionyl mimicker.
[48,49] Of the three, the central scaffold had been explored the least, making it the primary
fragment to be studied in this thesis. At the time, an indazole analogue had showed
similarily potentcy to AB47, while a “reverse-indole” structure with the hydroxamic acid
attached on the nitrogen had proven noticably less effective. [50]

With this in mind, we prepared synthetic routes to four target molecules of differing
scaffolds. The target of Route I was simply the benchmark molecule, synthesised for use
as a comparison during biochemical testing. With the other three, we wanted to assess
whether the indole scaffold had a specific influence on potency aside from being just
hydrophobic and bulky. As such, the indole core was to be replaced with three similarily
sized bicyclic scaffolds, all with slightly different properties. Route II would yield the
benzimidazole structure, in which the indole nitrogen is changed from a hydrogen donor
to a hydrogen acceptor, possibly forming different hydrogen bonds with the enzyme.
Route IIT would yield the benzotriazole structure, where the second hydrogen—accepting
nitrogen would allow for additional interactions to form. Lastly, Route IV would yield
the corresponding indene structure, in which the influence of the nitrogen is removed
altogether.

The metal chelator fragment had, as opposed to the scaffold, seen some variation in
literature. Several bidentate functional groups had been explored, with groups like car-
boxylic acid, a—hydroxy carbonyl and a—sulthydryl carbonyl proving largely ineffective. |?|
Within the wider indole series, only hydroxamic acids produced nanomolar inhibitory con-
centrations, implying that the extra heteroatom is essential for sufficient metal-binding.
The structurally similar hydrazide group has, however, showed some albeit weaker chelat-
ing properties in other PDF inhibitor series. [56,57| Therefore, as a secondary focus of
this thesis, hydrazide analogues of all target molecules would be synthesised to assess its

metal affinity in the context of this selective inhibitor series.
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Of the three key fragments identified, the methionyl mimicker had seen the most varia-
tion in literature. Substituents like halogens, methyl, metoxy, methylthio, and cyclopropyl
had all been explored, with bromine proving most effective ahead of chlorine. [49,50] The
exact substituent position was also briefly scoped, indicating a strong need for a methionyl
mimicker on C5 or C6 specifically. Given the extensive research already conducted on this

fragment and its position, no attempts at altering its properties were made in this thesis.
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3.1. Route I: Indole benchmark

3.1 Route I: Indole benchmark

Route I consisted of one net reaction; a peptide coupling between hydroxylamine and the
commercially available indolylacetic acid 1a, yielding the corresponding hydroxamic acid
1b (ABA47) as the product. The reaction was performed as reported by the Meinnel group
in their original indole article, using 1-hydroxybenzotriazole (BtOH) and the hydrochlo-
ride salt of 1-ethyl-3—(3-dimethylaminiopropyl)carbodiimide (EDCI) as coupling agents,
N-methylmorpholine (NMM) as an amine base, and hydroxylammonium chloride as the

source of hydroxylamine (Scheme 3.1). [49]

O ¢}

1) EDCI « HCI (1.1 eq.)
BtOH « xH,0 (1.1 eq.) -OH
Br OH DMF, RT, 5 min, Np Br H
> >
N 2) NMM (1.1 eq.) N
H RT, 2 h, N, H
1a 3) NH3OHCI (1.1 eq.) 1b

RT, 20 h, N, (AB47)

Scheme 3.1: Peptide coupling reaction of indolyl carboxylic acid 1a with hydroxylammonium
chloride forming indolyl hydroxamic acid 1b; the selective PDF inhibitor AB47 and the target of
Route I. Adapted from ref 49.

The reaction proceeded as expected, producing target molecule 1b as a white solid
at a yield of 30%. The terminal hydroxamic acid moiety was easily identified by two
characteristic '"H NMR signals at 10.60 and 8.77 ppm, with the overall spectroscopic data
fitting well with those reported in literature (Figure 6.1). [49] The yield was noticeably
lower than the reported yield of 55 %, likely the result of a more extensive work—up pro-
cedure. To ensure a high purity suitable for testing, the crude product was recrystallised
twice from a mixture of acetone and cyclohexane as opposed to only once, followed by an
additional washing with pure cyclohexane. This likely caused significant loss of material,
but was ultimately effective at removing trace contaminations as seen by its 'H NMR
spectrum.

Despite the otherwise high degree of purity, there remained a considerable amount
of solvent in the final product. Solid form 1b was found to trap acetone excellently,
with integration of the 'H NMR spectrum revealing a compound-to-acetone ratio of
approximately 2:1. Neither high-vacuum drying (24 h) nor vacuum oven drying (80 °C,
overnight) proved effective at reducing the relative acetone content, implying that the
solvent molecules were tightly bound.

This was somewhat to be expected given the high number of hydrogen—bonding groups
present in the structure. The acetone could be exchanged by dissolving the compound
in ethyl acetate, however the resulting compound—to—solvent ratio remained near 2:1
following rotary evaporation (Figure Al). This recurring ratio might imply that the

solvent is involved in the crystal packing, perhaps as a bridging unit between two molecules
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3.1. Route I: Indole benchmark

of 1b, although no X-ray crystal structure was obtained to verify this claim. Regardless,
the originial Meinnel article made no mention of solvent cocrystallisation taking place,
implying that the obtained compound can be isolated fully. Solvent cocrystallisation is
a possible explanation for the apparent difference between measured (137-140°C) and

reported (145 °C) melting point ranges. [49]
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3.2. Route II: Benzimidazole scaffold

3.2 Route II: Benzimidazole scaffold

Designing a route to the benzimidazole scaffold required careful consideration of where
to begin. Directly using bromobenzimidazole as the starting structure would allow for
a short, two—step synthesis of target molecule 2f, although issues around regioselectivity
are likely to arise when N-alkylating an asymmetric benzimidazole. [58,59| The selected
approach was therefore to ring—close the imidazole from an appropriately substituted
benzene, thus avoiding regioselectivity at the cost of adding several steps to the route.
The final route was heavily inspired by Brooks et al., who synthesised a clinical drug

candidate containing an N-alkylated 6-cyanobenzimidazole using a similar strategy. [60|

o) J< o) k
o o
Nitro
Br\@[F SwAr Br\@"“" Reduction BV\E:[NH
NO NO NH

2 2

2
2a 2b 2c

|

(6]

A A A

Orthoformate o) OH Peptide B [~ “N-OH
Cyclisation Br N Deprotection Br N Coupling r N H

N N N

2d 2e 2f

l t

Hydroxylaminolysis

Scheme 3.2: The proposed route to the benzimidazole hydroxamic acid 2f, going through at
least four steps starting from bromofluoronitrobenzene 2a.

Route II is a four-step synthesis going from bromofluoronitrobenzene 2a to the ben-
zimidazole analogue of AB47 (2f) (Scheme 3.2). Starting with 2a, an alkylated amine is
attached ortho to the nitro group through a nucleophilic aromatic substitution reaction
(SxAr). The substitution pattern is established in advance by the given isomer of 2a,
in which the bromo and nitro substituents are oriented para to each other. The amine
used is tert—butyl glycinate, which introduces the necessary carboxyl motif. Reduction
of the nitro group yields a nucleophilic ortho—diamine 2c that readily cyclises with an
orthoformate to form the benzimidazole scaffold.

The hydroxamic acid functionality is introduced either directly from ester 2d through
hydroxylaminolysis, or from the corresponding carboxylic acid 2e through a peptide cou-
pling. Both of these approaches have previously been reported by the Meinnel group. [49|
The latter option, if utilised, requires a separate removal of the ester group, making this

alternative route five steps long.
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3.2. Route II: Benzimidazole scaffold

3.2.1 Attaching glycinate fragment to compound 2a

The first step of Route II was the SyAr reaction between bromofluoronitrobenzene 2a
and the hydrochloride salt of tert—butyl glycinate, forming nitroaniline 2b. The reaction
was performed close to what Brooks et al. reported, including a stirring time of 4 days at
room temperature with potassium carbonate present as a base. [60] The limiting reagent
was, however, changed from the amine to the substituted benzene to increase conversion

of 2a (Scheme 3.3).

o] Q k
cP HBNCULOJ< Hko
Br\@iF (1_05 eq_) Br\©:NH
NO, K,CO3 (2.36 eq.) NO,
9:1 CH3CN/CH20|2
2a RT, 4 days 2b

Scheme 3.3: Nucleophilic aromatic substitution (SxAr) of bromofluoronitrobenzene 2a and
tert—butyl glycinatium chloride, forming nitroaniline 2b. Adapted from ref 60.

The reaction proceeded as expected, producing 2b as a bright yellow solid at a yield
of 79%. The resulting "H NMR spectrum revealed a set of six signals easily identified
by basic spectrum analysis; a singlet at 1.44 ppm from tert—butyl, a doublet at 4.19 ppm
from methylene, a broadened triplet at 8.39 ppm from the secondary amine, as well as
two doublets and one doublet of doblets between 8.00 and 6.89 ppm characteristic of a
1,2,4-trisubstituted benzene (Figure 6.4). The compound was not previously described
apart from in patents, although different esters with and without bromine have been
reported. [61,62] The obtained yield appeared to be in the lower end of the 75-95 % range
found in literature.

As it stands, it is unclear whether further optimisation of the reaction conditions will
result in higher yields. "H NMR spectra of crude products often revealed there to be 10—
15mol % of leftover 2a, as well as trace amount of 5-bromo—2-nitroaniline, the product of
an SNAr reaction between 2a and ammonia. This side product likely arises from traces of
ammonium chloride being present in the tert—butyl glycinate hydrochloride salt, ammonia
being the standard reagent in glycine production. [63] A larger excess of glycinate may
therefore result in both higher conversion and more contamination, especially since the
more challenging chromatographic separation is between 2b and 5-bromo—2-nitroaniline.
As such, the current iteration of the SyAr procedure was deemed sufficient for the purposes
of this thesis.

3.2.2 Formation of key ortho—diamine intermediate 2c

With the glycinate fragment in place, nitroaniline 2b was to be reduced to the corre-

sponding ortho—dianiline 2c. Brooks et al. had performed a nitro reduction alongside an
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3.2. Route II: Benzimidazole scaffold

imidazole ring—closure as a one—pot reaction using iron metal, formic acid and triethyl
orthofromate as reagents. [60] Seeing as 2c¢ was planned to be a crucial intermediate in
Route III, it was decided that the nitro reduction would be considered a unique step with
its own work—up procedure. As such, a separate set of conditions unlike those by Brooks
et al. would have to be defined.

