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Abstract

Globally, methicillin resistant Staphylococcus aureus (MRSA) has become increasingly difficult to
manage in the clinic and new antibiotics are required. The structure activity relationship (SAR) study
presented in this thesis forms part of an international collaborative effort to identify potent and
selective inhibitors of an MRSA pyruvate kinase (PK) enzyme target. In earlier work the known
marine natural product bromodeoxytopsentin (1.6), isolated from a South African marine sponge
Topsentia pachastrelloides, exhibited selective and significant inhibition of MRSA PK (ICsq 60 nM).
Accordingly bromodeoxytopsentin provided the initial chemical scaffold around which our SAR study

was developed.

Following a comprehensive introduction, providing the necessary background to the research
described in subsequent Chapters, this thesis has been divided into three major parts. Part one
(Chapter 2) documents the synthesis of two natural imidazole containing topsentin analogues 1.40,

1.46, five new synthetic analogues 1.58—1.61, 2.104.

In the process we developed a new method for the synthesis of topsentin derivatives via selenium
dioxide mediated oxidation of N-Boc protected 3-acetylindoles to yield glyoxal intermediates which
were subsequently cyclized and deprotected to yield the desired products. Interestingly we were
able to demonstrate a delicate relationship between the relative equivalents of selenium dioxide
and water used during the oxidation step, careful manipulation of which was required to prevent the

uncontrolled formation of side products.

Synthetic compounds 1.40, 1.46, 1.58—1.61 were found to be potent inhibitors of MRSA PK
(ICs0 238, 2.1, 23, 1.4, 6.3 and 3.2 nM respectively) with 1000-10000 fold selectivity for MRSA PK

over four human orthologs.




In the second part of this thesis (Chapter 3) we report the successful synthesis of a cohort of
previously unknown thiazole containing bisindole topsentin analogues 1.62—1.68 via a Hantzsch
thiazole synthesis. Bioassay results revealed that these compounds were only moderate inhibitors of
MRSA PK (ICsp 5.1—20 uM) which suggested that inhibitory activity was significantly reduced upon

substitution of the central imidazole ring of topsentin type analogues with a thiazole type ring.

In addition in Chapter 3 we describe unsuccessful attempts to regiospecifically synthesize oxazole

and imidazole topsentin analogues through a similar Hantzsch method.

As a consequence of our efforts in this regard we investigated three key reactions in depth, namely
the synthesis of 2.2, 3.38, 3.40, 3.41 via a-bromination of 3-acetylindole and the synthesis of indolyl-
3-carbonylnitriles 2.13, 3.45—3.47 and a-oxo-1H-indole-3-thioacetamides 3.48—3.51. The
investigation of the latter led to the isolation and elucidation of two anomalous N,N-dimethyl-1H-

indole-3-carboxamides 3.52 and 3.53.

Finally the third part of this thesis (Chapter 4) deals with in silico assessment of the binding of both
the imidazole and thiazole containing bisindole alkaloids to the MRSA PK protein which initially
guided our SAR studies. In this chapter we reveal that there appears to be no correlation between in
silico binding predictions and in vitro MRSA PK inhibitory bioassay data. Superficially it seems that
binding energy as determined by the docking program used for these studies correlated with the size
of the indole substituents and did not reflect 1ICso MRSA PK inhibitory data. Although this led us to

computationally explore possible alternative binding sites no clear alternative has been identified.
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1.1 Staphylococcus aureus and antibiotic resistance

The approval for clinical use of the B-lactam penicillin antibiotics in the early 1940Q’s for the first time
allowed Staphylococcus aureus (S. aureus) infections to be effectively treated, ushering in the
antibiotic era,’ which for more than half a century, in conjunction with other antibiotics, saved
millions of lives. The well established targets of B-lactam antibiotics are a series of transpeptidases
aptly named penicillin binding proteins (PBPs), which are responsible for peptidoglycan cross linking
during bacterial cell wall biosynthesis.>® Peptidoglycan is an essential component of S. aureus cell
walls, enabling the bacterium to resist high environmental osmotic pressures, as well as playing a
role in pathogenesis.* B-Lactams irreversibly acylate a serine residue located in the active site of
PBPs, thereby rendering them inactive.” This class of antibiotics were found to be potently
antibacterial toward both gram-positive and gram-negative pathogens, with low toxicity toward
eukaryotic cells, therefore giving them widespread clinical applicability.> B-Lactam antibiotics
account for roughly 50% of all antibiotics used globally.” However, after only a few years, universal
efficacy of penicillin was already on the decline, and by 1946, an estimated 60% of clinically isolated
S. aureus displayed penicillin resistance, via the production of B-lactamase, an enzyme responsible
for hydrolysis of the B-lactam ring."® The problem of B-lactamase sensitivity was partially solved with
the introduction of B-lactamase inhibitor clavulanic acid® as well as semi-synthetic B-lactamase
resistant penicillin derivatives such as methicillin (1.1)." This success was short lived, with the
emergence of methicillin resistant S. aureus (MRSA) which imparts resistance via the production of a
cohort of mutated PBPs with low affinity for B-lactam binding, referred to as PBP2’, PBP2a or MRSA-

pBP.>*®

Despite the widespread emergence of S. aureus resistance to methicillin, up until recently many
hospital physicians did not consider MRSA to be a major threat, since glycopeptides antibiotics such
as the reference standard vancomycin (1.2), have for two decades remained active against serious

MRSA infections, despite intensive clinical usage of this compound.”?
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1.1 methicillin 1.2 vancomycin

The mechanism of action of vancomycin also involves inhibition of bacterial cell wall synthesis,
however, 1.2 does not interact with cell wall biosynthetic enzymes, but rather complexes with the
terminal D-ala-D-ala portion of the N-acetylglucosamine-(B-1,4)-N-acerylmuramic acid pentapeptide
(NAGNAM) peptidoglycan precursor,”® therefore preventing cross linking without relying on enzyme
affinity.® Unfortunately, as a result of limited distribution throughout tissues, and sub optimal
dosing regimens, vancomycin-intermediate Staphylococcus aureus (VISA) and vancomycin resistant

7811 pesistance is

Staphylococcus aureus (VRSA) strains have been identified across the globe.
mediated by modification of the peptidoglycan precursor, resulting in a target with lowered affinity

to vancomycin.'’

1.2 Identification of pyruvate kinase as a potential MRSA antibacterial drug target

This rapid emergence of VRSA and MRSA coupled with limited development of new antibacterials

12-14

over the preceding three decades, has created a crisis in public health care systems. This crisis

has been compounded by the spread of these infections from the clinic into the general
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community,®® for example in the USA the mortality rate attributed to MRSA now exceeds that of
AIDS in that country.” Therefore, the identification of new antibacterials with novel mechanisms of
action is urgently required.">*® The current commercially available antibiotics were originally
identified almost exclusively from the screening of libraries of natural products and small molecules
against whole cells.”” Advanced techniques in genomics, proteomics, target identification and assay
development have greatly improved target based approaches toward drug discovery.'” However, the

strategy for target selection has focused almost exclusively on unique bacterial targets, due to

12,14

concerns about selectivity and subsequent toxicity. Contemporary thinking has raised concerns

that targeting pathogen specific proteins will exert selective pressures on the pathogen as seen in

12,14

the cases of B-lactams and vancomycin, with the inevitable emergence of resistance. Modern

integrative knowledge of bacterial pathogenesis and cellular processes is beginning to influence

12,14

target selection in an effort to minimize the rapid emergence of resistance. Large scale, genome

wide investigation of bacterial protein interaction networks (PIN), also referred to as the bacterial

interactome, provides invaluable insight into cellular pathways and networks, and identify highly

connected hub proteins as possible drug targets.">**

Intuitively, arising from the high level of hub protein connectivity, deletion or inhibition of a hub
protein is more likely to be lethal to a given organism than when similar actions are applied to a non

hub protein.* Hub proteins are also generally essential for network integrity and stability, therefore

12,14

they are less prone to mutation, thereby limiting resistance. Additionally PIN analysis often

identifies evolutionary conserved proteins, meaning that structural differences between prokaryotes
and eukaryotes can be exploited to introduce selectivity between the bacterial and host protein

isoforms.™

12,15
l.

This strategy was exploited by Zoraghi et a who mapped the PIN or interactome of 608 proteins

12,15

of a hospital acquired strain of MRSA-252. Pyruvate kinase (PK) was identified as a highly

12,15,16

connected evolutionary conserved hub protein that was determined by gene disruption
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experiments to be essential for bacterial viability, due to its high enzymatic activity during the
exponential phase of the bacterial life cycle.” Additionally, MRSA PK was found to have several
structural features distinct from mammalian orthologs of the protein, reflected in part by differing
molecular weights (Figure 1.1, left). X-ray crystallography has revealed PKs exist as homotetramers,
with each subunit being identical, and consisting of between three and four domains, namely the A,
B and C domains and the N-terminal domain, which is notably absent in prokaryotic bacterial
PKs.'>*® The tetramer forms through interaction of the A and C subunits of adjacent monomers,
revealing a quaternary structure with bordering A domains, and C domains to form an A—A and an

16,12

A—C interface referred to as the large and small interface respectively.” * The active site for kinase

activity is situated at the interface of the A and B domains, while the allosteric effector site is located

in the C domain (Figure 1.1, right).'****

Large-

JL
Active site ¢ Hnterface
Sl

LMW1 2 3 4 5

A 4 g

§' : i 'r‘,ﬁ?'f
97 — szeector \, )&/ ’ ‘
O7 —wong ¥

Y
Small- &
43_“ interface ;
30— =
Ligand density

Figure 1.1  SDS page gel (LMW = lower molecular weight in kDa) of S. aureus pyruvate kinase (1) and four
human pyruvate kinase orthologs M1 (2), M2 (3), R (4), and L (5) (left). Quaternary structure of
MRSA pyruvate kinase comprising of four identical subunits. Important features to note are the
large and small interface, the active and effector/allosteric site as well as the area of high ligand
density indicating the bisindole binding pocket (right). Images reproduced with permission from
Zoraghi et al.'®
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PK catalyses the rate limiting final step in glycolysis with the irreversible conversion of
phosphoenolpyruvate (PEP) into pyruvate with subsequent phosphorylation of ADP into ATP.'%'®
Both the products and substrates of PK are involved in a number of additional biological pathways,
therefore providing a critical intervention point to disrupt wholesale bacterial metabolism. Not
surprisingly Zoraghi et al. have identified MRSA PK as a novel drug target with promising

potential %

1.3 Marine natural products as selective inhibitors of MRSA PK

In a study to identify marine natural products that potently inhibit MRSA PK with high selectivity, a
library of 968 crude extracts from marine invertebrates and microbes collected from seven countries
across the globe (Figure 1.2 left) were screened as part of a collaboration between Professor
Raymond Andersen at the Department of Chemistry, University of British Columbia (UBC) in
Vancouver Canada, his colleagues in the Centre for Disease Control and the Departments of
Medicine, Biochemistry and Molecular Biology, and Microbiology and Immunology at UBC and the
marine natural product research groups around the world including ours at Rhodes University.'®
Only one of the 968 extracts viz. our methanolic our extract of the sponge Topsentia pachastrelloides
(Figure 1.2 right) collected on the Aliwal Shoal off the South African east coast in 1994, and

submitted by our research group to the screening program, was active in the MRSA PK screen.

Figure 1.2  Countries of origin for the marine invertebrate and microbial extracts screened against MRSA PK
in Vancouver (left) The South African sponge Topsentia pachastrelloides photographed shortly
after collection (right. Photo: M. Davies-Coleman 1994).
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Further purification of the methanolic extract of T. pachastrelloides vyielded four known bisindole

alkaloids, spongotine A (1.3), bromotopsentin (1.4), cis-3,4-dihydrohamacanthin B (1.5), and

bromodeoxytopsentin (1.6)." Of these four compounds, 1.5 and 1.6 potently inhibited MRSA PK at

an 1G5, of 16 and 60 nM respectively, while additionally displaying 166—600 fold selectivity for the

bacterial PK over four human PK isoforms (M1,M2,R and L) (Figure 1.3). ™

MRSA PK
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Figure 1.3

100 —
804
601
401
204

04

v v v v

13 14 1.5 1.6

e T £ MRSA PK
é 804 88 Human M1
g Human M2
= 604 B Human R
e Human L
-E 40+
= «
3 20

0

1.5 1.6

MRSA PK % inhibition data of compounds 1.3—1.6 at a concentration of 10 uM (left).