Nitro groups readily reduce to primary amines in a multitude of ways, for instance
by base metals like iron and zinc in the presence of acid. [64] As a first attempt, 2b was
reacted with iron metal in neat acetic acid at room temperature, as reported by Hylland et
al. who successfully reduced nitro—containing biphenyl- based metal-organic framework
(MOF) linker molecules using identical conditions (Scheme 3.4). [65]

o k 0} k
o o
Br\@ NH Fe (15.0 eq.) Br\C[NH
— >
NO, AcOH NH,
RT, 20 h
2b 2c

Scheme 3.4: Iron—mediated reduction of nitroaniline 2b into ortho—diamine 2c in neat acetic
acid. Adapted from ref 65.

These conditions proved to be ill-suited for the intended transformation. The 'H NMR
spectrum of the crude material revealed substantial amounts of unreacted 2b, alongside
numerous other signals of unknown origins (Figure 3.1). No product signals from 2c¢ could
be identified, however a broadened singlet at 10.39 ppm stood out as a characteristic
resonance. Signals in this region of the spectrum are often from exchangeable hydrogens
bonded to oxygen or nitrogen, although this particular signal appeared too sharp and
too shielded for it to arise from the corresponding carboxylic acid of 2b or 2c usually
expected around 11-12 ppm. [64,66] Suspecting a nitrogen—bonded hydrogen, questions

arose whether 2c was partaking in an undesirable side reaction.
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3.2. Route II: Benzimidazole scaffold
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Figure 3.1: '"H NMR (600 MHz, DMSO-dg) spectrum of the crude material from the reaction in
Scheme 3.4. Signals from leftover 2b are marked with orange circles. No signals from ortho—diamine 2c¢
could be identified, but the signal at 10.39 ppm stood out as an unexpected resonance from an
exchangable hydrogen. For full spectrum see Figure A2.

Given the acidic environment, the carbonyl group of 2c¢ was likely to be activated
towards nucleophilic attack. An intramolecular cyclisation was proposed, in which the
primary amine of 2c reacts with the tert—butyl ester forming dihydroquinoxalinone 2x as
a side product (Scheme 3.5). This would require the formation of a second six—membered
ring, a ring size that is known to be favourable in many ring—closure reactions. [66] The
attacking nitrogen would formally end up as a secondary amide, fitting with the high
chemical shift of 10.39 ppm observed in the crude material. Using 'H-'°N HMBC, this
signal was later confirmed to arise from a nitrogen-bonded hydrogen, with a *N chem-
ical shift of 129.9 ppm being well within the normal range for amides at 95-145 ppm
(relative to liquid ammonia, Figure A3). [67] Literature searches have since revealed dihy-
droquinoxalinone syntheses with near—identical conditions, suggesting the proposed side

reaction to be correct. [68]

o)
Hkok y (O H
Br\C[NH |Red.] H® Br\c[N\jk%k i Br\E;\[NL
NO, NH, ~ BuOH NS0
2x

2b 2c

Scheme 3.5: Generalised nitro reduction of 2c¢ in acidic media, conditions that allow for an
intramolecular cyclisation to dihydroquinoxalinone 2x. [68]

Believing the proposed side reaction to be taking place, the focus shifted towards
acid—free reaction conditions that perhaps would not trigger the cyclisation. The common
method of hydrogenation over palladium was attempted, using similar conditions to those
described by Folkertsma et al. (Scheme 3.6). 69|
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3.2. Route II: Benzimidazole scaffold

Tk Aok

H, (1 atm)

Br\@"‘*‘ Pd/C (10 mol%) Br\@“*‘
—_—x—
NO, 2:1 EtOH/EtOAc NH,
RT, 4 h
2b 2c

Scheme 3.6: Palladium—catalysed hydrogenation of nitroaniline 2b into ortho—diamine 2c.
Adapted from ref 69.

The reaction proceeded with a gradual loss of colour, suggesting total conversion of
2b. This was confirmed by the "H NMR spectrum of the crude material, although a broad
singlet above 10 ppm was once again observed. Moreover, the spectrum revealed a series
of aromatic signals with coupling patterns unlike those expected of 1,2,4-trisubstituted
benzenes, with some being noticeably triplet-like (Figure 3.2). Treatment of a Gaus-
sian window function on the free induction decay (FID) produced a "H NMR spectrum
containing four triplets of doublets (td), a coupling pattern that can only occur in ben-
zenes when they are ortho—disubstituted. [66] This meant that hydrodehalogenation had

occured, in which the bromine substituent had been replaced by a hydrogen.

0 )<
] Hko
L O
| I
NS0 7 NH,
H
2y 2z
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ppm

Figure 3.2: 'H NMR (600 MHz, DMSO-dg) spectrum of the crude material from the reaction in
Scheme 3.6, processed with a Gaussian window function (LB = —0.60 Hz, GB = 0.30). No signals from
ortho—diamine 2c¢ could be identified. Instead, multiple triplets of doublets (td) were observed,
indicating hydrodehalogenation to have occurred. The material was most likely
a mixture of side products 2y and 2z.

There being four triplets of doublets in the "H NMR spectrum meant that two major
side products, both ortho—disubstituted, were present in the sample. One was presumably
the unsubstituted analogue of 2x, easily identified by the characteristic broad singlet at
10.19 ppm (Scheme 3.7). The second was likely the bromine-lacking analogue of ortho—
diamine 2c, indicated by an intense singlet at 1.43 ppm characteristic of tert—butyl with
a favourable integral relative to the aromatic signals (??). While a shorter reaction time
might have led to less intramolecular cyclisation, trying to avoid hydrodehalogenation
during nitro group reduction is reported in literature to be a major challenge not possible

with simple metal catalysts. [70,71] As such, the search for suitable conditions continued.
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3.2. Route II: Benzimidazole scaffold
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Scheme 3.7: Generalised metal-catalysed hydrogenation of 2c, conditions that trigger
hydrodehalogenation, yielding both dihydroquinoxalinone 2y and ortho—diamine 2z. [?,71]

From here, the focus returned to metal-mediated reductions, this time in mildly acidic
media to limit cyclisation. In 2019, Kallinen et al. reported a successful nitro reduction
of an iso—propyl ester similar to 2b using iron powder and ammonium chloride. [72]
The particular reaction was activated using ultrasound, although other reductions were
performed using mild heating (40°C). To allow for monitoring by 'H NMR, an adapted
procedure using zinc powder was attempted (Scheme 3.8).

0 0
Lok Sk

Zn (5.0 eq.)

NO, 4:1 EtOH/H,0 NH,
sonication
2b RT,3h 2c

Scheme 3.8: Zinc—mediated reduction of nitroaniline 2b into ortho—diamine 2c in the presence
of aqueous ammonium chloride. Adapted from ref 72.

The resulting '"H NMR spectrum of the crude material showed, for the first time,
signals belonging to the intended product 2c (Figure 3.3). The signal from the primary
amine appeared as a clearly visible broad singlet at 4.69 ppm, while the signal from the
secondary amine saw a 3.2 ppm drop in chemical shift due to the sudden change in electron
density. At a 0.40 mmol scale, the reaction showed full conversion after three hours of
ultrasound, and the product could be obtained at a yield of 46 % after purification by

column chromatography.
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3.2. Route II: Benzimidazole scaffold
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Figure 3.3: '"H NMR (600 MHz, DMSO-dg) spectrum of the crude material from the reaction in
Scheme 3.8. Signals marked with chemical shifts arise from 2c, the major species.
For full spectrum see Figure A4

However, these conditions proved to be insufficient when attempting the reaction on a
1.20 mmol scale, with poor conversion of 2b even after five hours of ultrasound treatment.
Given the heterogenous nature of the reaction mixture, it is likely that flask size and
surface area were important parameters for the progression of the reaction. To circumvent
this upscaling issue, further optimisation of reaction conditions were conducted.

With zinc, the reaction was shown to work thermally at 40 °C, albeit less cleanly than
with ultrasound. When switching to iron, thermal heating at 40°C produced 2c¢ more
selectively at the expense of a slow reaction rate. Conversely, heating at 80 °C gave side
product 2x exclusively. Heating at 60 °C turned out to be the suitable middle ground,
achieving full conversion of 2b with a relatively low degree of side product formation
(Scheme 3.9).

2 2k

Fe (10.0 eq.)
Br\QNH NH,4CI (10.0 eq.) Br\©:NH
60°C,3h
2b 2c

Scheme 3.9: Iron—mediated reduction of nitroaniline 2b into ortho—diamine 2c in the presence
of aqueous ammonium chloride. Optimised from ref 72.

With these conditions, the reduction of 2b to 2¢c was performed at multiple scales of up
to 2.40 mmol with obtained yields of 50-56 %. Flask size turned out to be a crucial param-
eter, with a reaction mixture volume of 16 mL requiring a 100 mL-sized round—bottomed
flask to achieve full conversion. In all cases, the final product remained contaminated with
trace amount of 2x after column chromatography, and was therefore stored at —20°C as
a precaution to minimise potential cyclisations occuring spontaneously.

In literature, ortho—diamines with similar glycinate fragments tend to be used as

crude intermediates, and are not typically isolated. A literature yield range is therefore
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3.2. Route II: Benzimidazole scaffold

unobtainable. The exact structure of 2¢ has only been described in patents, and similar
structures with different substituents are generally not accompanied by characterisation
data. [62,72, 73]

3.2.3 Ring-closure to benzimidazole scaffold

The next step of Route II was the ring-closure reaction of ortho—diamine 2c with an
orthoformate to form benzimidazole 2d. The intention had been to perform the reaction
similar to that described by Brooks et al. using a homogenous solution containing 2c,
triethyl orthoformate, and formic acid. [60] However, given the aforementioned acid sen-
sitivity of 2c¢, questions arose whether the orthoformate could instead be used directly as
the solvent, thus maximising the chances of ring—closure occurring before intramolecular
cyclisation. The reaction was therefore attempted as described by Wang et al., who syn-
thesised a novel oxoindolinyl-substituted benzimidazole using only triethyl orthoformate

and a catalytic amount of tosylic acid (Scheme 3.10). [74]

o) J< o
o ok
Br NH TSOH * H,0 (10 mol%) Br N
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NH, CH(OEt)3 N
60 °C, 2.5 h
2c 2d

Scheme 3.10: Acid—catalysed imidazole ring—closure of ortho—diamine 2c¢ and triethyl
orthoformate into benzimidazole 2d. Adapted from ref 74.

The reaction proceeded as described, with 2d being formed as a beige solid at a yield
of 87%. In the '"H NMR spectrum, the formation of a benzimidazole ring was indicated
by a new singlet at 8.21 ppm as well as the disappearance of the two amino signals
(Figure 6.10). The methylene hydrogens also saw a 0.45 ppm increase in chemical shift
relative to in 2c. The product was shown to contain some trace organic impurities, but
purification by column chromatography was considered unecessary due to the planned
recrystallisation at the end of route. The compound itself has not been described outside
of patents, although the unsubstituted analogue has been reported in literature. [75] The
obtained yield fell within the literature range of 70-99 % reported for similar reactions

using triethyl orthoformate as the solvent. |76, 77]

3.2.4 Transformation to hydroxamic acid 2f

The last challenge of Route II revolved around converting the tert—butyl ester 2d into the
hydroxamic acid 2f, the benzimidazole analogue of AB47 and the target molecule of the
route. This was to be done either by direct hydroxylaminolysis of 2d, or in a two-step

manner by first deprotecting the carboxylic acid group, yielding 2e, and then performing

23



3.2. Route II: Benzimidazole scaffold

a peptide coupling with hydroxylamine as described in Route I. The preferred option was
naturally the former, given the fewer number of total steps.

Direct hydroxylaminolysis of indole-based ethyl esters was extensively performed by
Boularot et al. in the Meinnel group article that first spawned AB47. [49] The reaction
involved mixing the ester substrate with free hydroxylamine, generated in situ by reacting
hydroxylammonium chloride with sodium ethoxide. Given the substantially stronger nu-
cleophilicity of hydroxylamine compared to normal amines, it was believed that tert—butyl
ester 2d would be able to undergo an equivalent transformation despite its larger steric
bulk. [66, 78] To simplify the procedure, sodium ethoxide was replaced with potassium
tert-butoxide for easier handling (Scheme 3.11).

(0]

0
H(o% NHzOHCI (10.0 eq.) AN/OH
N 'BUOK (10.0 eq.) Br N H
T /
N EtOH N

80 °C, 20 h, N,
2d 2f

Br.

Scheme 3.11: Hydroxylaminolysis of benzimidazolyl tert—butyl ester 2d, forming
benzimidazolyl hydroxamic acid 2f. Adapted from ref 49.

The effectiveness of the proposed reaction remains largely unclear. As described by
the reported work—up procedure, upon completion the reaction mixture was evaporated
under reduced pressure and extracted using ethyl acetate. [49] The organic phase was
washed repeatedly with water, base, and brine before being dried over sodium sulfate and
evaporated to a solid. In Route I, as a comparison, this process gave crude 1b (AB47)
at a yield of roughly 60 %. In Route II, this process produced trace amounts of a crude
material that could not be identified. If no reaction had occurred, unreacted 2d should
have emerged from the organic phase. This meant that, while a reaction had likely taken
place, the resulting product must have been water—soluble and thus been extracted into
the aqueous phases.

To sidestep this issue, a second reaction mixture was analysed by "H NMR following the
initial evaporation of solvent. The resulting spectrum revealed one major species which,
when compared to the spectrum of 2d, appeared to be a monosubstituted benzimidazole.
While each of the four aromatic signals appeared slightly shifted compared to in 2d, the
broad singlet at 4.97 ppm seemed to have changed more drastically. This signal, if arising
from target molecule 2f, would come from the carbonyl-bonded methylene bridging the
chelator and the scaffold. A change in chemical shift at this position is likely to occur if a
substitution reaction takes place at the adjacent carbonyl, as seen for instance in the 'H
NMR spectra of 1a and 1b. Moreover, no appropriately sized tert—butyl signal could be
identified, furthering the suspicion that a carbonyl substitution truly had occurred.

Despite these indirect pieces of evidence, no actual hydroxamic acid signals were ever

present in the 'H NMR spectrum. A potential side product could be the carboxylic
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acid 2e, although no carboxylic acid signal was observed either. It is possible that these
exchangeable resonances — if present — collapse due to the substantial amount of hydrox-
ylamine left in the sample, as indicated by the large hump centred around 3.32 ppm.

This then highlights a secondary problem, namely that extraction with ethyl acetate
and washing with water is performed so as to separate excess hydroxylamine from the
hydroxamic acid product. If the target molecule 2f truly is water—soluble, then a new
reaction procedure will have to be designed to ensure the removal of hydroxylamine. One
potential approach could be to use hydroxylamine Wang resin, a solid-phase support
that has O-benzylated hydroxylamine on its surface. Reactions with the resin produce
hydroxamate esters that remain attached until cleaved by trifluororacetic acid, allowing
for a different work—up procedure. [79] Utilising other separaton techniques like reversed—
phase column chromatography could also be considered.

The apparent water solubility was ultimately the reason why carboxylic acid 2e was
never synthesised, and the subsequent peptide coupling was never attempted. This
is because water—washing of an organic phase plays an even more important role in
the work—up of the peptide coupling, removing all major contaminants from the prod-
uct including the urea byproduct, the hydroxybenzotriazole, the N—methyl morpholine
and any excess hydroxylamine. Future attempts at synthesising 2f should therefore
make us of coupling agents whose byproducts are insoluble in water, for instance N,N’—

dicyclohexylcarbodiimide (DCC), thus allowing for alternative work—up procedures. [80]

3.3 Route III: Benzotriazole scaffold

The design of Route III was essentially the same as that of Route II, making use of the
same ring—closure strategy to avoid issues with regioselectivity. In fact, the observation
that benzotriazoles can be made from ortho—diamines meant that Route III could be a
divergent branch of Route II, rather than one starting from scratch (Scheme 3.12). [81]
Reacting ortho—diamine 2¢ with a nitrite source would yield the desired benzotriazole 3d,
going through a diazonium salt intermediate as seen in the Sandmeyer reaction. |64, 82|
The hydroxamic acid moiety would then be introduced through direct hydroxylaminolysis,
or through a two—step deprotection/peptide coupling approach via 3e.
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Scheme 3.12: The proposed route to the benziotriazole hydroxamic acid 3f, branching off
Route II at the ortho—diamine intermediate 2c

3.3.1 Ring-closure to benzotriazole scaffold

The first step of Route III was the ring—closure reaction of ortho—diamine 2¢ with nitrite
to form benzotriazole 3d. Normally, this reaction is performed using sodium nitrite
in aqueous acid, forming nitrosonium ions in situ that react with the amino groups.
[64,83] However, given the acid sensitivity of 2c, the focus shifted to surrogates of nitrite
that could react without acid being present. The reaction was eventually performed as
described by Azeez et al., who reported a high—yielding acid—free method for benzotriazole
synthesis using tert—butyl nitrite, a readily available alkyl nitrite (Scheme 3.13). 84|

0] k o
HJ\O %0%
Br\@[NH 'BUONO (2.0 eq.) Br\@N\

N
NH, CH;CN N

RT, 15 min
2c 3d

Scheme 3.13: Triazole ring—closure of ortho—diamine 2¢ and tert—butyl nitrite into
benzotriazole 3d. Adapted from ref 84.

The reaction proceeded as described, forming 3d as a maroon solid at a yield of 93 %.
As with benzimidazole, the formation of a benzotriazole ring was indicated in the "H NMR
spectrum by the disappearance of the two amino signals (Figure 6.13). The methylene
hydrogens also saw a 0.96 ppm increase in chemical shift relative to in 2c, a larger change
than that seen in Route II. The addition of a third nitrogen was verified using "H-'°N
HMBC and high-resolution mass spectrometry (Figure 6.15). The product was shown
to contain similar trace organic impurities as the benzimidazole analogue 2c, and further
purification was omitted for the same reasons. The compound itself has at the time of

writing not been described, although other esters with and without substituents have
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3.3. Route III: Benzotriazole scaffold

been reported. [83,85] The obtained yield was well within the 85-99 % range reported by
Azeez et al. [84]

3.3.2 Transformation to hydroxamic acid 3f

The transformation of tert—butyl ester 3d into hydroxamic acid 3f faced similar issues
to those described for Route II. To begin with, hydroxylaminolysis of 3d was attempted
so as to potentially save a synthetic step (Scheme 3.14). However, despite using the
same conditions as in Route II, the reaction simply retained substrate ester 3d at a
quantitative yields. This result went far in suggesting that a tert—butyl ester was an
impractical electrophile for carbonyl substitution. The choice of glycinate ester for the
SnAr reaction with 2a was largely arbitrary, and future attempts at synthesising 3f via

Route IT should commence with a less sterically hindered glycinate instead.

(0]

0

Ao% NH3OHCI (10.0 eq.) /)<N—OH
Br N, BUOK (10.0 eq.) Br N H

N EtOH N

80 °C, 20 h, N,
3d 3f

Scheme 3.14: Hydroxylaminolysis of benzotriazolyl tert-butyl ester 2d, forming benzotiazolyl
hydroxamic acid 2f. Adapted from ref 49.

Given the poor reactivity of 3d towards hydroxylaminolysis, it was deemed neces-
sary to deprotect the underlying carboxylic acid 3e and attempt the transformation via
the alternative peptide coupling method. To achieve deprotection, tert—butyl ester 3d
was treated with trifluoroacetic acid in dichloromethane as described by Messeguer et
al. (Scheme 3.15). [86] Although the intermediate 3e was not fully characterised, its
formation was documented by "H NMR monitoring. The crude carboxylic acid was sub-
sequently treated with EDCI, hydroxybenzotriazole, NMM, and hydroxylammonium chlo-

ride, equivalent to as described Route I.