Selectivity of 1.5 and 1.6 over four human PK orthologs (right). Images reproduced with

permission from Zoraghi et al.*®
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Following successful co-crystallization of the most active compound, 1.5, with the MRSA PK tetramer
(PDB ID 3T07), X-ray analysis revealed that 1.5 did not bind at either the active or effector site as
expected, but rather was bound at the small interface, a region crucial in determining tetramer
rigidity and efficient catalytic activity (Figure 1.1 right).’® Sequence alignment between MRSA and
human PK isoforms revealed sequence divergence in the C domain®*'® which implied that the
entrance to the hamacanthin binding site is partially obstructed by six amino acid residues in human
PK orthologs e.g. M2 (Figure 1.4). These six amino acid residues are not present in the
hamacanthin binding site of MRSA PK which may explain the significant selectivity of 1.5 over human

PK orthologs.”

a
a a 8 a an as a8
| HUMAN | M2PK | SEQUENCE RRLAPITSDPTEATAVGAVEASFKCCSGAIIVLTKSGRSAHQVARYRPRAPITIAVTRNPQ

IMRSA | PK | SEQUENCE TKLVET--SLVNAIGISVAHTALNLNVKAIVAATESGSTARTISKYRPHSDIIAVTPSEE

S o BusH - g

**:. *:** :*: :::***:: TXkkX

Figure 1.4 Above, a portion of the X-ray crystal structure of human M2 PK (PDB ID 4FXF)* highlighting
the hamacanthin binding pocket (red), obstructed by two arginine residues (R 399 and 400)
and one glutamic acid (E 418) highlighted in green, from each of the two protein subunits.
Below a Clustal Omega sequence alignment20 between the hamacanthin binding sites of 4FXF
and 3TO07 revealing distinct sequence divergence. Red squares indicate binding site residues,
while green indicates blocking residues. ‘*’ denotes identical residue, ‘:" indicates very similar
residue, ‘" denotes somewhat similar and ‘space’ denotes different residue. Protein image
modeled using Discover Studio Visulaizer.”
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The small hydrophobic binding pocket is formed from the anti-parallel interaction of two identical a-
helices 357—370 from the respective subunits.'® This results in a symmetrical hydrophobic binding
pocket, lined with 10 amino acid residues, namely Thr348, Thr353, Ser354, Ala358, lle361, Ser362,
His365, Thr366, Asn369 and Leu370 with identical residues opposite each other, therefore mirroring
the pseudo-symmetrical nature of ligands like cis-3,4-dihydrohamacanthin B (Figure 1.5). Zoraghi et
al. also noted that the prominent histidine residues undergo side chain rearrangement in the
presence of the ligand, thus anchoring the piperazine moiety to the binding site, while the respective
serine residues form a hydrogen bond with the indole NH. The ligand indole moieties were also
proposed to interact hydrophobically with the relevant amino acid residues, while the two bromine

residues appear to each occupy a hydrophobic pocket at either end of the binding site.™®

THR348 § /

=361 HIS365 / '
/ - y ' : LEU370

Q.

—
—

SER362 . ALA358

A 'SER354

————

ASN369 |

- e
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\

Figure 1.5 X-ray co-crystal structure of 1.5 bound to the hydrophobic binding pocket located at the
small interface (PDB ID 3T07). Highlighted in green are 1.5 (centre) and the prominent
aromatic histidine residues (above and below 1.5). The binding site is constructed from the
anti-parallel arrangement of two identical a-helices from individual subunits coloured in
brown and red respectively. This therefore generates a symmetrical binding pocket with
identical resides located opposite each other. Protein image modeled using Discover Studio
Visulaizer.”
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Provided with the details of the binding site from X-ray analysis of 1.5 bound to MRSA PK. Professors
Andersen and Davies-Coleman agreed to explore the structure activity relationship (SAR) of 1.5 and
1.6 respectively as a parallel endeavour to synthesize compounds with even greater activity against
MRSA PK while simultaneously increasing selectivity for MRSA PK over a group of four human PK
orthologs. This thesis initially describes the synthesis of six analogues of 1.6 and reports the activity
and selectivity of these compounds. Further exploration of the centrality of the imidazole ring to the
activity of 1.6 and related analogues through the synthesis of a similar cohort of seven thiazole
analogues is also presented. A brief rationale for our SAR strategy is presented here and will be

elaborated further elsewhere in this thesis.

While the chemical structures of both inhibitors (1.5 and 1.6) consist of two indole moieties bonded
to a central heterocyclic ring, the two obvious structural differences that caught our attention were
firstly, the levels of bromination (dibromination in 1.5 as opposed to monobromination in the less
active 1.6) and secondly, the structure of the central heterocyclic ring (the aromatic imidazole of 1.6
compared to the non-aromatic piperazine-2-one of 1.5). We hypothesized that given the potential
for m-stacking opportunities between the aromatic imidazole and the prominent histidine residues
located in the binding site (Figure 1.5) the MRSA PK inhibitory activity observed for 1.6 (60 nM) and
1.5 (16 nM) may be a direct result of the degree of halogenation of the two indole rings and not the

difference in structure of the central heterocyclic ring.

Our hypothesis was tentatively supported by SAR studies on cis-3,4-dihydrohamacanthin B
conducted at the University of British Colombia®> which revealed an interesting trend where activity
was seemingly related to the size, nature and position of the halogen substituent (Figure 1.6).
Analogues substituted with smaller more electronegative chlorine (1.7) and fluorine (1.8)
respectively, were less active than the natural product 1.5 while the non halogenated analogue (1.9)
was completely inactive as was a C-5 dibrominated analogue (1.10).”> C-6 Methyl substitution on

both indole rings (1.11) resulted in a dramatic loss of activity, opening the possibility that bromine

10
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does not interact simply as a hydrophobic residue, and may in fact be involved in halogen bonding
(see Chapter 4).%* A similar loss of activity was observed for a singly brominated derivative (1.12) of
1.5.22 To the best of our knowledge the diiodo analogue of 1.5 had not been synthesized which
would have possibly provided further useful information about halogen bonding of this series of

compounds to MRSA PK.
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Figure 1.6 SAR studies on cis-3,4-dihydrohamacanthin D conducted at the University of British

Columbia. Percentage inhibition of MRSA PK at 10 uM presented in red.

1.4 Natural products as sources of drugs

Natural products have traditionally provided either the source or the inspiration for new drugs, with

many successful drugs synthesized to mimic nature’s compounds.”* An analysis by Cragg and

11
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Newman® of the source of new drugs in the period between 1981 and 2010 found that of the 1073
new chemical entities (NCEs) only 36% can be classified as truly synthetic, with the majority of drugs
identified as being of natural origin, or inspired by natural products (Figure 1.7).” Equally as
impressive is the natural product-derived drugs developed during the period between 2000 and
2006, where 26 plant natural products were in one of the phases of drug development. Of note is
the fact that plant derived drugs accounted for $18 billion worth of commercial sales in 2005
alone.?® The impact of natural products is particularly significant in discovery of anti-infectives and
anticancer drugs, where according to Cragg and Newman, natural product inspiration accounts for

69% and 75% of NCEs in this period respectively.”

Synthetic With No
Natural Product

Conception That Unmodified
. Mimics MOA of Natural Product
Synthe;c A Natural Product 6% Nat;;:;:::a?ua
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Synthetic With No
Natural Product
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Figure 1.7 Distribution of NCEs in the period between 01/1981 and 12/2010.25 Of the 1073 NCEs in this

period, 64% are unmodified natural products, inspired by a natural product or mimic a
natural product mechanism of action. Image reproduced with permission from David
Newman.
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The marine environment provides a rich source of chemical diversity, where selective pressure on
the reef coupled to sedentary life styles of many soft-bodied marine invertebrates e.g. sponges,
requires protection from predators via potent chemical defenses which maintain efficacy even when

rapidly diluted by the surrounding ocean.””*®

These naturally occurring compounds can either be
synthesized by the host invertebrate (e.g. sponges, ascidians, soft corals etc.) or sequestered (e.g.
nudibranchs) from their invertebrate diet, or by symbiotic marine microorganisms that inhabit the
interstitial spaces in many filter feeding marine invertebrates (e.g. sponges). The overwhelming
diversity of marine microorganisms coupled to the fact that over 70% of the earth’s surface is ocean

with an estimated biological diversity greater than in tropical rain forests,”” underpins the potential

for drug discovery from the ocean.

Natural products are a heterogeneous class of compounds with distinct molecular properties and
structural features, differentiated by source organism, host biosphere and biological role.?® Almost
all biosynthetic compounds have receptor binding capacity,” and have been optimized for

17,29 and

interaction with biomacromolecules (e.g. proteins) through evolutionary selection
biosynthetic pathways requiring sequential binding of chemical intermediates to protein enzymes

and receptors, each providing a plethora of unique chemical environments for biogenesis.?

1.5 Natural products and chemical space

Over the last two decades combinatorial chemistry was anticipated to become the major source of
NCEs in drug discovery, with a concomitant decline in interest in natural products as a source of new
drugs. The limitations of combinatorial chemistry in providing the next generation of
pharmaceuticals is evident in the decline in the output of new drugs from the pharmaceutical

24,25

industry over recent years. While no single reason for the relative failure of combinatorial

chemistry is clear, it is thought that the attempts to improve efficiency of combinatorial approaches

13
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has limited the chemical diversity in combinatorial libraries. Natural products, however, are known
to occupy a large component of biologically relevant space as supported by principal component

analysis.”**

A principal component analysis of randomly selected combinatorial compounds, natural
products and drugs was conducted by Feher et al..** Their plot of the first two principle components
(Figure 1.8) showed that the products of combinatorial chemistry occupy a well defined area not
completely coincident with the same relative space occupied by known pharmaceuticals. Conversely,
natural products and drug compounds display similar coverage to each other, jointly occupying a
much larger area, including that occupied by a significant portion of the combinatorial compounds.*
The principle component analysis of Feher et al. thus adds weight to the argument that the chemical
diversity more readily associated with natural products than combinatorial chemistry products is
important in driving new drug discovery. The enhanced chemical complexity of natural products also
has a role to play in expanding the range of known druggable targets.'” Currently the array of drugs
commonly available address a limited range of biological targets.'” Overington et al. estimate that
there are only 324 molecular targets for currently approved drugs.*® Natural products therefore
provide additional opportunities to identify new ligands which occupy regions of currently
underrepresented biologically relevant space. The large binding surfaces and unique multiple array

of chiral centres, functional groups and charge states found in natural products are often absent

from libraries of randomly synthesized ‘drug like’ molecules.”

Figure 1.8 Plot of the first two principle components randomly selected combinatorial compounds (a),
natural products (b), and drug compounds (c). The area occupied in a is a very dense well
defined area, while the area in b and c is far more diffuse occupying a greater area of
chemical space, highlighting the drug like nature of natural products. Image reproduced with
permission from Miklos Feher.
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1.6 New pharmaceuticals from marine organisms and the problem of supply

Currently the pharmaceutical industry drug discovery pipeline favours high throughput screening
(HTS) of massive libraries of ‘screen friendly’ synthetic compounds, which are easy to produce and
modify, and require relatively short timelines in order to examine a large number of compounds,
while evading the high risk associated with natural products, and in particular those from the marine

31,32,33

environment. The main risk to the pharmaceutical industry associated with natural product

drug discovery is the issue of limited access to sources of natural products diversity coupled to

32,34

intellectual property rights ownership. The Rio Convention on Biodiversity enshrines the

sovereign rights of countries to benefit from bioactive natural products originating from their

country.****

When coupled to the heavy investment required from pharmaceutical companies to
deliver a lead compound to market, the included financial burden of devolving intellectual property

rights to a third party with unequal financial risk, often means that natural product based drug

discovery becomes an unappealing prospect to the risk adverse pharmaceutical industry.

Additionally, there are several chemistry related issues associated with natural product drug
discovery, including a high probability re-isolating known natural products as well as access to, and

supply of, compounds in industry scale quantities®***

i.e. the supply of 1 g of trabectedin
(Yondelis®)(1.13) requires one metric ton of the ascidian Ecteinascidia turbinate.®® The issue of
supply can realistically be tackled by three main approaches namely aquaculture, microbial
fermentation and synthesis.*® The laboratory synthesis of natural products, while appealing, is not
considered viable for many natural products on an industrial scale, usually due to the challenges of
synthesizing complex chemical scaffold with numerous stereocentres.*® Aquaculture of marine
organisms is an attractive method of acquiring sufficient amounts of the desired secondary
metabolites, especially in cases where the organism is rare or grows in extreme conditions.*®

However, this approach is not without its challenges, since the host organism is being removed from

the environment which likely stimulates the production of the secondary metabolite(s). This is
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exemplified by the New Zealand sponge Lissodendoryx sp. which produces the antimitotic agent
halichondrin B (1.14). Aquaculture feasibility studies®® conducted on Lissodendoryx sp. found that
seasonal factors played a role in sponge’s survival with a summertime mortality rate of 95%
compared to 15% in winter, while the rate of halichondrin B biosynthesis in aquacultured
Lissodendoryx sp. reduced to 30—60% of that observed in wild type Lissodendoryx sp.*® Similarly, in
the case of the colonial ascidian Ecteinascidia turbinate (which produces 1.13), aquaculture was
found to be a non viable option due the high costs of transporting and deep freezing large masses of

biological material coupled to the expense of a complex extraction and purification process.*’

1.13 trabectedin (Yondelis®) 1.15 cyanosafracin B

1.14 halichondrin B

The relatively recent interest in the large biomass of marine microbes including cyanobacteria, fungi

and eubacteria isolated from marine sediments as well as marine invertebrates associated with

16



Chapter One

symbiotic microbial colonies,*? have yielded a rich source of new natural products.*® With high
selectivity to culture medium, isolation and cultivation of these putative producers of bioactive
natural products remains a challenge for lab scale culture as well as large scale fermentation.®**®
Modern molecular biology techniques at the interface of marine natural products have allowed
discovery and exploration of biosynthetic gene clusters.* Cloning and heterologous gene expression
in easily culturable microbial strains, have given researchers access to marine natural products that

3% and in large enough scale for potential industrial

would normally be difficult to obtain,
application.®® Related to this are cases where, terrestrial microbes that are generally easier to
culture, produce chemical scaffolds similar to marine natural products, which can be used as
synthetic precursors. A classic example of a possible role for microorganisms to solve the marine
drug supply challenge is Pseudomonas fluorescens which produces the antibiotic cyanosafrican B
(1.15). Cyanosafrican B contains the majority of the chemical structure and five of the seven

stereocentres of 1.13 intact and was a logical precursor for a multigram semi synthesis to yield

sufficient trabectedin for the market place.”’

While supply of material and intellectual property rights remain challenges that hamper drug
discovery from marine natural products, modern approaches integrating molecular biology
techniques, and improvements in dereplication and high throughput screening is beginning to

harness the potential of marine natural products.®

Finally, seven commercially available therapeutic agents from marine sources are currently available
with a further 13 in phase I, Il or Il trials.®®* These seven marine drugs are either purely marine
natural products i.e. trabectedin 1.13 (soft tissue sarcoma and ovarian carcinoma) and ziconotide
(1.16 for severe chronic pain) or are derived from marine natural products, i.e. cytarabine (1.17
cancer), vidarabine (1.18 antiviral), eribulin mesylate (1.19, metastatic breast cancer, derived from
halichondrin),  brentuximab  (Hodgkin’s lymphoma) and omega-3-acid ethyl esters

(hypertriglyceridemia).®® These compounds represent the significant contribution that marine
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natural products have made to modern medicine, in a field that is only beginning to reach its

potential.

NH,
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1.17 cytarabine
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<]
HO N/)
(0]
HO
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1.18 vidarabine

1.19 eribulin mesylate (Halaven®)
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1.7 An overview of selected naturally occurring marine bi- and bisindole alkaloids

Before embarking on a description of our approach to the synthesis of analogues of the marine bis-
indole imidazole alkaloid 1.6 it is important to contextualize the marine origin of 1.6 by briefly over
viewing the distribution and diversity of naturally occurring alkaloids containing two and occasionally
three, indole rings that have been isolated from marine organisms over the past four decades. In a
recent review we identified 130 naturally occurring marine bi-, bis- and trisindole alkaloids*® where
either two or three indole moieties are bonded directly to each other (biindoles) or the indole rings
(bis and trisindoles) are separated by a limited number of functionalities that are usually but not
exclusively a heterocyclic ring. While experimental confirmation of the details of the biosynthetic
pathways that generate these bi-, bis- and trisindole alkaloids remain elusive, tryptophan and

tyramine are regularly suggested as suitable precursors for their biogenesis.

Metabolic nitrogen for incorporation into the biosynthetic pathways of marine organisms is
generated via the complex oceanic nitrogen cycle that controls productivity in the oceans and is
often limited relative to other nutrients.*" As a result, bioactive marine alkaloids like the bisindole
alkaloids that form the subject of this thesis are generally isolated in low concentrations. Despite the
general paucity of marine alkaloids available for bioassays, these compounds continue to show
interesting activity in targeted screening programmes'® as we have found in our investigation of
MRSA PK inhibitors. Unlike secondary metabolites produced by terrestrial organisms, marine natural
products often incorporate halogens, the most common of which is bromine, which can have a
profound influence on biological activity.”® Not surprisingly, many bioactive marine bi- and bisindole
alkaloids are often brominated as indicated in the following carefully selected bi-and bisindole
alkaloid representative examples from this interesting group of naturally occurring compounds.
There are only approximately 11 known trisindole marine alkaloids and representative members of

this class are not included here.*
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1.7.1 Marine biindole alkaloids

The first examples of biindoles from the marine environment (1.20—1.25) were isolated from
marine blue-green alga Rivularia firma, collected at Westernpoint, Victoria, Australia.*” While in the
context of bi- and bisindoles, these compounds are relatively simple, they feature tri-, tetra- and

hexabromination patterns in addition to 3,3’- 3,1’- 4,1’- and 4,3’-indole-indole Iinkages.42

1.7.2 Marine bisindole alkaloids

An increase in chemical complexity is observed in the class of bisindole enamides typified by
chondriamide A and B (1.26, 1.27) isolated from the red alga, Chondria sp., collected off the rocky
shores near Buenos Aires, Argentina.”® These compounds, displayed the versatile biological activity
often associated with marine bisindoles, viz. cytotoxicity, antiviral activity, antihelminthic and

antifungal activity ***

Iz _

R

6 R=H chondriamide A
7 R=

1.2
1.2 OH chondriamide B
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The piperazine and pyrazinone containing bisindoles with the trivial names dragmacidins,

dragmacidons and hamacanthins are joined by a central six-membered heterocyclic ring formed by a

head to tail tryptamine assembly. This interesting alkaloid class is often isolated in conjunction with

topsentin analogues,” and includes cis-3,4-dihydrohamacanthin B 1.5 discussed above. The first

reported member of this class dragmacidin (1.28), isolated from the Bahaman deep water marine

sponge Dragmacidon sp. was the first known example of a marine natural product possessing an

unoxidised piperazine ring.*®
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OH N
Br j Br
r A
Br HN
1.28 dragmacidin
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The piperazine and pyrazinone bisindole class encompasses the greatest structural diversity of any

47-50

of the bisindole classes (1.29—1.33 are presented here as selected examples), and as such

display broad bioactivity in a number of assays including cytotoxicity against various cancer cell

45,51,52,53 [ 49,53 16,49,51,52,53,55
7’

lines, as well as antifunga antimalarial® and significant antibacterial activity,

in both whole cell and target specific assays.

Extending the range of heterocyclic rings known to separate the two indole rings in marine bisindole
alkaloids is the cytotoxic pyrimidine ring containing Okinawan Hyritos sp. sponge metabolite
hyrtinadine A (1.34).>*°" The chemical complexity of bis-indoles is further typified by the
eusynstyelamides (eusynstyelamide E, 1.35 is selected example), featuring several functionalities in

58,59

addition to three chiral centres. These compounds have exhibited moderate activity against S.

aureus®>® and have shown potential as neuronal nitric oxide synthase inhibitors. Neuronal nitric

oxide synthase is an enzyme implicated in neuronal disorders including Alzheimer’s and Parkinson’s

disease.”

OH HO
N=
HN—Z N7 N NH
N
1.34 hyrtinadine A 1.35 eusynstyelamide E

Fused ring bisindoles are commonly found in the marine environment and include the plant growth

162 the aplysinopsin dimers

regulating caulerpin (1.36) from the green alga Caulerpa sp.,
cycloaplysinopsin B (1.37) from the Philippine Tubastraea sp. hard coral®® and dictazoline A (1.38),**

as well as the dictazoline ring contraction constitutional isomer dictazole A (1.39)* from the marine

sponge Smenospongia cerebriformis.
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1.38 dictazoline A 1.39 dictazole A

1.8 Isolation of marine bisindole imidazole, imidazoline and 1H-imidazole-5(4H)-ones.

The most relevant class of marine bisindole alkaloids, to the work presented in this thesis are the
imidazole, imidazoline and 1H-imidazole-5(4H)-one containing bisindole compounds, typified by
compounds given the trivial names topsentins, spongotines and rhopaladins. The isolation and
diverse bioactivities of this group of compounds is described in detail here. A detailed discussion of

synthetic approaches to the topsentins is presented in Chapter two.

The topsentin class of bisindole alkaloids, which characteristically feature an 2-acylimidazole moiety
connecting two indole rings, were first isolated from the sponge Topsentia genitrix, collected in the
Mediterranean near Banylus in France.® The crude methanolic extract of T. genitrix displayed
varying degrees of toxicity towards the fish Lebistres fluviatilis and the freshwater sponge Ephydatia
fluviatilis while additionally displaying general antibacterial properties.®® Further purification of the
crude extract yielded three major bisindole imidazole metabolites, originally named topsentin A,
(1.40) B1 (1.41), and B2 (1.4).°® These names were later changed to deoxytopsentin, (1.40) topsentin
(1.41) and bromotopsentin (1.4) respectively.®’” Bartik et al. also recognized a doubling of resonances
in the 'H and *C NMR spectra of these compounds in neutral solution which he rationalized as

slowly interconverting imidazole tautomers.®® Compounds 1.40 1.41 and 1.4 were again isolated
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alongside 4,5-dihydro-6"-deoxybromotopsentin (1.3) (later renamed spongotine A) from a series of

four related sponges of the genus Spongosorites collected in the Caribbean.®’

The trivial name spongotine has generally been reserved for dihydro-topsentin analogues which are
mostly, but not exclusively, isolated from the genus Spongosorites where an acylimidazoline moiety
replaces the acylimidazole moiety characteristic of topsentins. Additionally, the name nortopsentin
has been reserved for bisindole imidazoles in which the ketone functionality common to both
topsentins and spongotines is absent. Interestingly, no nor-spongotines have been reported thus far
from marine sources. Over the last quarter of a century topsentin, nortopsentin and spongotine
analogues, featuring variably substituted indole rings, have regularly been isolated from a number of

>>% including:

sponge genera collected across the globe at depths ranging from —15 m to —630 m
Spongosorites spp. collected from the Bahamas (1.4, 1.41, 1.42, 1.43, 1.44)%, Australia (1.45),""%
and Korea (1.3, 1.4, 1.6, 1.40, 1.41, 1.46, 1.47, 1.48, 1.49),>°***>>"° Hexadella sp. from Canada
(1.40, 1.50),71'72 Rhaphisia spp. from the Mediterranean (1.3, 1.4, 1.6, 1.40, 1.41, 1.51),73 Korean

Discodermia (1.6, 1.40, 1.46),”* and Topsentia sp. from South Africa (1.3, 1.4, 1.6)16and the

Mediterranean (1.51).”