0 0 o]
H( /% H( 1) EDCI » HCI (1.1 eq.)
BtOH + xH20 (1.1 eq.) N-OH
Br N © CF3COOH Br N OH DMF, RT, 5 min, Np Br N H
N _— N N
N CHCly N 2) NMM (1.1 eq.) N

RT,4h RT,2h, N,
3d 3e 3) NHzOHCI (1.1 eq.) 3f
crude RT, 20 h, N,

Scheme 3.15: Deprotection of benzotriazolyl tert—butyl ester 2d by trifluoroacetic acid,
followed by the peptide coupling between benzotriazolyl carboxylic acid 3e and
hydroxylammonium chloride, forming benzotriazolyl hydroxamic acid 3f.

Somewhat predictably, the reaction produced only traces of a crude material after the

standard extraction work—up procedure. As with the benzimidazole, it appeared that
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3.3. Route III: Benzotriazole scaffold

benzotriazole target 3f was soluble in water. The aqueous phases was indeed found to
contain organic material, although its identity was never resolved. Ultimately, Route 111

was halted alongside Route IT pending the reveal of a different peptide coupling procedure.
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3.4. Route IV: Indene and related scaffolds

3.4 Route I'V: Indene and related scaffolds

Designing a route to the indene scaffold was largely a choice between reaction conditions,
rather than particular synthetic strategies. The most described pathway to indenyl-
subtituted esters involves attaching a side chain to a suitable indanone, a pathway which
guarantees that the desired substitution pattern is obtained. Common methods for do-
ing this include the aldol-related Reformatsky reaction and the Wittig-related Horner—
Wadsworth-Emmons reaction. [87,88] While the former requires the use of toxic o
haloacetates, the latter has been shown to form mixtures containing both an indene
isomer (endo) and two stereoisomers of 2—(indanylidene)acetate (exo). [88,89] As such, a
safer and seemingly more selective approach using the lithium enolate of ethyl acetate was
used, heavily inspired by Alcalde et al. who synthesised indene—based serotonin receptor

agonists using this method. [90]

Elimination + Hydrolysis

g ¢
O ~OH
(0] Hydroxyl- N
e pes RS ool
4a 4c o 4e
HO 0O )
Aldol B \( B OH Peptide
Condensation r | X o Elimination Hydrolysis r | X Coupling
= \ =
4d

ab

Scheme 3.16: The proposed route to the benzimidazole hydroxamic acid 2f, going through at
least four steps starting from bromofluoronitrobenzene 2a

Route IV is a three—step synthesis going from 5-bromoindan—1-one (4a) to the indene
analogue of AB47 (4e, Scheme 3.16). Starting with 4a, ethyl acetate is attached at the
ketone carbon through an aldol condensation reaction, forming the 3—hydroxyacetate 4b.
Acid—cataysed elimination of water yields the desired indene scaffold, after which the
hydroxamic acid is formed either through direct hydroxylaminolysis of 4c or through a

peptide coupling between 4d and hydroxylamine.

3.4.1 Attaching ethyl acetate to compound 4a

The first step of Route IV was the aldol condensation between bromoindanone 4a and
ethyl acetate, forming B-hydroxyester 4b (Scheme 3.17). The reaction was performed as
described by Alcalde et al., using lithium bis(trimethylsilyl)amine as the strong base. [90]
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3.4. Route IV: Indene and related scaffolds

1) LIN(SiMe3), (1.10 eq.)

0 EtOAc (1.05 eq.) HO O
Br\©:f§ THF, -78 °C, 30 min, N, Br\CiS\/(
o
2) HCI (aq.), RT A

4a 4b

Scheme 3.17: Aldol condensation of ethyl acetate and indanone 4a, forming f—hydroxyester
4b. Adapted from ref. [90].

The reaction proceeded as expected, producing 4b as an orange oil at a yield of 92 %.
The resulting 'H NMR spectrum revealed a set of eleven unique signals, most notably six
multiplets from four sets of diastereotopic protons and a characteristic singlet at 5.40 ppm
arising from the hydroxyl group (Figure 6.16). The exact compound was not previously
described, although some differently substituted structures have been reported. [91,92]
Even though Alcalde et al. did not report a yield for this step, the obtained yield appeared
to be within the 75-95 % range found in literature.

In the '"H NMR spectrum, the methylene group on the ethyl chain appeared as an
interesting and highly symmetrical ABX3 quartet of quartets (77, inset). In this multiplet,
each subsignal of a second—order AB quartet is itself split into a binomial quartet caused
by the adjacent methyl group. [93] All sixteen subsignals could be made visible using a

Gaussian window function on the FID.

3.4.2 Resolving endo/exo—isomerism

The second step of Route IV was the elimination of water from [-hydroxyester 4b,
forming the desired indene scaffold. Alcalde et al. had synthesised the nitro—substituted
analogue of carboxylic acid 4d by simply stirring the substrate in 50 % aqueous sulfuric
acid, essentially performing water elimination and ester hydrolysis simultaneously. [90] An
impressive yield of 80 % was reported, although a discrepancy between the article and the
supplementary information has since put this result into question. Nevertheless, as a first

attempt, an equivalent experiment was set up using the same conditions (Scheme 3.18).

o o
HO 0
Brw 50 % H,SO, Br\‘l< OH Br J “oH
N — LD
A H,0
60 °C, 20 h

4 4d 4d

(0 %) (100 %)

Scheme 3.18: Simultaneous water elimination and ester hydrolysis of f—hydroxyester 4b in the
presence of concentrated aqueous sulfuric acid, forming exclusively indanylidene 5d. Adapted
from ref. 90.

The 'H NMR spectrum of the resulting crude material showed only the undesired

(E)-indanylidene isomer 5d, henceforth referred to as the exo—isomer (Figure 3.4a)). The
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3.4. Route IV: Indene and related scaffolds

identity of the isomer was deduced using a NOESY experiment, which showed a through—
space coupling between the alkene hydrogen and the aromatic ring that would not be
present in the endo structure (compare ??). No trace of the (Z)-isomer was observed,
making the conditions remarkably selective towards one of three possible isomers. Despite
this, the result was ultimately the opposite of what had been reported. [90] Fellow group
member [. B. Tangevold later studied this reaction further, revealing decarboxylation of
the caboxylic acid products to be taking place. Differing rates in decarboxylation between
the endo—isomer (4d) and ezo-isomer (5d) result in only the latter remaining at the end
of the reaction, allowing it to be isolated at yields of 20-30 %. [94]

At the time, the apparent selectivity was believed to be caused by thermodynamic
control given the strong acid and moderate heating used in the reaction. The focus
therefore shifted to milder reaction conditions with the hopes of forming more of the
desired endo—isomer. In the same article, Alcalde et al. reported some eliminations by

using trifluoroacetic acid in dichloromethane at —5°C (Scheme 3.19). [90]

HO 0 o
BFW GF{COOH (60q) /\
N 0H2c|2
-5 °C, 30 min

4b
(25 %) (75 %)

Scheme 3.19: Water elimination of 3—hydroxyester 4b in the presence of trifluoroacetic acid,
forming a 25:75 mixture of indene 4¢ and indanylidene 5c. Adapted from ref. 90.

These conditions proved promising, this time forming a mixture of the ethyl esters
4c and 5c with an endo:ezo ratio measured to 25:75 by integration of the crude 'H
NMR spectrum (Figure 3.4b)). This improvement from the last attempt supported the
assumption that the endo—isomer was the kinetic product of the elimination reaction.
And yet, reducing the reaction temperature did little to increase the endo:exo ratio, with
—40°C retaining the 25:75 ratio and —78 °C stopping the reaction completely. Although
the two esters were found to be separable by column chromatography, the unfavourable
isomer ratio meant that the aldol strategy of Route IV could potentially be as inefficient

as the Horner-Wadsworth-Emmons reactions reported in literature. [88,89]
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3.4. Route IV: Indene and related scaffolds
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Figure 3.4: "H NMR (DMSO-dg) spectra of crude mixtures between indene 4c (endo, teal circles) and
indanylidene 5¢ (ezo, black squares) after different conditions. Isomer ratio stated as endo : exo. The
exo—isomer appears to form first, but the endo—isomer is slightly favoured over time. From bottom: a)

(600 MHz) H2SOy4, 60°C, 20h b) (400 MHz) CF3COOH (6.0 eq.), —5°C, 30 min c) (400 MHz)
CF3COOH (6.0 eq.), RT, 2 days d) (300 MHz) CF3COOH (24.0 eq.), RT, 24h.

O o}
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Scheme 3.20: Acid—catalysed isomerisation between indene 4c and indanylidene 5c.

However, a major breakthrough came with the observation that the two ester species
were isomerising in acidic environments (Scheme 3.20). Two days after monitoring the
reaction at —40°C by 'H NMR, the very same NMR sample displayed an endo:ezo ratio
of 55:45 (Figure 3.4c)). Monitoring the equilibrium at room temperature with increasing
concentrations of acid found it to stabilise at a ratio of 65:35 (Figure 3.4d)). This meant
the initial assumptions were false, and that the endo—isomer was in fact the formal ther-
modynamic product of the elimination reaction. Knowing this, the acid concentration

was further optimised to ensure stabilisation of the equilbrium occurred within 24 hours

(Scheme 3.21).



3.4. Route IV: Indene and related scaffolds
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Scheme 3.21: Water elimination of 3—hydroxyester 4b in the presence of trifluoroacetic acid,
forming a 65:32 mixture of indene 4c and indanylidene 5¢. Optimised from ref. 90.

Allowing the equilbrium to stabilise produced crude mixtures that were successfully
separated chromatographically, obtaining 4c¢ as a pale yellow solid at yields of 43-52 %.
Compared to that of 4b, the "H NMR spectrum showed only homotopic protons (Fig-
ure 6.18). The new alkene functionality appeared as a characteristic broad signal at
6.52 ppm, and the isomer identity was confirmed by NOESY correlations between this
signal and the other aliphatic resonances. (Figure E8) The slower eluating exo—isomer 5¢
was usually obtained only in mixed fractions due to narrow band separation, although it
was obtained once at a yield of 29 % following a particularly large column. Its alkene hy-
drogen appeared at 6.49 ppm, and produced NOESY correlations only with the aromatic
ring as previously mentioned. (?7)

Neither of the ethyl esters 4c or 5¢ have previously been described, although analogues
with different substituents have been reported. [90,95] The optimised procedure turned
out to compare favourably with methods in literature, with near identical yields to other
enolate approaches and almost double the yield of Horner-Wadsworth-Emmons reactions.
[88-90,96] The Reformatsky reaction comes out superior with reported yields of 65-95 %,

supposedly forming the indene—isomer selectively. [87,97]

3.4.3 Transformation to hydroxamic acid

The transformaton of ethyl ester 4c into its corresponding hydroxamic acid 6a proved
to be reletively simple compared to the aforementioned struggles of Routes II and III.
Firsty, it being an ethyl ester already made it far more susceptible to nucleophilic attack
at the ester carbonyl, more in line with what had originally been reported by Boularot et
al. [49] Moreover, its lack of a hydrogen—bonding heteroatoms in the central scaffold could
only attribute to a worse water solubility than the indole benchmark, making issues with
the work—up procedure unlikely. As such, the transformation commenced with standard

hydroxylaminolysis conditions (Scheme 3.22).
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3.5. Hydrazide synthesis
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Scheme 3.22: Hydroxylaminolysis of indenyl ethyl ester 4c forming indenyl hydroxamic acid
4e, the target structure of Route IV. Adapted from ref 49.