Topsentin C (1.50), (more correctly referred to as a spongotine analogue) isolated from a Canadian
Hexadella sp.,”” was the first metabolite in this class to feature an N-methyl substituted imidazoline
ring. The confusion surrounding the use of either topsentin or spongotine trivial names when
naming imidazole or imidazoline containing bisindoles was further exacerbated when the bisindole
2-acylimidazoline 1.48 isolated from a Spongosorites sp was named as a hamacanthin.™
Conventionally, hamacanthins possess either a dihydro or tetrahydro pyrazinone ring connecting the
two indole moieties and are occasionally isolated together with topsentins and spongotines.™® This
oversight® was corrected in a follow-up publication where 1.48 was designated the trivial name
spongotine B.*> While optical rotation data was reported by Bao et al. in their later paper the

absolute configuration of 1.48 had not been established.’*>?
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Nortopsentin A, B and C (1.42—1.44), were first reported in 1991 by Sakami et al.,”® together with
known compounds 1.4 and 1.41 from the same Caribbean Spongosorites investigated by Tsujii et
al..®”’® Interestingly, the doubling of NMR signals was not reported, suggesting either a rapid proton
transfer reaction relative to the topsentins, or alternatively, none at all. It was postulated by Sakami
et al. that the N-1 proton on the imidazole ring in topsentins and spongotines undergoes hydrogen
bonding with the 2-acyl functionality, hence slowing down proton exchange and possibly rotation,
resulting in NMR signal duplication. The absence of a carbonyl functionality in the nortopsentins
would therefore not allow this process to occur. In an earlier patent Sakemi and co-workers reported
the same nortopsentins together with the synthetic nortopsentin D (1.52), prepared by catalytic

hydrogenation and concomitant reductive elimination of bromine in presence of the Pd catalyst of

1.42—1.44.
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An unusual nortopsentin variant 1.53 featuring a central 1H-imidazol-5(4H)-one nucleus with a 2-
amino-methyl imidazole and two 6-bromoindole substituents, was isolated from a Dragamacidon sp.
collected off the south coast of New Caledonia.”® Presumably Mancini et al. were unaware of the

patent describing the preparation of the synthetic nortopsentin D'’ and gave the same name to
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1.53. This was later rectified by Yang et al. in which 1.53 was renamed nortopsentin E.*
Nortopsentin D was most recently reported to have been isolated from the New Caledonian sponge
Agelas dendromorpha in which this compound was the only bisindole alkaloid in amongst a series of
pyrrole-2-aminoimidazole alkaloids also isolated from the sponge.” In their manuscript, the authors
stated that they had isolated nortopsentin D (no spectral data for this compound was provided) and
cited the work of Mancini et al. suggesting that they incorrectly named the metabolite isolated from

Agelas dendromorpha which is most likely nortopsentin E.

The Okinawan ascidian Rhopalaea sp. yielded a series of imidazolinone bisindoles, rhopaladins A—D
(1.54—1.57) possessing an “extra” olefinic methine moiety (C-8’) between the indole and the
imidazolinone ring.2® NOE experiments revealed that these compounds exist as rotational isomers,
around the C-3’-C-8’ bond.®’ These are the only examples of this class of bisindole alkaloids isolated

thus far from ascidians (tunicates).

1.9 Biological activity of topsentin and related compounds

The wide range of biological activity exhibited by the topsentins, spongotines and nortopsentins
appears to be influenced by substitution patterns on the indole and relative saturation of the
imidazole ring. A substantial body of work has been dedicated to exploring the role of these
compounds as potential cytotoxic agents and as a result many topsentin and nortopsentin

compounds have been tested against various cancer cell lines of both human and non-human origin,

51,52,81

including, but not limited to: colon, lung and bromcopulmonary cancer cell lines,” KB tumoral

51,52

cells,”® adenocarcinoma, breast, hepa‘coma,53 ovarian, skin and CNS cancer cell lines, and various

leukemia cell lines.>>®7707%81

The diverse biological role of this class of alkaloids is also expressed
through their respective antiviral,”’” antifungal,’® antibacterial,®® adrenal ligand displacement®®

together with anti-inflammatory and neural nitric oxide synthase activities.* While the most
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recently reported cytotoxicity data have shown that compounds 1.3, 1.47 and 1.47 exhibit moderate
activity against five solid tumor lines, while 1.4, 1.6, 1.40, 1.46, 1.41 and 1.48 were virtually inactive

in the same assay.”>**

Of greatest interest to us is the antibacterial activity displayed by this class of compounds. A
thorough screen of the antibacterial properties of compounds 1.3, 1.4, 1.40 and 1.41 was conducted
by Oh et al.>® against a variety of gram positive and negative bacteria including Bacillus subtilis,
Micrococcus leuteus, three strains each of S. aureus and MRSA, Escherichia coli strains, Proteus
vulgaris and Salmonella typhimurium. Deoxytopsentin (1.40) exhibited activity (MIC 3.12—12.5
ug/ml) against all strains except E. coli where it was inactive as were all the other compounds
tested.”® Most promising of all was the fact that 1.40 proved to be equally or more active than
oxacillin against all three strains of MRSA tested.>® Additional indole substituents in 1.4 and 1.41
resulted in reduced activity while the 2-acylimidazoline containing 1.3 was inactive against all tested

strains.>

In addition to the MRSA PK inhibition assays,'® topsentin as well as spongotine compounds have
been identified as inhibitors of S. aureus sortase A (SrtA).”> The pathogenesis of S. aureus is partly
dependent on proteins that impart surface adhesion and virulence to the bacteria which enable
them to adhere to host tissue and subsequently infect these tissues. This process is mediated by SrtA
which covalently anchors the virulence associated proteins to the cell wall peptidoglycan of the
bacterium.”® Inhibition of SrtA results in infection impedance, while not affecting microbial
viability.”® With the exception of 1.3, which was inactive in the assay, the remaining three
compounds screened in the SrtA enzyme assay (1.40, 1.4 and 1.6), exhibited ICs, inhibition values of
15.7, 16.7 and 19.4 pg/ml respectively, a result comparable to the known SrtA inhibitor B-sitosterol-
3-0-glucopyranoside (18.3 pg/ml).>> Oh et al.>® further demonstrated that 1.6 dose dependently
inhibited the adhesion of wild type S. aureus to a plate coated in fibronectin comparable to an

isogenic knockout mutant, unable to produce SrtA.*®> MIC values for bacterial growth inhibition
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revealed that the order of antimicrobial activity for 1.3, 1.4, 1.6 and 1.40 mirrored the SrtA

inhibition.>*>*

1.10 Aims of the thesis

The versatile biological activity of bisindole alkaloids with particular reference to antibacterial

233380 \yas supported by the selective, low nanomolar MRSA PK inhibitory activity exhibited

activity’
by marine bisindoles 1.5 and 1.6.'° The preparation of analogues of 1.5 in which the position and
number of halogen substituents was varied as well as replaced with other substituents (1.7—1.12)
was found to have a profound effect on the activity observed for the natural product 1.5.%
Inspection of the binding site revealed two features, namely the symmetrical nature of the binding
pocket and the prominent histidine residues with m-stacking capability, which we hoped to exploit in
our design of analogues of 1.6 with greater affinity and selectivity for MRSA PK over human PK
orthologs. Computational analysis of the binding site and ligand binding (Chapter 4) informed our
design and synthesis of a series of pseudo symmetrical analogues of 1.6 in Chapter 2 (1.40, 1.46,

1.58—1.61) and Chapter 3 (1.62—1.68) with improved activity and selectivity over the original

marine natural product.
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1.68R,;=F, R, =ClI
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Chapter Two

Synthesis and Biological Activity of Bromodeoxytopsentin Analogues
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2.1 An overview of the synthesis of topsentin and related compounds

Deoxytopsentin (1.40) is the simplest of the topsentin class of marine bisindole alkaloids. First
isolated in 1987 by Bartik et al.®® 1.40 also became the first topsentin type compound to be
synthesized as reported by Braekman et al..?* Allylic bromination of 3-acetylindole (2.1) gave the a-
bromoketone 2.2 which on treatment with dimethylhydrazine, followed by subsequent

rearrangement and imidazole ring condensation afforded 1.40 (Scheme 2.1)*

\ NH:

o o P 0 ¥ NH o

[ )

c J N

a b [
N\ . N 2, N N 4
N N N N
H
2.1 2.2 37% 82% 1.40 27%

Scheme 2.1 Braekman et al.'s synthesis of 1.40%2

a) CuBr,, CHCI5/EtOAC; b) 1,1-dimethylhydrazine, EtOH, -15 °C; ¢) n-propanol reflux

Using a similar synthetic strategy, Tsujii et al®” reported two methods to synthesize several
topsentin analogues (Scheme 2.2). Hydrolysis of the respective 3-(chloroacetyl)indole starting
materials into the corresponding 3-(hydroxyacetyl)indoles was achieved by heating the chlorinated
precursors in a 10:1 mixture of formamide and water. Subsequent oxidation of the 3-
(hydroxyacetyl)indoles with copper (II) acetate monohydrate yielded the corresponding indolyl-3-
glyoxal (2.3) and 6-benzoyloxyindolyl-3-glyoxal (2.4). Glyoxals 2.3 and 2.4 were separately
condensed in the presence of ammonia to afford deoxytopsentin from 2.3 and a mixture of four
variously substituted bisindole imidazoles 1.40, 2.5, 2.6 and 2.7. Removal of the benzyl ether
protecting group from 2.5—2.7 with 10% palladium/charcoal afforded topsentin 1.41, isotopsentin

2.8 and dihydroxytopsentin 2.9 respectively.
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Alternatively, the extra oxidation step to produce the glyoxals was made redundant by a one pot
oxidation and cyclization in which copper (ll) acetate monohydrate in ag. ammonia solution was
added dropwise to a refluxing ethanol solution of the intermediate 3-(hydroxyacetyl)indoles.®” While
this synthesis was the first to yield hydroxylated topsentin products, and like the Braekman
synthesis, it involved a simple condensation reaction, it was low yielding and non regiospecific,

resulting in a mixture of products.

o Cl o OH o H
a b 0o
N Ny - N\
N N N
R N R N R N

R=H 97%

k 23R=H  100%
R=0Bn 82% 2.4R=0Bn 100%
d Cc
R, !NH 0 1.41 R, =H, R, = OH
N/ e 2.8 Ry=H, R,=H
a ) ~ 29 Ry=OH,R,=OH
HN
N Rz
H
1.40 R, =R, = H
2.5 Ry=H,R,=0Bn
2.6 R;=0Bn, Ry=H
2.7 R;=0Bn, R, = OBn

Scheme 2.2 Tsujii et al.'s synthesis of 1.40, 1.41, 2.8 and 2.9¢7

a) H,O/HCONH,, 110 °C; b) Cu(OAc),; c) NH4OH aq. EtOH, d) Cu(OAc),; NH,OH
aq. EtOH; e) 10% Pd/C, N,.

The first example of the use of a Suzuki type cross coupling and not a condensation and cyclization
strategy to access the imidazole ring, was the synthesis of the non-naturally occurring
nordeoxytopsentin (1.52) by Kawasaki et al.®® via successive regioselective arylation reactions

(Scheme 2.3). 2,4,5-Tribromoimidazole (2.10), followed by 2-indolyl-4,5-dibromoimidazole (2.11)
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were sequentially coupled with N-silyl protected 3-indolylboronic acids in a Suzuki type reaction,

followed by debromination and deprotection to yield 1.52.%

Br N
:]:§>—Br Brl %%‘<E;;j
Br \ N
SEM BrINH am \_N.

: TBDMS
4 - SEM
2.10 Br~ "N \ N, N
TBDMS TBDMS
B(OH), 21 68%
N c,d
N
TBDMS
NH
[ ) <
/ ] N NH
HN

1.52 67%

Scheme 2.3 Kawasaki et al.'s synthesis of 1.5283

a) Pd(PPhs),; b) Pd(PPhs),, Na,COs; ¢) t-BuLi, H,0; d) TBAF

The coupling of aryl boronic acids with aryl bromides, in the presence of Pd” using Kawasaki et al.’s
synthesis imposes restrictions on the use of brominated nortopsentin and topsentin analogues,
because of the possibility of bromine removal during the reduction step as reported by Tsuijii et al..”’

1.3* subsequently utilized the greater affinity of Pd” for iodine and coupled

Accordingly, Kawasaki et a
iodinated imidazoles to brominated indole boronic acids to overcome this problem. Therefore 2,5-
diiodoimidazole (2.12) was reacted with two equivalents of 6-bromo-3-indolylboronic acid followed

by deprotection to yield nortopsentin A (1.42) (Scheme 2.4). Kawaski et al. adapted this general

strategy outlined in Scheme 2.4 to synthesize nortopsentins B (1.43) and C (1.44).3*
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Br
N N N
[y 2. > Br [
N N am \_NH
SEM SEM HN SEM
b,c
2.12 90% R 9%
B(OH)2 j d
> B
r
Br N\
TBS NH
Br | <
/] N NH
HN
1.42 70%

Scheme 2.4 Kawasaki et al.'s synthesis of 1.4284

a) LTMP, I; b) Pd(PPhj),, Na,COs; c) TBAF; d) 20% HCI.