The reaction proceeded as designed, producing target molecule 4e as a white solid at
a yield of 45%. The formation of the hydroxamic acid group was clearly visible in the
'"H NMR spectrum by the emergence of two broad singlets at 10.66 ppm and 8.86 ppm
(Figure 6.20). The compound had never previously been reported. The obtained yield fell
within the typical yield range of 45-83 % reported by Boularot et al. [49]. Moreover, the
apparent lack of ethyl acetate in the final product meant that the high solvent affinity de-
scribed in Route I was largely dependant on the indole nitrogen, perhaps in a coordinated
manner with the hydroxamic acid group.

Interestingly, the conditions of the hydroxylaminolysis appeared to heavily favour the
endo-isomer 4e, seeing as no exo-isomer could be observed i the resulting "H NMR spec-
trum. In fact, varrying out the reaction with the ezo—isomer 5¢ gave the endo hydroxamic
acid 4e exclusively. The reason for this behaviour remains unknown.

Preliminary tests were conducted on the basic hydrolysis of 4¢ to form the carboxylic
acid 4d, but poor yields made the method undesirable. The subsequent peptide coupling
was also shown to induce endo/exo—scrambling, with both the endo—acid 4e and exo—acid

5e yielding isomeric mixtures. Of the two, the latter isomerised more.

3.5 Hydrazide synthesis

The secondary goal of this thesis was to explore other potential metal-binding functional
groups, specifically those with the same number of heteroatoms as the hydroxamic acids
moiety. A natural first choice was therefore the hydrazide group, which in principle
could be prepared by simply exchanging hydroxylamine with hydrazine in the already
discussed procedures. So far, only the indole and indene scaffolds have been shown to form
the hydroxamic acid as intended, making them prime candidates for testing hydrazide

formation.
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3.6. Considerations for future biochemical testing
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Scheme 3.23: Peptide coupling of indolyl carboxylic acid 1a with hydrazine forming indolyl
hydrazide 1c, the alternative target of Route I

Synthesising the indole hydrazide 1c involved a peptide coupling between carboxylic
acid la and hydrazine, directly equivalent to the reaction in Route I (Scheme 3.23).
Conducting the reaction in this manner produced a crude material that could be identified
as target molecule 1c by 'H NMR and high-resolution mass spectrometry (HRMS)'. The
hydrazide functional group was visible as a broadened singlet at 9.15 ppm and a broad
hump at 4.19 ppm. However, the compound has yet to be purified sufficiently, mainly

becuase the hydrazide reacts with acetone making it unsuitable for recrystallisation.

0 0
o N-NHz
Br N NH,NH; * H,0 Br ' H
O‘ EtOH O
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4c 4f

Scheme 3.24: Hydrazinolysis of indenyl ethyl ester 4c yielding indenyl hydrazide 4f, the
alternative target of Route IV

Synthesising the indene hydrazide 4f meant performing a hydrazinolysis reaction with
the ethyl ester 4c (Scheme 3.24). Suitable conditions were found by simply treating the
ester with hydrazine and stirring at high heat, with full conversion occurring sometime
between 24 and 72 hours after reaction start. The formation of the molecule was verified
by the crude material "H NMR. spectrum (Figure A6), although further purification is
needed.

This noticeably longer reaction time compared to the hydroxylaminolysis was some-
what surprising , given the stronger nucleophilicity of hydrazine. [78] However, since
hydroxylamine is added as a hydrochloride salt, it is possible that small inaccuracies in

stoichiometry may yield slightly acidic conditions that accelerate the reaction.

3.6 Considerations for future biochemical testing

In a parallel study, I. K. Faye-Schjgll of the Hersleth group successfully managed to express

catalytically active PDF from S. aureus, N. gonorrhoeae, and human mitochondria. [98|

THRMS (ESIL, CH;0N): m/z [C1oH0BrN5O + Na]*: caled.: 289.9899 / 291.9878,
found: 289.9899 / 291.9879
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3.6. Considerations for future biochemical testing

This means that the synthesised target molecules 1b and 4e can be tested for inhibitory
activity in the near future.

While still only preliminary, a potential difference in potencies between these molecules
would give valuable information on what the role of the indole fragment is. The indole
target being more potent could imply that the nitrogen is involved in an important hydro-
gen bond, or that a favourable aromatic m—stacking interaction takes place. Conversely,
the indene target being more potent would suggest that scaffold size is the only factor of
interest, thus allowing for a larger variety in future target design.

The presence of organic solvent in the solid form of 1b should be kept in mind when
conducting biochemical testing in the future, both in terms of stoichiometry and in terms
of potential interference with the inhibitory activity. Control tests using only the or-
ganic solvent at appropriate concentrations should be conducted. The original article by
Boularot et al. made no mention of solvent cocrystallisation occuring, implying that pure

compound is achievable.
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4

Conclusion

In this study we attempted to synthesise analogues of the selective PDF inhibitior AB47
with key structural elements altered. Four synthetic routes were designed; Route I to the
indole benchmark, Route II to a benzimidazole structure, Route III to a triazole structure,
and Route IV to an indene structure. Only Routes I and IV were completed.

The indole benchmark molecule AB47 (1b) was successfully synthesised at a yield of
29 %. Its spectroscopic data were in accordance with literature, although it cocrystallised
with considerable amount of solvent.

The indene target molecule 4e was successfully synthesised at an overall yield of
22 % over three steps. During the second step, an endo/ezo—isomer mixture had to be
separated. The isomerisation equilibrium favoured the endo ethyl ester 4c by a small
margin. Only the endo-isomer 6a was formed in the final step.

Much progess was made on the synthesis of benzimidazole and benzotriazole analogues
of AB47. Both scaffolds were successfully synthesised at good yelds. Formation of a
crucial ortho—diamine intermediate required careful optimisation, as it was able to cyclise
intramolecularly under acidic conditions. The routes failed at incorporating the crucial
hydroxamic acid moiety.

Preliminary studies were made on the synthesis of indole and indene hydrazides, al-

though further purification is needed.
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5

Further work

This thesis leaves behind a series of potential leads that should be resolved in future work.
This includes biochemical testing, completion of synthetic routes, and design of additional
target molecules.

First and foremost, the indole (1b) and indene (4e) targets that were synthesised
in this work should be tested for inhibitory activity against bacterial and human PDF.
Differences in potency between these molecules might answer whether or not the indole
fragment is more than just a scaffold of appropriate size.

Secondly, incorporation of the crucial hydroxamic acid group to the benzimidazole (2d)
and benzotriazole (3d) intermediates should be investigated further. The apparent water—
solubility of target structures 2f and 3f complicates the work—up procedure, and future
attempts should make use of reagents whose byproducts can be filtered off directly or ex-
tracted into organic solvents. Suggested reagents include N, N’—dicyclohexylcarbodiimide
(DCC) and hydroxylamine Wang resin. [79, 80|

Thirdly, the preliminary attempts at altering the metal chelator should be continued
by establishing a work—up procedure for the hydrazide targets 1c and 4f. Hydrazinolysis
of the benzimidazole (2d) and benzotriazole (3d) intermediates should be attempted.

Moreover, synthetic routes to four additional target structures have been designed.
A saturated indane analogue is proposed to explore the steric effects of letting the [3—
position relative to carbonyl be sp®-hybridised (Scheme 5.1). The potential two-step

synthesis involves hydrogenation of either indene 4c or indanylidene 5c.

0O

Br O SN Hydrogenation Br

4c or 5¢

Hydroxyl- N-OH
RERN aminolysis Br

T

Scheme 5.1: Suggested synthetic route for an indane-based hydroxamic acid target, starting
from either 4c or 5c.

To explore steric effect in the ring—plane, suggested routes to the equivalent naphtha-

lene and quinoline scaffolds are presented (Scheme 5.2). Synthesising the former could
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potentially go via a similar route to that of Route IV of this thesis, with the necessary
aromatisation step being inspired by Singh and Seitz. [99] Synthesis of the latter could
go through an SyAr reaction between a bromochloroquinoline and a malonate diester,

equivalent to what has been discribed with methylmalonate diesters previously. [100]
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Scheme 5.2: Suggested synthetic routes for a naphthalene-based and a pyridine-based
hydroxamic acid target, starting from commercially available 7-bromotetral-1-one
and 6-bromo—4—chloroquinoline, respectively.

To explore the influence of sulfur on the metal-binding interaction, a potential thio-
hydroxamic acid chelator was envisioned (Scheme 5.3). The indole-based target without
bromine has previously been described, going through a transformation of the correspond-
ing primary nitro compound using potassium hydride and bis(trimethylsilyl)sulfide. [101]
The needed nitro compound can be synthesised as described by Ranganathan et al. [102]

NO, S
Conjugate Sulfide-attack N-OH

Brm addition Br N on nitronate B | H
N P
H 7 NO H
HO /Dehydration
~" N0,

Scheme 5.3: Suggested synthetic route for an indole-based thiohydroxamic acid target, starting
from commercially available 5-bromoindole and 2—nitorethanol.
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N\ /
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Lastly, as a long—term goal, future research should try to incorporate a hydrogen—
accepting structural motif on a side chain branching off the central scaffold. This would
potentially make use of the additional hydrogen—bond interaction that Meinnel and affil-
iates highlighted with the oxadiazole series. [52] Suggested motifs include oxadiazole and

hydantoin.
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6

Experimental

6.1 General

All solvents and chemicals were purchased fom Fluorochem, Sigma—Aldrich, Tokyo Chem-
ical Industry and VWR and were used as recieved. Deuterated solvents were purchased
from Cambridge Isotope Laboratories, Eurisotop and Sigma—Aldrich. Tetrahydrofuran
(THF) N,N-Dimethylformamide (DMF), and CH,Cl, were purified using an MB SPS-800
solvent purifier system from MBraun. All water and ice used were of Type II. Hexanes
and ethyl acetate were distilled before use.