The metal coupling approach was then applied by Achab® to the synthesis of topsentins in which a
Stille coupling was used in the penultimate step in the synthesis of four analogues 1.4, 1.6, 1.40 and
1.41. Importantly this cohort of products included brominated ‘non-symmetrical’ analogues and
were synthesized via two different methods (Scheme 2.5 and 2.6). Both involving a palladium
catalyzed coupling of the functionalized iodoimidazole with a 3-stannylindole.®> Achab’s initial
synthetic communication was followed 12 years later with a full publication in which greater detail

of the experimental methodology was provided.*

Both of these metal coupling based methodologies for the first time allowed for differently
substituted indole moieties to be introduced into the topsentin scaffold, without the random
distribution of substituted indole products seen with the condensation approach of Braekman et
al.® and Tsujii et al..*” In addition the use of iodinated precursors and the established order of
reactivity of iodine vs. bromine protected the 6-bromoindoles from involvement in unwanted side

reactions.

33



Chapter Two

N
[,
7N
N

PhO,S

BOM
N IBOM
/[ L N  oH
N /[ >
a | N b
o) — 4 -
H N R
/
N
50,Ph 63-84%
R=H
R =0Bn
NH o
7 d.e
J / N ) -
HN N R
H
14082, amon

Scheme 2.5 Achab et al.'s synthesis of 1.40 and 1.4185
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a) THF, =78 - 0 °C; b) MnO,, CH,Cly, r.t. 5h; ¢) PdCly(PPhs),, Cul, DMF, 100 °C, 2h; d) 10% KOH, EtOH/THF,

reflux, 2h; e) EtOH, HCO,NH,4, 10% Pd/C, reflux, 4h.
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Scheme 2.6 Achab et al.'s synthesis of 1.4 and 1.6%°

R

R = OMOM 92%
R=H

90%

R = OMOM 77%

R=H

74%

Ry

a) t-BuLi, THF, -90 - 0 °C, 4h; b) MnO,, CH,ClI,, r.t. 4h; c) PdCI,(PPhgz),, Cul, DMF, 100 °C, 2h; d) 10% KOH,

EtOH/THF, reflux, 2h; e) 5M HCI, EtOH 3h.
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Miyake et al. established a novel regioselective method for synthesizing ‘non symmetrical’
nortopsentin B (1.43) as well as ‘pseudo symmetrical’ nortopsentin D (1.52),¥” which did not involve
the intricate coupling of three separate ring systems, but rather the separate preparation of
differently functionalized indoles, that could ultimately be coupled and cyclized. Their approach
involved the initial synthesis of indolyl-3-carbonylnitrile (2.13) from indole in a previously reported
two step, single pot procedure.? The indolyl-3-carbonylnitrile was then subsequently hydrogenated
over 10% Pd/C in acetic acid to yield the versatile oxotryptamine (2.14) as the acetate salt.
Condensation of 2.14 with 6-bromo-3-cyanoindole (2.15) or 3-cyanoindole (2.16) afforded 1.43 and

1.52 respectively (Scheme 2.7).%

HN
2.13 53% 2.14 90% 1.43 R = Br 60%
A\ 1.52R=H 65%
N
R H
e
2.15R = Br 60%
216 R=H 65%
NH 0
V
J N
/ /
HN
N
H
1.40 80%

Scheme 2.7 Miyake et al.'s synthesis of 1.40, 1.43 and 1.52%7

a) (COCl),, Et,0, 0 °C; b) Toluene, ACN, CuCN, 110 °C; c¢) Hy, 10% Pd/C, AcOH; d) 190 - 210 °C; e) NH,OH

Unfortunately, Miyake et al’s proposed regioselective topsentin synthesis was not initially
successful. Reaction of 2.14 and indole-3-glyoxal chloride (2.17) in TEA, followed by dehydrative
cyclization of ketoamide 2.18 with phosphorus oxychloride yielded the first oxazole topsentin

analogue (2.19) (Scheme 2.8). Miyake et al. subsequently unsuccessfully attempted to convert the
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oxazole into imidazole by treatment with either formamide or NH,OH. They accordingly resolved to
cyclically condense two oxotryptamine subunits in the presence of NH,OH in a non regioselective

manner to yield 1.40 (Scheme 2.7).¥

o Cl o / (6} e}
N NH ) K
(6] a b
a, HN L
A 1+ 214 o o Y [ /N
N H
A\

N
H
217 2.18 92% 2.19 85%

Scheme 2.8 Miyake et al.'s synthesis of 2.1987

a) TEA; b) POCly

The next attempt at regioselective nortopsentin synthesis was by Moody and Roffey who focused on
imidazole formation by reacting an amidine with an a-halocarbonyl in a method analogous to the
Hantzsch thiazole synthesis (Scheme 2.9).%° N-Boc protected, indolyl-3-amides (2.20 and 2.21) were
thiated to afford thioamides (2.22 and 2.23) via Lawesson’s reagent. Methyl iodide mediated
methylation yielded thioimidates, which were subsequently converted into indole-3-carboxamidines
via ammonolysis. Coupling of 2.2 with the indole-3-carboxamidines was achieved in the presence of
potassium carbonate to yield the N-Boc protected nortopsentin analogues (2.24 and 2.25).
Unfortunately, Moody and Roffey were not able to successfully remove the Boc protecting group,
and hence complete the synthesis of 1.43 and 1.52.% However the authors only reported the use of
two methods of N-Boc removal (TFA and NaOMe mediated), and speculated that nortopsentin may
be unstable in acidic and basic conditions. An alternative thermolytic N-Boc removal as employed by
ourselves and described later in this chapter may have proved more fruitful to resolve their

deprotection challenge.
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224R=H 41%
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Scheme 2.9 Moody and Roffey's attempted synthesis of 1.43 and 1.528°

a) Lawesson's reagent, benzene, reflux 1h; b) Mel, CH,Cl,, r.t. 48h Ar gas; c) NH,Cl, MeOH, reflux, 3h; d) K,CO3,
MeCN, reflux, 7h.

The non-naturally occurring 1.52 was most recently synthesized (Scheme 2.10) via cyclization of
ketoamide (2.26) with ammonium acetate under microwave irradiation. This synthesis has
regioselective potential since self cyclization of the two indole precursors 2.27 and 2.28 is not

possible. Precursors 2.27 and 2.28 were condensed in the presence of tertiary phosphine to yield

2.26.%°
0
N3
D NH
” = NH
a b | ,
2.27 o. "Ny 7y N \_NH
HN
OH N\
D N
N
H
2.28 2.26 55-75% 1.52 5--75%

Scheme 2.10 Fresneda et al.'s synthesis of 1.52%

a) PMeg; b) NH,OAc, DMF, MWI.
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Guinchard et al.”* described the first regiospecific topsentin syntheses not requiring the complex
three ring, metal coupling method as described by Achab. Guinchard et al.’s synthesis of 1.40, 1.47,
1.48 and 1.51 presented in Scheme 2.11 is also the first reported synthesis of naturally occurring
isobromodeoxytopsentin (1.47), spongotine B (1.48) and topsentin D (1.51).”* The synthesis of all
four compounds was initiated from the common B-amino indolic N-hydroxylamine (2.29), which was
transformed into the key 1-(indol-3’-yl)-1,2-diaminoethane intermediate (2.30) over three steps.
Crucially one of the steps involved hydrogenation with the palladium based Pearlman’s catalyst,
which limits this method to synthesis of compounds where there is no halogen on the indole bonded

directly to the imidazole because of possible halogen removal during the reduction step.?’

Boc,
NH
,OH
N
\—Ph
A\
N
H
229 a90%
b
Boc,
Boc\NH NH NH,HCI
H NH2 NH2‘HC|
NP 39 d
\ [0 o \ 9. \
N N
: 3 o
89% 2.30 100% h, 14872% ' _ 1.4734%
/ 1.51 46% 1.40 91%
®; L -
o Cl o N o. |
o) S P
N\ ef N\ g \\ Me
—_— —_— N
N N R
R H R H
217R=H R=H 30% 231R=H 98%
2.33R=Br R=Br31% 2.32 R = Br quant.

Scheme 2.11 Guinchard et al.'s synthesis of 1.40, 1.47, 1.48 and 1.51%"

a) Hy, Pd(OH),, MeOH-AcOH (96:4), r.t. 50h; b) TiCl, HCI aq. MeOH-H,0, r.t. 15 min; c) H,, Pd(OH),,
MeOH-AcOH (96:4), r.t. 16h; d) HCI, MeOH, r.t. 1h; e) n-BusSnH, EtOAc, 0 °C, 30 min, r.t. 16h; f) Sg, piperidine,
pyridine, 80 °C, 5h; g) Mel, 80 °C, 5h; h) Amberlyst A 21, MeOH, r.t. 48h; i) IBX, DMSO, r.t. 15h.
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In Guinchard et al.’s synthesis, 3-indolyl-a-ketothioimidate salts (2.31 and 2.32) were chosen as the
condensation partners for 2.30. These were prepared from indole precursors which had initially
been reacted with oxalyl chloride to afford indolyl-3-glyoxalchlorides (2.17 and 2.33). Treatment of
2.17 and 2.33 with tributyltin hydride yielded the respective glyoxals, which were subsequently
reacted with solid sulfur and piperidine in pyridine to yield the respective 3-indolyl-a-oxothioamide
intermediates in low yield. These were converted to 2.31 and 2.32 by refluxing with methyliodide.
The salts were finally condensed with 2.30 at room temperature in methanol in the presence of
catalyst to yield racemic mixtures of 1.45 and 1.48 respectively. Oxidation of 1.48 and 1.51

converted the dihydroimidazole rings into imidazole rings and afforded 1.47 and 1.40 respectively.”

The limitation of one sided bromination on the topsentin scaffold was addressed in a later
publication by Guinchard et al. (Scheme 2.12)°> where the brominated analogue of 2.30 (2.33) was
prepared over four steps. Crucially in this synthesis palladium catalysis was avoided and instead
Guinchard et al. relied on manganese dioxide oxidation, hydroxyaminolysis of the indolic nitrones,
and titanium trichloride reduction, followed by deprotection in order to access their target. The
remainder of the synthesis followed their previous synthetic pathway, to yield spongotine A (1.3)
and spongotine C (1.49) as a racemic mixture, in addition to bromodeoxytopsentin (1.6) and

dibromodeoxytopsentin (1.46). Additionally, this was first reported synthesis of 1.3, 1.49 and 1.46.”

NH NH - “NH NHo+HCI
NPH P o
N NH,HCI
N—Ph 4 *\_Ph NH ca 2
\ — A — N \
N
Br H Br N Br ” Br H
7% 72% 2.33 99%
16 78% .~ 1.374%
117 90% 1.46 65%

Scheme 2.12 Guinchard et al.'s synthesis of 1.3, 1.6, 1.17 and 1.46%2

a) MnO,, toluene 100 °C, 10 min; b) hydroxylamine hydrochloride, MeOH, r.t. 15 min; c) TiClz, HCI, MeOH, r.t. 10
min; d) HCI, MeOH, 0 °C, 2h.
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2.2 Approaches to the synthesis of other biaryl 2-acyl imidazoles

Khalili et al.*®

described a novel one pot procedure to synthesize 2-acyl imidazoles from aryl glyoxals
in the presence of excess NH,OAc in water, without the use of a catalyst at room temperature. They
proposed the reaction scheme occurred via a reactive imine intermediate (2.34) which condensed to
form the 1,3-diazole ring (2.35) (Scheme 2.13). They further postulated that the methane ring

proton undergoes a [1,5]-hydrogen shift to yield a mixture of interconverting isomers (Scheme

2.14).

2.34 2.35

Scheme 2.13 Khalili et al.'s glyoxal condensation pathway®?

a) NH40Ac, H,0, r.t. 69%

Scheme 2.14 Khalili et al.'s proposed [1-5] hydrogen shift resulting in interconverting tautomers®

While Khalili et al.” preferred to use aqueous conditions for the synthesis, they reported a marginal

(2%) increase in yield to 71% when the solvent was changed to ethanol.”
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This method was successfully used by Young in our laboratory with ethanol as the solvent of choice
to condense a series of aryl glyoxals, derived from commercially available acetophenones, into their
imidazole containing dimers.** As highlighted during our discussion of the synthetic strategies of
Braekman et al.,® Tsujii et al.®” and Miyake et al.¥’ this is a non regiospecific method to synthesize

2,5 bi-functionalized imidazoles.

2.3 Rationale for the synthesis of analogues of bromodeoxytopsentin (1.6)

Based on the structure activity relationships revealed by Strangman et al.’s synthesis of the cis-3,4-
dihydrohamacanthin B analogues (1.7—1.12),> And the known MRSA PK inhibition activity of the
naturally occurring bromodeoxytopsentin,’® we proposed that the synthesis of
bromodeoxytopsentin analogues 1.40, 1.46 and 1.58—1.61 would provide greater insights into

MRSA PK inhibition activity of 1.6.

Rg
Rg o H Rs = [ NH o
1 Y
R4 Rz J [ N Rs
N
TN Y HN 4
HN NH N Ra
H
1.5 R;=R,=Br, Ry =H cis-3,4-dihydrohamacanthin B 1.6 R;=Br, R, =R;=H bromodeoxytopsentin
1.7 Ri=R,=Cl,R3=H 140R; =R, =R3=H deoxytopsentin
18 Ri=Ry,=F, R3=H 146 R, =R, =Br, R3 =H dibromodeoxytopsentin
19 R{=R,=R3=H 158R;=R,=F,R3=H
110R;=R,=H, Rz =Br 1.59R;=R,=Cl,R3=H
111 R;=R,=Me,R3=H 1.60 R =R,=H,R3;=Br
112R;=R3=H,R, =Br 161R;=R,=1,R3=H

As discussed previously, the binding site of 1.5 is symmetrical due to the anti-parallel interaction of
two identical a-helices,” which theoretically should enhance the binding of ligands that display a

degree of symmetry and even pseudo symmetry as is the case with compounds 1.5, 1.7—1.12 and
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evident in our proposed synthetic target imidazoles 1.40, 1.46 and 1.58—1.61. Accordingly, our
proposed synthetic targets 1.46 and 1.58—1.61 featured the same halogen substituent on each
indole ring and therefore did not require a synthetic strategy that incorporated the relatively

1.°%* We therefore resolved to synthesize

complex regioselective method used by Guinchard et a
1.40, 1.46 and 1.58—1.61 via the cyclocondensation of suitable indolyl glyoxal analogues as per the

method of Tsujii et al.®” to access our desired imidazole target compounds.

The synthetic approach to topsentin type compounds of Miyake et al. was deemed unsuitable for
our purposes since it required a Pd/C catalyzed reduction of the precursor 2.13 to afford 2.14
(Scheme 2.7).*” This would have been detrimental for the formation of halogenated topsentin
analogues, since Tsujii et al. reported the removal of bromine from indole systems by Pd/C and

hydrogen (Scheme 2.15).%’

NH o) NH (@)
Br P a [ /4
N —_— Y N
7] / N l /)
HN N OH N OH
H H
1.4

1.41

Scheme 2.15 Tsujii et al.'s bromine removal®”

a) 10% Pd/C, H,, EtOH, 4h, quant

Although alternative nitrile reduction® and amine synthetic methods®™ were considered, we felt
that exploitation of the glyoxal condensation approach as utilized by Tsujii et al.®’, Young® and

Khalili et al.”® was more accessible.

However, syntheses involving indolyl-3-glyoxals are not common in the chemistry literature where

67,97

they are occasionally reported as intermediates in reaction schemes. Initially, we considered

three possible methods for glyoxal synthesis. The first and seemingly most popular method to access
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indolyl-3-glyoxals, involves reduction of indolyl-3-oxalyl chloride, 2.17, with the very toxic and often

difficult to obtain, tributyltin hydride in modest yield (Scheme 2.16).%%"°

(0] 0 H
{ ° 2. \ °
N N

217

Scheme 2.16 Tributyltin hydride reduction of indolyl-3-oxalyl chloride?'-%7-%8 -

a) n-BusSnH, EtOAc, 0 °C - r.t.

Alternatively, Marchand et al.'® and Young et al.®* have shown that aryl glyoxals can be synthesized
from acetophenone precursors via selenium dioxide (SeO,) mediated oxidation in the presence of

stochiometric amounts of water (Scheme 2.17).

R=H 84%
R =OMe 84%
R=NO, 62%
R=Cl = 81%
R=Br 89%
R=F  87%

Scheme 2.17 Young et al.'s SeO, mediated glyoxal formation'®’

a) Se0,, H,0, 1,4-dioxane, MW,100 °C, 15 min

The third synthetic method which we considered was the Kornblum oxidation*®**®® which allows for

the oxidation of a-bromoketones into glyoxals in the presence of DMSO at room temperature'®
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(Scheme 2.18). This method was later improved with the addition of base, at 100 °C allowing for the
oxidation of an extended range of alkyl halides.®® Although Kornblum oxidation appeared to require
the least noxious reagents c.f. SeO, and tributyltin hydride, all attempted syntheses of indolyl-3-
glyoxal via the Kornblum oxidation of 2.2 were unsuccessful in our hands. Given Young et al.’s '**
success in our laboratory with SeO, oxidations of aryl methyl ketones, under carefully controlled

conditions, we proposed to adapt this method to synthesize the required indolyl-3-glyoxals from

appropriate 3-acetylindole precursors.

Br a H OH
o) OH

71%

Scheme 2.18 Kornblum et al.'s DMSO mediated oxidation'%?

a) DMSO, r.t. 9h

24 Synthesis of 3-acetylindoles
2.4.1 Commercially available starting materials

Our SeO, mediated glyoxal synthesis was dependant on the availability of the respective 3-
acetylindoles (2.1, 2.36—2.40) and we were disappointed, to discover that only 2.1 was
commercially available. We therefore explored strategies to synthesize halogenated 3-acetylindoles
from commercially available halogenated indoles. At the beginning of the project indole (2.41), 6-
fluoro indole (2.42), 6-chloro indole (2.43) and 5-bromo indole (2.44) were commercially available,
while the 6-bromo (2.45) and 6-iodo (2.46) analogues were not. Frustratingly, while 6-bromo indole-
3-carbaldehyde (2.47) was commercially available, later on in the project 2.45 became available

from Sigma-Aldrich after alternative methods towards the synthesis of 2.39 had been attempted.
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With no ready source of 2.46 at hand it was clear that a synthesis of this compound was required

(see Section 2.4.5).

2.4.2 Possible strategies for the synthesis of 3-acetylindoles

Synthetic methodology to produce 3-acylindoles is of significant interest due to their importance in

40,96,104-111

the synthesis of biologically active and versatility in alkaloids. Two possible methods to

synthesize 3-acetylindoles from indoles includes either Friedel-Crafts acylation or a Vilsmeier-Haack

formylation followed by Grignard addition and alcohol oxidation."****
O
Fridel-Crafts
R methodology R4
A\ - . A\
R2 m R2 ”
R3 R3
241R;= Ry=R3=H 21 Ry= Ry=Ry=H
242R;= R3=H,R,=F 236R;= R3=H,R,=F
243R,= R3=H, R, =Cl 2.37R;= R3=H, R, =Cl
244R;= Br,R,=Ry=H 238R;= Br,R,=Ry=H
245R;= Ry=H, R,=Br 239R;= R3=H, Ry = Br
246R;= Ry;=H,R,=| 240R;= R3=H,Ry=1
257R;=Ry=H,Ry =1 262R;=R,=H,R; =1
258 R, =Br,Ry=H, Ry =1 263R;=Br,Ry=H,R; =1
2.59 R, = Me, R, = H, R; = Br 2.64R,=Me, R, =H, Ry = Br
260R;=Cl,Ry=R;=H 265R;=Cl,R, =Ry =H
261R;=R,=H, R;=Cl 266 Ry =R, =H, Ry = Cl
Vilsmeier-Haack idati
formylation oxidation
o HO
H Grignard Me
R4 addition R4
A\ , A\
R; H Rz ”
R3 R3

2.47R,= Ry=H, Ry =Br

Scheme 2.19 Proposed synthetic procedures toward 3-acetylindoles
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Based on the availability of starting materials we postulated that either of these two methods would
deliver the desired 3-acetylindoles in acceptable yield. Theoretically 3-acylindoles e.g. 1-(6-bromo-
1H-indol-3-yl)ethanone (2.39) can be accessed by Grignard methylation of indole-3-carbaldehydes
such as 2.47 to afford a secondary alcohol intermediate, which on oxidation with a suitable mild
oxidation agent e.g. either manganese dioxide, or N-morpholine oxide (NMO) would vyield the

desired methyl ketone.

To extrapolate this methodology to other non commercially available indole 3-carbaldehydes would
require an initial standard Vilsmeier-Haack formylation of a suitably halogenated indole precursor,

which we anticipated would occur regioselectively at C-3 on the indole ring.'*

Alternatively a
Friedel-Crafts acylation would yield the desired products in a single step (Scheme 2.19). Both of
these methods require strict exclusion of moisture under relatively harsh reaction conditions, while
because of side reactions induced by the indole ring the Friedel-Crafts reaction often requires a prior

N-protection strategy. %7101

Jiang et al. have recently developed a non Friedel-Crafts general method for the synthesis of non-
protected 3-acylindoles via an efficient coupling of indoles and nitriles (Scheme 2.20)."*° This method
was deemed unsuitable for our purposes since it relied upon palladium coupling, thereby potentially

making the halogen substituents e.g. bromines susceptible to removal.

o]
R
a
®+ NEC-R — = ©j\§/
N N
H H

Scheme 2.20 Jiang et al.'s palladium catalysed indole acetylation'®

a) Pd(OAG),, 2,2-Bipyridine, D-CSA, NMA, H,0, 120 °C
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2.4.3 Grignard methylation of indole-3-carbaldehydes

We initially explored the Grignard methodology as a route to the desired 1-(6-bromo-1H-indol-3-
yl)ethanone (2.39) from the commercially available 2.47. Both the Vilsmeier-Haack reaction and the
Grignard reaction had previously been utilized in our lab to successfully synthesize a cohort of 2-
deoxylapachol analogues which displayed selective activity against squamous cell esophageal cancer
(Scheme 2.21)'® and we were confident that we could repeat these reactions on suitably

halogenated indole precursors.

OMe O OMe OH OMe O

OMe
o]
M CeAES
—_— —_—
OMe OMe OMe OMe

Scheme 2.21 Adpated from Sunassee et al.'s naphthoquinone synthesis'!®

a) POCl;, DMF, CHCls, 96h, 91%; b) PhMgBr, THF, -10 °C,16h, 93%; c) NMO, TPAP, CH,Cl,, 2h quant

An initial trial reaction involving 4-bromobenzaldehyde (2.50) and Grignard reagent (MeMgBr) was
successful (Scheme 2.22), yielding the secondary alcohol (2.51) (92%) with spectral data in

accordance with those reported in the literature.™*

0 OH
Iea N oa.
Br Br
2.50 2.51

Scheme 2.22 Grignard methylation of 4-bromobenzaldehyde 2.50
a) MeMgBr (3M), THF, 0 °C, 16h 92%
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We then went on to apply the same Grignard methodology to 6-bromo-1H-indole -3-carbaldehyde
2.47. Unfortunately, we were unable to repeat the success of the trial reaction. In every attempt at
this reaction a large amount of starting material was recovered, while a *H NMR spectrum of the
crude reaction mixture revealed characteristic quartet and doublet resonances corresponding to
coupled methylene and methyl protons respectively, suggesting a small yield of desired product. The
'H NMR spectrum also revealed a complex mixture of compounds including several aldehyde signals,
possibly indicating reactivity at centres on the indole ring other than the electrophilic aldehyde.
Szmuszkovicz'™ and Wang et al."*® have previously noted that 3-acylindoles undergo a Michael type
nucleophillic addition at C-2 on the indole ring with Grignard reagents to form disubstituted, partially
dearomaticised indolines. Interestingly, the reaction procedure exhibits a degree of stereo control at
C-2 depending on the quenching procedure.™ Significantly, in all the examples presented by Wang
et al."*® the indole ring was N-alkylated and the C-3 acyl groups were ketones rather than aldehydes.
However, what was encouraging and of relevance to what we had observed in the *H NMR analysis
of the product mixture, was the presence of both the C-2 substituted indoline 2.52 and indolyl
tertiary alcohol 2.53 synthesized from one of the least sterically hindered indolyl compounds

116

subjected to Grignard addition (Scheme 2.23).