All reactions were performed in air unless otherwise stated. All glassware used under
inert conditions was pre—heated in an oven at 120°C for several hours. Sonication was
applied using a 5 L PALSSONIC Profi ultrasonic cleaner from ALLPAX. Thin—layer chro-
matography (TLC) was performed using Merck 60 Foss—plates. Column chromatography
was performed using silica gel from VWR (60, 0.040-0.063 mm).

NMR spectra were recorded using Bruker Avance DPX300, AVIII400HD, AVI600,
AVII600 and AVIIISOOHD instruments at ambient temperatures. Chemical shifts (0)
are given in parts per million (ppm) and have been referenced relative to the residual
solvent signals of DMSO-dg (6 2.50 ppm, d¢ 39.5 ppm) as reported by Fulmer et al. [103]
>N chemical shifts were obtained indirectly through 'H-'°N HMBC experiments and are
referenced relative to liquid NH3 using CH3CN (dx 245.3 ppm) or CH3NO; (dx 380.5 ppm)
as internal standards (1.0 nL). [67] Coupling constants (.J) are given in hertz (Hz). Basic
resonance multiplicities are abbreviated as follows: s — singlet, d — doublet, t — triplet,
q — quartet, m — multiplet, br — broad, with combinations being used when applicable
(e.g. td being a triplet of doublets). Resonances that display second order effects are
labeled using the appropriate Pople nomenclature followed by a basic multiplicity (e.g.
ABq being a quartet from an AB system). [93] All **C NMR spectra were "H decoupled

unless stated otherwise.
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6.1. General

All 'H and ®C NMR resonances were assigned using two-dimensional NMR techniques
including HSQC and HMBC. COSY was used whenever "H NMR coupling patterns were
ambiguous. NOESY was used in cases of chirality and isomerism. "N NMR resonances
were assigned using "H-'*N HMBC. Note that the assigned atoms are numbered after IU-
PAC naming conventions, and thus the numbering pattern may appear to switch between
compounds.

Mass spectra (ESI) were obtained on a Bruker maXis II ETD QTOF spectrometer by
Osamu Sekiguchi and Lina Aarsborg (University of Oslo). The molecular fragments were
quoted using mass—to—charge ratios (m/z). Fragments containing bromine are reported
with two mass-to-charge ratios in the format “Br / *'Br.

Fourier—transform IR spectra were recorded in ATR (Bruker ATR A225/Q) on a Ver-
tex 80 Bruker infrared spectrophotometer, equipped with a DTGS detector. Vibrational
modes are quoted using wavenumbers (7) measured in reciprocal centimetres (cm™!) and
are assigned using standard IR spectrum tables. [66, 104]

Melting point were measured on a Stuart SMP10 melting point apparatus and are

reported uncorrected.
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6.2. Synthesis of compounds in Route I

6.2 Synthesis of compounds in Route I

2—(5-Bromoindol-3—yl)acetohydroxamic acid (1b)

The compound was prepared as reported by Boularot et al. [49]

A solution of 2—(5-bromoindol-3—yl)acetic acid (203 mg, 0.798 mmol, 1.00 eq.), 1-ethyl-
—3—(3—-dimethylammoniopropyl)carbodiimide chloride (169 mg, 0.880 mmol, 1.10 eq.) and
1-hydroxybenzotriazole hydrate (125mg, 0.909 mmol, 1.14 eq.) in dry DMF (2.80mL)
was stirred under nitrogen at room temperature for 5min. The solution was added
N-methylmorpholine (100 pL, 0.910 mmol, 1.14 eq.) and stirred for another 2h under
nitrogen. The solution was then treated with hydroxylammonium chloride (61.3 mg,
0.882mmol, 1.11 eq.) and stirred at room temperature overnight. The DMF was evapo-
rated under reduced pressure and the residual oil was dissolved in ethyl acetate (40 mL).
The resulting solution was washed with water (3 x 25 mL), saturated NaHCOj3 (25 mL),
water again and brine (both 25 mL) before being dried over MgSQy, filtered by gravity and
evaporated under reduced pressure. The crude product was twice recrystallised from 1:1
acetone/cyclohexane via slow evaporation of acetone under reduced pressure. Washing
with cyclohexane and evaporation to dryness yielded 1b as a white solid.

Yield: 63.8mg (29 %)

1H NMR (600 MHz, DMSO-dg): 6 (ppm) 11.09 (br s, 1 H, H1), 10.62 (s, 1 H, NHOH), 8.78
(s, 1H, NHOH), 7.78 (d, 1H, J = 1.6Hz, H4), 7.31 (d, 1H, J = 8.6Hz, H7), 7.24 (d, 1H,
J = 2.1Hz, H2), 7.17 (dd, 1H, J = 8.6, 1.9 Hz, H6), 3.37 (s, 2H, CH,)

13C NMR (151 MHz, DMSO-dg): 6 (ppm) 167.4 (C=0), 134.7 (C7a), 129.0 (C3a), 125.5
(C2), 123.3 (C6), 121.1 (C4), 113.3 (C7), 111.0 (C5), 108.4 (C3), 29.5 (CH,)

IR (ATR): 7 (cm™1') 3348 (O H), 3202 (N-H), 3020 (N-H), 1628 (C=0), 1448 (C-H)
BN{'H} NMR (600 MHz, DMSO-dg): § (ppm) 164.5 (NHOH), 131.7 (N1)

HRMS (ESI, CHgCN) m/z [ClngBrNQOQ +Na]+:
caled.: 290.9740 / 292.9720, found: 290.9739 / 292.9719

mp: 137-140°C
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6.2. Synthesis of compounds in Route I
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6.2. Synthesis of compounds in Route I
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6.3. Synthesis of compounds in Route II

6.3 Synthesis of compounds in Route II

tert—Butyl (5-bromo—2—nitrophenyl)glycinate (2b)
O )<
o
6
Br5 NH
T
4

3 2 'NO»
The compound was prepared based on a reported procedure by Brooks et al. [60]
A solution of 4-bromo—2—fluoro—1-nitrobenzene (1.25g, 5.69 mmol, 1.00 eq.), tert—butyl
glycinatium chloride (1.00 g, 5.99 mmol, 1.05 eq.), and K;CO3 (1.85 g, 13.4 mmol, 2.36 eq.)
in acetonitrile (60 mL) and dichloromethane (6.7 mL) was left to stir at room tempera-
ture for 4 days. The solvents were evaporated under reduced pressure and the resulting
crude solid was redissolved in dichloromethane and filtered by gravity. The filtrate was
concentrated under reduced pressure and purified by column chromatography (silica gel,

toluene) yielding 2b as a bright yellow solid.
Yield: 1.48¢ (79 %)

'H NMR. (600 MHz, DMSO-dg): ¢ (ppm) 8.39 (t, 1H, J = 5.4Hz, NH), 8.01 (d, 1H, J =
9.1Hz, H3), 7.12 (d, 1H, J = 1.9Hz, H6), 6.89 (dd, 1H, J = 9.1,1.9Hz, H4), 4.19 (d, 2H,
J = 5.6HZ, CHQ), 1.44 (S, 9H, C(CHg)g)

13C NMR (151 MHz, DMSO-dg): 6 (ppm) 168.6 (C=0), 144.9 (C1), 130.8 (C2), 130.6 (C5),
127.9 (C3), 118.8 (C4), 117.3 (C6), 81.7 (C(CHs)3), 44.9 (CH,), 27.7 (C(CHs)3)

BN{'H} NMR (600 MHz, DMSO-dg): § (ppm) 370.6 (NO3), 75.6 (NH)

IR (ATR): 7 (cm™') 3358 (N-H), 2980 (C-H), 1736 (C=0), 1616 (N-H), 1555 (N=0O),
1493 (C-H), 1306 (N-0), 1242 (C-0), 1153 (C-0)

HRMS (ESI, CH3CN): m/z [C12H;5BrNoOy 4 Naj*:
caled.: 353.0107 / 355.0086, found: 353.0107 / 355.0087

R (Toluene): 0.26

mp: 95-96°C
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6.3. Synthesis of compounds in Route II
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6.3. Synthesis of compounds in Route II
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6.3. Synthesis of compounds in Route II

wdd

"paepUe)S [RUIIUL U se NDEHD Y3 qT jo wnipads (9p-OSINA ‘ZHIN 009) DIINH N, H; :9°9 2Insig

wdd
oL gl z 52 o¢ ge 0y sv 0§ §s 09 59 02 52 08 58 06
00t ]
_ _
’ | qc D g
[ ] N
06€- | ON
|
_ HN id
00¢- l N\O/:&
_ O
]
052 i
[
]
|
00z _
L
051 '
_
001 _ _
[
' i | b 60
05 \ |
!
_ Y _ ﬁG — —

¢ON

NOSHO

HN

49



6.3. Synthesis of compounds in Route II

tert—Butyl (2—amino—5-bromophenyl)glycinate (2c)
Lk
L,
Brs__NH
I
N2 NH,
The compound was prepared based on a reported procedure by Kallinen et al. [72]
A suspension of tert-butyl (5-bromo—2-nitrophenyl)glycinate (2b) (265 mg, 0.799 mmol,
1.00 eq.) and iron powder (449 mg, 8.04 mmol, 10.1 eq.) in ethanol (4.2 mL) and aqueous
NH,4Cl (1.05mL, 8.0l mmol, 10.0 eq.) was stirred in darkness at 60°C for 3h. The
resulting suspension was neutralised with saturated NaHCO3 (30 mL), diluted with ethyl
acetate (30mL) and filtered through silica using ethyl acetate as eluent (200mL). The
two phases were separated, and the organic phase was washed with brine and dried over
MgSO, before being filtered by gravity and concentrated under reduced pressure. The
resulting crude oil was purified by column chromatography (silica gel, 6:4 Hexane/EtOAc)
yielding 2c as a pale brown solid.
Yield: 134 mg (56 %)