2.52 41% 2.53 34%

Scheme 2.23 Wang et al.'s Grignard reagent mediated Michael addition type
synthesis of 2,3-disubstituted indolines™'®

a) PhMgBr, THF, 0 °C -r.t.; b) MeOH then Et3N, 50 °C.
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Therefore based on the results obtained by Wang et al. it seemed likely that indolines were amongst
the side products formed in our Grignard addition reactions. We reasoned, however, that since the
aldehyde is less sterically hindered than the methyl ketone, it theoretically should be a more viable
centre for nucleophillic attack. We also postulated that if the reactivity of the aldehyde could be
enhanced, we may be able to significantly reduce the possibility of indoline formation and increase
the yield of our desired product. To this end we chose anhydrous cerium (lll)chloride as an additive
to improve the regioselectivity of Grignard methylation. Anhydrous cerium (lll)chloride has been
shown to significantly enhance Grignard addition to carbonyls whilst suppressing side reactions,

even when substrates are susceptible to enolization or conjugate addition.™’**

Since there is some debate as to whether cerium activates the carbonyl group or creates a complex
with the Grignard reagent, two methods are commonly used in which the cerium chloride is either
stirred with the carbonyl compound for an hour before addition of the Grignard reagent or stirred
with the Grignard reagent before addition of the carbonyl compound.’®'* Unfortunately we were

unable to achieve acceptable yields of 2.39 after several attempts at both methods, including

additional efforts to exclude water co-ordinated to the cerium salt as detailed by Dimitrov et al.."*®

Accordingly we were forced to abandon this procedure as a viable option for further synthesis of 3-

acylindoles.

2.4.4 Friedel-Crafts approach to 3-acetylindoles

While the C-3 position is generally the most reactive site on the indole ring for electrophilic attack,'®

under Friedel-Crafts conditions, indole also becomes susceptible to 1-acylation, 1,3-diacylation,

104,109

oligomerization and the formation of bis- and trisindole alkanes. To reduce these side events,

NH protected , or deactivated indole systems have been employed, limiting the structural variation

104,109 104 109
d. . I

Ottoni et a

available to synthesize a desired alkaloi and more recently Guchhait et a
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have developed high yielding Friedel-Crafts methods from a variety of acylating agents without the
use of N-protection. Guichhait et al. made use of an interesting Lewis acid ZrCl, in anhydrous
dichloroethane (DCE), while Ottoni et al. chose SnCl, in a DCM/MeNO, co-solvent system. Both

methods claimed a high degree of chemo and regio-selectivity (Scheme 2.24).2%4'%°

a 95%
D o
” b 69%

21

Iz

Scheme 2.24 Ottoni et al. (a) and Guchhait et al.'s (b) respective Friedel-Crafts
acylation methods of NH free indoles'%410°

a) Acetyl chloride, SnCl,4, DCM, MeNO,, 2h,
b) Acetyl chloride, ZrCl4, DCE, 3.5h

Although both Ottoni et al. and Guichhait et al. reported the synthesis of one of our target 3-
acylindoles namely 1-(1H-indol-3-yl)ethanone 2.1, neither group reported using their methodology
to prepare the corresponding C-6 halogenated analogues. We chose to use the method of Ottoni et

al. to prepare halogenated 3-acetylindoles because of easier access to reagents.

Ottoni et al. stressed the critical importance of adhering to a specific order for reagent addition.
They also drew attention to the brightly coloured complexes formed upon addition of the Lewis acid
to a solution of indole in DCM. The appearance of a brightly coloured complex was the signal for the
further addition of the acylating agent in nitromethane. The latter solvent was critical for complex
solubility, and reportedly greatly improved the reaction time and product yields.'® Ottoni et al. refer

121

to a paper published by Schmitz-Dumont and Motzkus in 1929°°" which suggests the formation of
addition complexes between indole and SnCl, with a stochiometry of SnCl,;.2CgH;N. While Ottoni et

al. were unable to isolate this addition complex, citing solubility and stability issues, they noted that
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their coloured complexes share the same “physical properties” as those reported in 1929 (details of

which physical properties, apart from colour, were not provided).104

Ottoni et al. also provide a
putative acylation mechanism in which they propose that the Lewis acid complexes at the reactive C-

3 position in the indole ring, forming a polar intermediate (2.54) which is insoluble in non polar

solvents.

The insolubility of the complex apparently justifies the addition of MeNO, which Ottoni et al.
suggests may help dissolve 2.54 to enable further reaction with the acylating agent (Scheme 2.25).
In support of their mechanism they further postulate that formation of this addition complex would

inhibit indole oligomerization prior to addition of the acylating agent.'®

/SnC|4
H E
snCl, Oy  -Hcl
NS
N + Cl N
H H

2.54

Scheme 2.25 Ottoni et al.'s proposed Friedel-Crafts Mechanism'%4

We repeated the method of Ottoni et al. initially on indoles 2.41—2.44 and similarly to Ottoni et al.
we also obtained brightly coloured suspensions before the addition of acylating agent (Figure 2.1).
TLC and 'H NMR spectra of the crude product mixtures suggested that the reactions were successful.
However, purification of these compounds proved to be challenging, with low product solubility
hampering column chromatography. Traditional re-crystallization from a number of hot solvents

only afforded the target compounds in low yield and purity.
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Figure 2.1 Brightly coloured indole—SnCl, complexes formed before addition of acylating agent. Indoles
from left 2.42, 2.43, 2.44 and 2.41.

After our effort to locate a Friedel-Crafts methodology not requiring N-protection, it was with a
degree of irony that SeO, studies conducted on the commercially available 2.1 required an N-Boc
protection strategy to deactivate the system and prevent over oxidation to glyoxylic acid (this will be
discussed later). To this end we successfully attempted N-Boc protection of the crude product
mixture of 2.36, which was re-crystallized from MeOH to deliver carbamate (2.55) in a 40% yield
over two steps (Scheme 2.26). The downfield region of the *H NMR spectrum of re-crystallized 2.55

is presented in Figure 2.2

2.42 2.36 (crude) 2.5542%

Scheme 2.26 Synthesis of N-boc protectd 6-fluoro-3-acetylindole 2.55

a) SnCly, DCM, MeNO3, 0 °C - r.t. 2h, Ar gas b) Boc,0, DMAP, MeCN, 0 °C - r.t. 2h, Ar gas.
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Based on this result, and precedent with regard to N-protection before Friedel-Crafts acylations, we
attempted an acetylation on N-Boc protected indole (2.56) which had been prepared in a yield of
94%. (Scheme 2.27) Unfortunately this method was unsuccessful, we suspect due to the electron
withdrawing nature of the N-Boc protecting group, deactivating the ring towards C-3 electrophilic

attack.

Figure 2.2 Downfield region (6,7— 648.5) of the 'H NMR spectrum (600MHz, CDCl;) of 2.55. The
complex splitting pattern is a result of proton-fluorine coupling.

2.56 94% 0%

Scheme 2.27 Attempted acylation after N-Boc protection

a) Boc,O, DMAP, MeCN, 0 °C - r.t. 2h, Ar gas b) Acetyl chloride, SnCl,,
DCM, MeNO,, 0 °C - r.t. 2h, Ar gas
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Serendipitously, the solid reaction product mixtures were all soluble in cold acetone and we were
finally able to obtain pure (by *H NMR spectroscopy) halogenated 3-acetylindoles, via crystallization
resulting from slow evaporation of the acetone solutions followed by the removal of impurities by
washing the crystalline products with cold chloroform. This acetylation and purification method was
subsequently applied to a cohort of commercially available indoles (2.42—2.44, 2.57—2.61), in
addition to synthetically derived 6-iodoindole (2.46) as well as 6-bromo indole (2.45), (which had
become commercially available in the interim in small 50 mg quantities). Yields however were not as
high as those reported by Ottoni et al.'® but more in line with that seen by Guichhait et al..’®
Inspection of the respective yields does not point to any obvious trend (Table 2.1). It seems likely
that yields are a function of the purification method, where some halogenated 3-acetylindoles
compounds may be more soluble in the cold chloroform which was used to wash the crystals. We
deemed the yields of our halogenated 3-acetylindoles to be adequate for us to proceed with the
synthesis of our desired bisindole imidazole target compounds. It must be noted because of time
constraints that it was not possible to take all ten of the 3-acetylindoles (2.36—2.40, 2.62—2.66) we
prepared by Ottoni at al.’s method through to the respective bisindole imidazoles. We proceeded

only with compounds 2.1, 2.36—2.40 and 2.66.

Compound Number Isolated Yield
2.36 56%
2.37 72%
2.38 72%
2.39 63%
2.40 64%
2.62 54%
2.63 86%
2.64 75%
2.65 65%
2.66 63%
Table 2.1 Yields of 3-acetylindoles from slow evaporation of acetone solutions of the reaction product

mixtures.
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2.4.5 Synthetic approaches to 6-iodoindole (2.46)

Since 2.46 was not commercially available, we were forced to explore synthetic strategies to deliver
this iodinated indole. The first approach which we considered was a direct iodination. However,
because molecular iodine does not share the electrophilic polarizability of bromine, It is therefore
necessary to incorporate strong oxidizing agents or Lewis acids in conjunction with the iodine

122-124

source, to assist direct iodination in aromatic systems. The most commonly studied direct

iodination methods involve simple six membered rings where the position on the ring targeted for
iodine insertion are heavily dependent on the distribution of ring activators or deactivators.?>***
This was a concern in our case with respect to regioselectivity, and the nucleophillic nature of the
indole C-3 position and to a lesser extent C-2 position. Lista et al."*> were able to achieve iodination
of 5-nitroindole at the indole C-3 position, while Mongin and co-workers'” were able to directly

iodinate N-Boc protected indole at the C-2 position (Scheme 2.28). Our requirement for iodination

was at the C-6 position and direct iodination was accordingly considered unsuitable.

|
O,N O,N
T =
N N
H H
75%
Cry = O
N
N
)to )QO
34 ;4
2.56 67%
Scheme 2.28 Direct iodination of indole by Lista et al.'?? (top) and
Mongin and co-workers'2® (bottom)

a) NaClO,, Nal, H,O, HCI r.t. 30min;
b) ZnCl,>TMEDA, LTMP, THF, r.t. 2h; ¢) I,
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In an effort to produce potent cannabinoid agonists of the CB1 receptor as radioiodine brain imaging
agents Deng et al.**® developed a method of synthesizing N-(methylpiperidine-2-yImethyl)-6-iodo-3-
acylindole 2.67 from 6-nitroindole (2.68), introducing iodine through a classical nitro group

reduction followed by diazotization and N, substitution with iodide (Scheme 2.29).

d
o, L
| HoN N

2.67 84% 83%

B Y
Nkb \

Scheme 2.29 Deng et al.'s synthesis of 2.67'26

a) MeMgBr, Et,0, 0 °C, 15 min, Zinc Chloride, 30 min, 1-naphthoyl chloride, 2h; b) NaH, DMF, 2-
chloromethyl-1-methyl-piperidine, 60-70 °C, overnight; c) hydrazine, EtOH, Raney Ni, 2h; d) HCI,
1h, NaNO,, 0 °C, 1h, KI.

Similarly Irie et al.'”’ had used a diazotization approach on non protected amino indole 2.69 in
synthesizing 6-iodo indolactam precursor 2.70 (Scheme 2.30). We initially attempted the method of

Irie et al. on commercially available 6-aminoindole without success.
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OAc OAc

2.69 2.70 38%

Scheme 2.30 Irie et al.'s diazotization of 6-aminoindole'?”

a) NaNO,, H,0, 80% AcOH, KI, Na,SO5.

In light of our failure to repeat Irie et al.’s method and the non availability of 2.68, several indole
synthesis methods were considered to obtain 6-nitro or iodoindole from available starting materials.
Moskalev and Makosza'*® had described a method of obtaining nitro-indoles from condensation of
3-nitroaniline (2.71) and various ketones (Scheme 2.31). However they noted that the 4-nitro
derivative 2.72 was the major product, while the 6-nitro derivative 2.73 was often isolated in yields

lower than 1%.'%®

NO, . NO; R, R,
2
a
L T (e e
NH, 0™ Ry ” OoN ”
2.71 2.72 major 2.73 minor

Scheme 2.31 Moskalev and Makosza's synthesis of nitroindole'2?

a) t-BuOK, DMSO, 3-5h.

The Bartoli reaction (Scheme 2.32) was suggested as a method of obtaining 6-iodoindole directly,

99,129

and interestingly had previously been used in the synthesis of marine bisindoles We ultimately
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considered this method unsuitable, as it generally favours formation of C-7-substituted indoles over

the required C-6 substituted indoles.™*

N02 Br
Br a
+ J e A\
Br BrMg ”
Br
69%

Scheme 2.32 Dobbs et al.'s application of the Bartoli reaction3°

a) THF, -40 °C

Hodgkinson et al.**' developed an interesting tandem copper catalyzed bond formation between

131

aryl and alkenyl halides to yield N-Boc protected indoles™" (Scheme 2.33). Since our needs required

acetylation prior to N-Boc protection this method was considered unsuitable.

XX \i/ a A
R T HN_ O T R@
= Br 2 Z =N
Br \ﬂ/
(0]
O

ja

Scheme 2.33 Hodgkinson et al.'s synthesis of N-protected indole

(0]

131

a) CuOAc, K,COg, N,N'-dimethylethyldiamine, toluene, 110 °C, 24h.

McAusland et al.*** developed an interesting variation of the Fischer-indole synthesis, whereby they
formed benzyne in situ which was subsequently cyclized with N-tosylhydrazones to yield tosylated
indole (Scheme 2.34)."*’ Tosylation seemingly does not negatively affect Friedel-Crafts acylation,**

but unfortunately this synthesis delivers an unwanted substituent at indole position 2.%*

T™S a
T + j\ NG S A\ R
Ry N7 R, R 2
P4 | = N
OoTf NHTs \
Ts

Scheme 2.34 McAusland et al.'s synthesis of N-tosylated indoles'3?

a) CsF, MeCN, r.t. 12h; b) BF30Et,, reflux, 5h
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Ottoni et al.”** reported a regioselective nitration of 2.1, with NO,BF,, in which careful control of

reaction temperature will result in nitration at either indole position 5 or 6 (Scheme 2.35).**
Unfortunately we accidentally overlooked this potentially high yielding one step transformation

which regrettably only came to light once we had prepared 2.46 by another circuitous route adapted

from Yamada et al."* starting from the commercially available 6-nitroindoline (2.74) (Scheme 2.36).

(0]
A\
(0] a N
/ H
D (0}
N
H b\x
21 A\
O;N N

Scheme 2.35 Ottoni et al.'s nitration of 3-acetylindole'®*

a) NO,BF,, SnCly, (CH,Cl),, MeNO, -15 — -10 °C 85%;
b) NO,BF4, SnCl,, CHCl3, MeNO, 60 °C, 85%.

o+ O 0 O
i )to )Qo )Qo

2.7599% 2.76 99% 2.77 73%

2.74

‘|

2.46 96% Co_ 2.78 78%

Scheme 2.36 Synthetic method to obtain 6-iodoindole adapted from Yamada et al.®® and Deng et ai.'?8

a) Ac,0, pyridine; b) H,/Pd, MeOH quant; c) 80% AcOH, NaNO,, H,0, sulfamic acid, Kl, 4h. d) 20% NaOH
aqg., MeOH; e) salcomine, O,, MeOH, 3h.
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2.4.6 Synthesis of 6-lodoindole from 6-nitroindoline

Acetylation of the basic indoline NH in acetic anhydride and pyridine yielded N-acetylated 6-
nitroindoline (2.75) followed by a relatively straight forward Pd/C catalyzed reduction to yield the 6-
amino derivative (2.76). Interestingly small baseline signals were continuously observed in the 'H
NMR spectrum of 2.76 with a ratio (0.13:1) from proton integrations when compared to the
comparable NMR signals for 2.76. Initially we thought that we had encountered an inseparable
contaminant. However, analysis of the EXSY NMR spectrum136 acquired for 2.76 (Figure 2.3) revealed
the presence of two species of the same compound, which we deduced were most likely rotamers.
EXSY NMR reveals correlations between protons in the same position in the same chemical
structure, but in different chemical environments, as would be expected with rotamers. Correlated
signals from rotamers will appear in the same phase, in contrast to correlated signals in a NOESY

NMR spectrum, where NOESY correlations occur in an opposite phase relative to one another."’

2.76 ppm

3.2
34
36
| 38

- | . 4.0

—— ‘ 42
42 41 40 39 38 37 36 35 34 33 32 31 30 29 ppm

Figure 2.3 Upfield region (F1, F2 = &, 2.8 — 4.2) of the EXSY spectrum of 2.76 (600MHz CDCl;;
relaxation time [d1 = 2.00 s; EXSY mixing time [d8] = 0.449 s) showing signals corresponding
to H-2 and H-3 of compound 2.75. Correlations in the same phase highlighted in red
correspond to the same proton in two separate chemical environments, as is the case with
rotamers.
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The critical diazotization step to yield 2.77 was initially carried out as per the method of Yamada et
al.."® While Yamada et al. recorded a vyield of 62%, our attempts at this reaction vyielded a
disappointing 29% vield. The diazotization process of Deng et al."* required the addition of sulfamic
acid before K1 until the reaction solution no longer turns starch-KI paper blue.'*® KI-starch paper is a
commonly used method for the detection of strong oxidizing agents such as nitrite. Kl oxidation
leads to the formation of |, which turns the starch blue and further renders Kl unavailable for
reaction. Sulfamic acid is a commonly used industrial chemical with wide applications including the

138139 pue to the

removal of excess nitrite used in diazotization reactions in the textile industry.
formation of diatomic iodine in the starch-KI paper test, excess nitrite is presumably detrimental to
the nucleophillic iodide species required for N, substitution. The presence of nitrite species is limited
with the addition of sulfamic acid. To ensure sufficient iodide was present for N, substitution, the

equivalence of Kl was increased from 1.1 eq. to 3 in addition to the use of sulfamic acid. Gratifyingly

we were able to dramatically increase the yield of 2.77 to an acceptable 73% (Figure 2.4).

/=0
2,77 ) ‘
| I
I i
| A | ' | ).‘H !
e i T A,,le_,,,h,, 2 ,U.»'““r Ay .i_ i )U_Lh» o N R (T W Jﬁ _w_i‘/-jf‘.u,l", v ..,L,j“‘- 'L ,,UJJ/I \I)J
| n L )
e MWW N v UL
8.0 259 7.0 »’Z 6.0 99 950 4.5 4.0 SO 3.0 2:5 ppr:“
Figure 2.4 Comparative 'H NMR spectra (600 MHz CDCl;) of crude reaction mixtures for compound 2.77

without the use of sulfamic acid (top) and with sulfamic acid (bottom) resulting in a ‘cleaner
spectrum’, presumably due to fewer side reaction occurring.
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De-acetylation to form 6-iodoindoline 2.78 occurred in NaOH (78% vyield) which was followed by
oxidation, catalyzed by the cobalt—Schiff base complex salcomine® delivering the desired 6-iodo
indole 2.46 in 96% yield and enabled us to have sufficient 2.46 (Figure 2.5) to feed into the synthetic

pipeline with the other halogenated indoles.

2.46 [
okl W ..J*,‘JM ¥ o o
T I I | T I I T I I | I I I
140 135 130 125 120 115 110 105 100 95 90 85 80 75 ppm
Figure 2.5 B¢ NMR (150 MHz €DCl,) of compound 2.46 featuring the characteristic C—1 signal at 85.7

ppm.

24.7 Summary

A key requirement of our proposed synthetic strategy was the availability of variably halogenated 3-
acetylindoles. After several unsuccessful attempts at Grignard methylation of indole 3-carbaldehyde
with and without the use of cerium chloride, as well as difficulties purifying Friedel-Crafts products,
we were finally able to produce the desired products in acceptable yields. Additionally we were able
to produce the rare 6-iodoindole over five steps in an overall acceptable yield, while encouragingly

being able to improve yields in the diazotization step helped in part by adding sulfamic acid. With all
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of our desired compounds in hand we were able to proceed confidently with the next step in our

proposed synthetic strategy.

2.5 Selenium dioxide oxidation of 3-acetylindoles

2.5.1 Selenium dioxide oxidation of acetophenone derivatives

Marchand et al.'® developed a method of synthesizing phenyl glyoxal from acetophenone via SeO,
oxidation in 1,4-dioxane and water. This method was later modified by Young et al.*®! in our
laboratory who utilized microwave methodology to dramatically increase yields and reduce reaction
time. Young et al. successfully applied their method to variably substituted acetophenones (Scheme
2.17) where they showed that the ring activating and deactivating nature of the aromatic

94,101

substituents had a significant effect on the rate of glyoxal formation. Aryl glyoxals have been

noted on numerous occasions to exist in the monohydrate form, either completely, or in equilibrium

100101141 galenjum dioxide oxidations rely on the presence of stochiometric

with the glyoxal species.
amounts of water to be present for the reaction to occur. This water acts as a nucleophile and
attacks the highly reactive aldehyde, to yield the monohydrate. Young et al.’®* showed that this is a

completely reversible reaction, in which monohydrate will revert back to an equilibrium mixture

with the glyoxal upon standing in non-aqueous media.'”

2.5.2 Attempted SeO, oxidation of 3-acetylindoles: requirement of N-Boc protection

d™ to the oxidation

When Young applied his microwave assisted selenium dioxide oxidation metho
of 3-acetylindole 2.1%* he noted the methyl ketone functionality over oxidized to indolyl-3-glyoxylic

acid (2.79)(Scheme 2.37), the structure of which was confirmed by NMR spectroscopy and HRMS.>*

63



Chapter Two

o o OH
0
A\ a A\
N N
H H
2.1 2.79

Scheme 2.37 Young's microwave assisted formation of 2.79%

a) SeO,, H,0, 1,4-dioxane, MWI, 15 min 100 °C

Since they had shown a direct relationship between the activity of the aromatic ring and the rate of

glyoxal formation®**®*

Young deduced that the influence of the indole nitrogen on the activity of the
ring could be reduced through formation of an N-Boc carbamate ester (2.80).%* This insight proved to

be correct with the subsequent formation of an equilibrium mixture of glyoxal 2.81 and

monohydrate 2.82 using 2.7 eq. of SeO, with 20 pl of water in 1 ml of dioxane (Scheme 2.38).

0 o [ o
a o} OH
N N N
8 ) 8
0] (0] ®)
ja ja ja
2.80 2.81 2.82

Scheme 2.38 Young's microwave assisted formation of 2.81%*

a) Se0,, H,0, 1,4-dioxane, MWI, 40 min 100 °C

2.5.3 N-Boc protection of 3-acetylindoles

Boc protection occurred under anhydrous conditions, in HPLC grade acetonitrile, catalyzed by DMAP

and under an atmosphere of argon at 0 °C. We have previously shown (2.4.4) that N-Boc protection

64



Chapter Two

of indole was readily achieved on both non acetylated indole (Scheme 2.27), as well as crude 6-
fluoro-3-acetylindole (Scheme 2.26). Accordingly, Boc protection of pure 3-acetylindoles (2.1, 2.36—
2.40, 2.66) proceeded smoothly in high yield, delivering compounds 2.55, 2.80, 2.83—2.86 (Scheme
2.39). The one exception was the 7-chloro derivative (2.87, 20% yield), where presumably the close

proximity of the C-7 chloro substituent inhibited Boc protection at the neighbouring N-1 position.

e} O
R R4
1 \ a \
N
R N Ry
H
R3 R3 O#o

21 Ry= Ry=Rz=H 280R;= Ry=Ry=H  96%
236R;= R3=H,R,=F 255R,= Ry=H,R,=F 84%
2.37R;= Ry=H,R,=Cl 2.83R; = Ry=H, Ry = Cl 94%
2.38R;= Br,R,=R;=H 2.84R,= Br,R,=R;=H 65%
239R;= Ry=H, R, = Br 2.85R, = Ry=H, R, = Br 67%
240R;= R3=H,Ry=| 2.86R,;= Ry=H,Ry=1 82%
2.66 R;=R,=H, R; = Cl 2.87R,;=R,=H,R;=Cl 20%

Scheme 2.39 N-Boc protection of purified 3-acylindoles

a) Boc,0, DMAP, MeCN, 0 °C, 2h

2.5.4 Optimization of SeO, oxidation of N-Boc protected 3-acetylindoles and imidazole

formation

Initial efforts to repeat Young’s microwave assisted SeO, oxidation method (Scheme 2.38) proved
difficult with yields of products obtained via the microwave displaying a high degree of variability. 'H
NMR spectroscopy of the crude reaction mixture revealed the expected glyoxal monohydrate
equilibrium in addition to a mix of products, including the starting material, and a second aldehyde
signal, which we suspected was a glyoxal species, where the Boc group had been removed. This
obse