'H NMR (600 MHz, DMSO-dg): ¢ (ppm) 6.56 (dd, 1H, J = 8.2,2.1Hz, H4), 6.49 (d, 1H,
J = 8.2Hz, H3), 6.32 (d, 1H, J = 2.1Hz, H6), 5.22 (t, 1H, J = 6.3Hz, NH), 4.69 (s, 21,
NHQ), 3.79 (d, 2H, J=06.3 HZ, CHQ), 1.42 (S, 9H, C(CHg)g)

13C NMR (151 MHz, DMSO-dg): ¢ (ppm) 170.3 (C=0), 136.9 (C1), 134.7 (C2), 119.3 (C4),
115.3 (C3), 112.1 (C6), 108.4 (C5), 80.7 (C(CHs)s), 45.7 (CHy), 27.7 (C(CHs)s)

BN{'H} NMR (600 MHz, DMSO-dg): § (ppm) 53.6 (NH), 51.0 (NHy)

IR (ATR): 7 (cm™') 3397 (N-H), 3315 (N-H), 2978 (C—H), 1728 (C-0), 1508 (C-H),
1362 (C-N), 1232 (C-0), 1161 (C-0)

HRMS (ESI, CH3CN) m/z [C12H17BI‘N202 —|—Na]+:
caled.: 323.0366 / 325.0346, found: 323.0365 / 325.0345

Ry (6:4 Hexane/EtOAc): 0.26

mp: 67-70°C

20
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6.3. Synthesis of compounds in Route II

rie—
Lsy— -
08— _
v'801L— —
Lz — B —
€S — :
€6hb~ -
Lveh~
69¢L— —
O
[aV]
] o I I
€0LL— = =

Br

ppm

13C NMR (151 MHz, DMSO-dg) spectrum of 2c.

Figure 6.8

52



6.3. Synthesis of compounds in Route II

wdd

S0

‘wdd 69 ye [euSts CHN o) wWoly uoljye[arod NHy e Jummoys ‘ZHN 008 e Papiodar wmnaydads DIINH Ng,—H, JO 19sU]

"pIepue)s [RWILIUL W st NDEHD [Ha g jo wnygoads (9p-OSINA ‘ZHIN 009) DFGINH Ng; H; :6°9 @nSig

0l

wdd
Sl 0¢C N4 0e S'e (1074 [*8%

0'S S'S 09

9

0.

092

0vc

0¢c

00¢-

081

0914

(4%

(4%

0014

09

(e

02+

HN ig

wdd
[*874 0'S

§'S

SG

wdd

05

=
=
=

0 ¢

HN
¢HN

NOtHO

HN
HN

23



6.3. Synthesis of compounds in Route II

tert—Butyl 2—(6—bromobenzimidazol-1—yl)acetate (2d)

Hz)

Br.6 7\7a N 1 O/%
T
5 3a N

4 3

The compound was prepared based on two reported procedures. [60, 74]

tert—Butyl (2-amino—5-bromophenyl)glycinate (2c) (60.1 mg, 0.200 mmol, 1.00 eq.) and
p—toluenesulfonic acid monohydrate (4.6 mg, 0.024 mmol, 0.12 eq.) were dissolved in tri-
ethyl orthoformate (1.65mL) and left to stir at 60 °C for 2.5h. The resulting suspension
was treated with THF (1.8 mL) and aqueous HCI (pH = 3, 0.5 mL), and was left to stir at
room temperature for 20 min. The organic solvents were evaporated under reduced pres-
sure, and the residual aqueous phase was diluted with saturated NaHCO3 and extracted
with ethyl acetate. The organic phase was washed with water and brine before being
dried over MgSO, and filtered by gravity. Evaporation under reduced pressure gave 2d as
a beige solid. The compound was used in the next reaction without further purification.
Yield: 53.1mg (87 %)

'H NMR (600 MHz, DMSO-dg): 6 (ppm) 8.21 (s, 1H, H2), 7.85 (d, 1H, J = 1.7Hz, H7),
7.62 (d, 1H, J = 8.6 Hz, H4), 7.35 (dd, 11, J = 8.5,1.9Hz, H5), 5.14 (s, 2H, CH,), 1.43 (s,
9H, C(CHs)3)

13C NMR (151 MHz, DMSO-dg): ¢ (ppm) 167.2 (C=0), 145.7 (C2), 142.1 (C3a), 135.5
(C7a), 124.6 (C5), 121.0 (C4), 114.9 (C6), 113.6 (C7), 82.0 (C(CHj3)3), 46.0 (CHy), 27.6
(C(CHz)s)

BN{'H} NMR (600 MHz, DMSO-dg): § (ppm) 243.2 (N3), 146.0 (N1)

IR (ATR): 7 (cm™') 2064 (C-H), 1742 (C-0), 1495 (C-H), 1366 (C-N), 1232 (C-0),
1148 (C-0), 810 (Benzimidazole ring')

HRMS (ESI, CH3CN) m/z [013H15BI‘N202 +H]+:
caled.: 311.0390 / 313.0370, found: 311.0390 / 313.0370

mp: 145-147°C

IObserved in region typical of ring-bending modes. [105-107]
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6.4. Synthesis of compounds in Route III

6.4 Synthesis of compounds in Route III

tert—Butyl 2—(6—bromobenzotriazol-1-yl)acetate (3d)

The compound was prepared based on a reported procedure by Azeez et al. [84]

A solution of tert—butyl (2-amino—5-bromophenyl)glycinate (2c) (131 mg, 0.433 mmol,
1.00 eq.) in acetonitrile (2.15mL) was treated with tert—butyl nitrite (100 pL, 0.841 mmol,
1.94 eq.) and stirred at room temperature for 15 min. The solvent was evaporated under
reduced pressure and the residual oil was dissolved in ethyl acetate (15mL). The resulting
solution was washed with water, saturated NaHCOj3, water again and brine (all 10 mL)
before being dried over MgSO, and filtered by gravity. Evaporation under reduced pres-
sure gave 3d as a maroon solid. The compound was used in the next reaction without

further purification.
Yield: 125mg (93 %)

'H NMR (600 MHz, DMSO-dg): ¢ (ppm) 8.25 (d, 1H, J = 1.8Hz, H7), 8.05 (d, 1H, J =
8.8Hz, H4), 7.56 (dd, 1H, J = 8.8, 1.7Hz, H5), 5.65 (s, 2H, CHs), 1.42 (s, 9 H, C(CHz)s)

13C NMR (151 MHz, DMSO-dg): ¢ (ppm) 166.1 (C=0), 143.9 (C3a), 134.7 (C7a), 127.3
(C5), 120.9 (C4 + C6'1), 113.8 (C7), 82.5 (C(CH3)3), 49.3 (CH,), 27.6 (C(CH3)3)

BN{'H} NMR (600 MHz, DMSO-dg): § (ppm) 382.8 (N1), 342.9 (N3), 219.0 (N2)

IR (ATR): ¥ (cm~') 2988 (C-H), 1744 (C=0), 1456 (C-H), 1366 (C—N), 1242 (C-O),
1153 (C-0), 810 (Benzotriazole ring!!!)

HRMS (ESI, CH3CN) m/z [C12H14BI'N302 —|—Na]+:
caled.: 334.0162 / 336.0142, found: 334.0161 / 336.0141

mp: 103-106 °C

IThe signal from C6 was made visible using a 'H coupled *C NMR experiment.
M Observed in region typical of ring—bending modes. [108,109]
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6.4. Synthesis of compounds in Route III
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6.4. Synthesis of compounds in Route III
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6.5. Synthesis of compounds in Route IV

6.5 Synthesis of compounds in Route IV

Ethyl 2—(6—bromo—1-hydroxyindan—1—-yl)acetate (4b)

The compound was prepared based on a reported procedure by Alcalde et al. [90]

A 1.0 M THF solution of lithium bis(trimethylsilyl)amide (2.20 mL, 0.220 mmol, 1.10 eq.)
was added to a volume of dry THF (5.0 mL) and cooled to —78°C while under a nitrogen
atmosphere. Dry ethyl acetate (0.210mL, 0.215mmol, 1.07 eq.) was added drop—wise
and the solution was left to stir under nitrogen at —78°C for 30 min. A solution of 6—
bromoindan—1-one (423 mg, 2.00 mmol, 1.00 eq.) in dry THF (3.0mL) was added and
the solution was left to stir under nitrogen at —78°C for 1h. The resulting mixture was
acidified with 1.0 M HCI (5.0mL) and allowed to heat up to room temperature before
being extracted with ethyl acetate (3 x 20mL). The combined organic phase was washed
with brine, dried over NaySQOy, filtered by gravity and evaporated under reduced pressure,
yielding 4b as a pale orange oil. The compound was used in the next reaction without

further purification.
Yield: 551 mg (92 %)

'H NMR (800 MHz, DMSO-dg): & (ppm) 7.48 (d, 1H, J = 1.9Hz, H7), 7.38 (dd, 1H,
J = 8.0,1.9Hz, H5), 7.17 (d, 1H, J = 8.0Hz, H4), 5.40 (s, 1H, OH), 3.98 (ABX3qq, 2H,
J = 10.8,7.1Hz, A§ = 0.02ppm, OCH,), 2.86 (ddd, 1H, J = 16.1,8.5,4.9Hz, H3), 2.74—
2.67 (m, 1H, H3"), 2.73 (ABq, 2H, J = 13.9Hz, A§ = 0.07 ppm, CH,CO), 2.45 (ddd, 1H,
J =13.1,8.2,4.8 Hz, H2"), 2.06 (ddd, 1H, J = 13.1,8.5,6.6 Hz, H2), 1.10 (t, 3H, J = 7.1 Hz,
CHs)

13C NMR (201 MHz, DMSO-dg): 6 (ppm) 169.9 (C=0), 150.2 (C7a), 141.9 (C3a), 130.4
(C5), 126.7 (C4), 126.3 (C7), 119.0 (C6), 80.3 (C1), 59.6 (OCH,), 44.6 (CH,CO), 39.4 (C2),
28.6 (C3), 14.0 (CH3)

IR (ATR): 7 (cm~!) 3454 (broad O-H), 2978 (C-H), 2937 (C—H), 1709 (C=0), 1468
(C-H), 1186 (C-0)

HRMS (ESI, CchN): m/z [013H15Br03 +Na]+:
caled.: 321.0097 / 323.0077, found: 321.0097 / 323.0077
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6.5. Synthesis of compounds in Route IV
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—0.60 Hz, GB = 0.30), revealing all sixteen subsignals.

processed with a Gaussian window function (LB
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6.5. Synthesis of compounds in Route IV

Ethyl 2—(5—-bromoinden—3—yl)acetate (4c)

The compound was prepared based on a reported procedure by Alcalde et al. [90]

A solution of ethyl 2-(6-bromo-1-hydroxyindan—1-yl)acetate (4b) (1.11g, 3.70 mmol,
1.00 eq.) in dichloromethane (23.5 mL) was added trifluoroacetic acid (6.76 mL, 83.2 mmol,
23.8 eq.) and left to stir in darkness at room temperature for 24h. The solution was
diluted with dichloromethane (20mL) and washed several times with water until the
aqueous phase maintained a neutral pH. The organic phase was then washed with brine
and dried over MgSQO, before being filtered by gravity and concentrated under reduced
pressure. The resulting crude oil was purified by column chromatography (silica gel, 7:3
CH,Cly /Hexane) yielding 4c as a pale yellow oil which crystallised upon cooling.

Yield: 539 mg (52 %)

'H NMR (600 MHz, DMSO-dg): & (ppm) 7.54 (d, 1H, J = 1.8Hz, H4), 7.42 (d, 1H, J =
7.9Hz, HT), 7.36 (dd, 1H, J = 7.9,1.8 Hz, H6), 6.52 (br m, 1H, H2), 4.10 (q, 2H, J = 7.1 Hz,
OCH,), 3.65 (br m, 2H, CH,CO), 3.37 (br m, 2H, H1), 1.19 (t, 3H, J = 7.1 Hz, CHs)

13C NMR (151 MHz, DMSO-dg): 6 (ppm) 170.2 (C=0), 146.8 (C3a), 142.9 (C7a), 136.0
(C3), 134.0 (C2), 127.1 (C6), 125.5 (C7), 122.3 (C4), 119.2 (C5), 60.3 (OCHy), 37.3 (C1),
33.1 (CH2CO), 14.0 (CH3)

IR (ATR): 7 (cm™!) 2980 (C-H), 2922 (C—H), 1720 (C=0), 1597 (C-C), 1456 (C—H),
1194 (C-0O)

HRMS (ESI, CH3CN): m/z [013H13BI‘02 —i—Na]Jr:
caled.: 302.9991 / 304.9970, found: 302.9991 / 304.9971

Ry (7:3 CHyCly/Hexane): 0.35

mp: 42-44°C
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6.5. Synthesis of compounds in Route IV
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6.5. Synthesis of compounds in Route IV
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6.5. Synthesis of compounds in Route IV

2—(5-Bromoinden—3—yl)acetohydroxamic acid (4e)

The compound was prepared based on a reported procedure by Boularot et al. [49]

A solution of ethyl 2-(5-bromoinden-3-yl)acetate (4c) (200mg, 0.711 mmol, 1.00 eq.)
in dry ethanol (7.2mL) was added to a dry ethanol (9.4mlL) suspension of hydroxy-
lammonium chloride (494 mg, 7.10 mmol, 9.98 eq.) and potassium tert—butoxide (798 mg,
7.12mmol, 10.0 eq.) and stirred under nitrogen at 80 °C for 24 h. The resulting suspension
was concentrated under reduced pressure before being diluted by ethyl acetate (50 mL).
The resulting solution was washed with water (3 x 25 mL), saturated NaHCOj3 (25 mL),
water again and brine (both 25 mL) before being dried over MgSQy, filtered by gravity and
evaporated under reduced pressure. The crude product was twice recrystallised from 1:1
acetone/cyclohexane via slow evaporation of acetone under reduced pressure. Washing

with cyclohexane and evaporating to dryness yielded 4e as a white solid.
Yield: 86.7mg (45 %)

'H NMR (600 MHz, DMSO-dg): § (ppm) 10.66 (br s, 1 H, NHOH), 8.86 (br s, 1 H, NHOH),
7.62 (4, 1H, J = 1.7Hz, H4), 7.41 (d, 1H, J = 7.9Hz, H7), 7.35 (dd, 1H, J = 7.9,1.8 Hz,
H6), 6.46 (br m, 1 H, H2), 3.34 (br m, 2H, H1), 3.27 (br m, 2H, CH2CO)

13C NMR (151 MHz, DMSO-dg): § (ppm) 166.0 (C=0), 147.0 (C3a), 143.0 (C7a), 137.2
(C3), 133.6 (C2), 127.0 (C6), 125.5 (C7), 122.4 (C4), 119.3 (C5), 37.2 (C1), 32.1 (CH,CO)

BN{'H} NMR. (600 MHz, DMSO-dg): 6 (ppm) 166.9 (NHOH)
IR (ATR): 7 (em~!) 3240 (O-H), 3032 (N-H), 1632 (C=0), 1597 (C=C), 1454 (C—H)

HRMS (ESI, CchN) ’I?’L/Z [CHHloBI'NOQ —I—Na]“‘:
caled.: 289.9787 / 291.9766, found: 289.9786 / 291.9766

mp: 157-159°C
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6.5. Synthesis of compounds in Route IV
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6.5. Synthesis of compounds in Route IV
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6.6. Synthesis of compounds in Route V

6.6 Synthesis of compounds in Route V

Ethyl (E)—2—(6-bromoindan—1-ylidene)acetate (5c)

The compound was formed as a side product in the synthesis of compound 4c and was
purified by column chromatography (silica gel, 7:3 CH,Cly /Hexane) yielding a pale yellow
solid.

Yield: 298 mg (29 %)

'H NMR (600 MHz, DMSO-dg): & (ppm) 8.05 (d, 1H, J = 1.8Hz, HT7), 7.53 (dd, 1H,
J =8.1,1.9Hz, H5), 7.34 (d, 1H, J = 8.1 Hz, H4), 6.49 (t, 1H, J = 2.7Hz, CHCO), 4.13 (q,
9H, J = 7.1Hz, OCH,), 3.18-3.15 (m, 2H, H2), 3.36 (t, 2H, J = 6.2Hz, H3) 1.24 (t, 31,
J = 7.1Hz, CHy)

13C NMR (151 MHz, DMSO-dg): ¢ (ppm) 166.3 (C=0), 161.0 (C1), 148.2 (C3a), 141.9
(C7a), 133.4 (C5), 127.5 (C4), 124.9 (C7), 120.2 (C6), 109.1 (CHCO), 59.3 (OCH,), 30.9
(C2), 29.7 (C3), 14.2 (CH3)

IR (ATR): 7 (cm™!) 3055 (C—H), 2978 (C-H), 2926 (C-H), 1682 (C=0), 1620 (C=C),
1464 (C—H), 1290 (C—O)

HRMS (ESI, CH3CN): m/z [C13H13BrOg + Na*:
caled.: 302.9991 / 304.9970, found: 302.9990 / 304.9970

Ry (7:3 CH2Cly/Hexane): 0.29

mp: 90-92°C
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6.6. Synthesis of compounds in Route V
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6.6. Synthesis of compounds in Route V
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Appendix

The following appendix contains supplementary spectroscopic data aquired for this thesis.
It is divided into six sections, where those spectra discussed in Chapter 3 are located in
Section A. Subsequent sections contain two—dimensional NMR data used for assignment

of 'H and '*C resonances, going by Routes I-V in order.

A. NMR spectra discussed in Chapter 3
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Figure A1: 'H NMR (600 MHz, DMSO—-dg) spectrum of 1b with ethyl acetate signals integrated for
comparison. Signals from ethyl acetate are marked with teal asterisks.
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Figure A2: 'H NMR (600 MHz, DMSO-dg) spectrum of the crude material from the reaction in
Scheme 3.4, including leftovers of 2b. The signal at 10.39 ppm stood out as an unexpected signal from
an exchangable hydrogen.
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Figure A3: 'H >N HMBC (600 MHz, DMSO-dg) spectrum of 2¢ with traces of 2x present.

CH3CN is used as an internal standard. The N correlations at 129.9 ppm show that the
'H signal at 10.39 ppm comes from the hydrogen of an amide.
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Figure A4: 'H NMR (600 MHz, DMSO-dg) spectrum of the crude material from the reaction in
Scheme 3.8, showing 2c¢ as the major species.
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Figure A5: 'H NMR (600 MHz, DMSO-dg) spectrum of crude 1c. Signals marked with integrals and
chemical shifts arise from the target molecule.
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Figure A6: "H NMR (600 MHz, DMSO-dg) spectrum of crude 4f. Signals marked with integrals and
chemical shifts arise from the target molecule. Inset of COSY spectrum, showing two signals hidden
beneath the water signal at 3.33 ppm
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B. NMR spectra of compounds from Route I
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Figure B1: COSY (600 MHz, DMSO-dg) spectrum of 1b.
Signals from ethyl acetate are marked with teal asterisks.
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Figure B2: HSQC (600 MHz, DMSO-dg) spectrum of 1b.
Signals from ethyl acetate are marked with teal asterisks.
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Figure B3: HMBC (600 MHz, DMSO—d;) spectrum of 1b.
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Figure B4: NOESY (600 MHz, DMSO-dg) spectrum of 1b.
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Figure C4: HMBC (600 MHz, DMSO-dg) spectrum of 2c.
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Figure C5: HSQC (600 MHz, DMSO-dg) spectrum of 2d.

100

F110

120

130

140

150

160

170

9.0 85 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20
ppm

Figure C6: HMBC (600 MHz, DMSO-dg) spectrum of 2d.
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D. NMR spectra of compounds from Route III
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Figure D1: HSQC (600 MHz, DMSO-dg) spectrum of 3d.
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Figure D2: HMBC (600 MHz, DMSO-dg) spectrum of 3d.
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E. NMR spectra of compounds from Route IV
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Figure E1: COSY (600 MHz, DMSO-dg) spectrum of 4b.
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Figure E2: HSQC (600 MHz, DMSO-dg) spectrum of 4b.
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F. NMR spectra of compounds from Route V
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Figure F1: COSY (600 MHz, DMSO-dg) spectrum of 5c.
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