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Abstract

The a-carbolines and 7-azaindoles are part of a larger family of compounds derived from
indoles and other heterocyclic compounds that are prevalent in nature often as biologi-
cally active compounds. The synthesis of a-carbolines and 7-azaindoles described in this
thesis is built on several key reactions developed in our laboratories, namely the light
mediated t-BuOK ring closure method used previously to form carbazoles, naphthalenes
and anthracenes; as well as an acid mediated ring closure of acetylene containing 2-
aminopyridines to form 7-azaindoles; and lastly catalytic palladium chemistry is used in
some critical carbon carbon bond forming reactions, namely through the Sonogashira

reaction.

The bromine atoms on several 3-bromo-2-aminopyridine compounds is substituted with
1-ethynyl-2-methyl-benzene in a Sonogashira coupling reaction, followed by ring closure
forming the respective 2-(2-methylphenyl)-1H-pyrrolo[2,3-b|pyridines (2-(o-tolyl)-1H-7-
azaindoles). After formylation on the 3 position, forming 2-(2-methylphenyl)-1H-pyrrolo
[2,3-b]pyridine-3-carbaldehydes (3-formyl-2-( o-tolyl)-1 H-7-azaindoles), and N-benzylation
on the 1 position, furnishing 1-benzyl-5-methyl-2-(2-methylphenyl)-pyrrolo[2,3-b|pyridine
-3-carbaldehydes (3-formyl-2-(o-tolyl)-1-benzyl-7-azaindoles), the compounds were sub-
jected to the light mediated ring closing methodology described, yielding 11-benzyl-benzo
-a-carbolines (11-benzyl-11 H-benzo[g|pyrido[2,3-blindoles). The final debenzylation on
11-benzyl-benzo-a-carbolines (11-benzyl-11 H-benzo[g]pyrido[2,3-b]indoles) synthesised
furnished 11H-a-carbolines (11H-benzo[g|pyrido[2,3-b]Jindole). The novel synthesis of
a-carbolines and 7-azaindoles through these methods proved successful, even though in
low overall yields. The methodology was further extended to allow further substitu-
tion on a-carbolines. This was achieved by bromination on the initial 2-aminopyridine
starting material in the 5 position, followed by iodination on the 3 position. The io-
dide of the 2-aminopyridine could then be selectively substituted using Sonogashira
coupling as discussed, followed by Suzuki coupling on the bromide, in this case with 3,4-
dimethoxy-phenyl boronic acid. The synthesis of 11 H-3-(3,4-dimethoxyphenyl)-benzo-o-
carboline was then completed using Suzuki coupling methodology to add the 3,4-dimethoxy-
phenyl functionality from (3,4-dimethoxyphenyl)boronic acid.

The heterocycles synthesised in this thesis were tested against African sleeping sickness
parasite Trypanosoma brucei. The compound 5-(3,4-dimethoxyphenyl)-2-(2-methylphenyl)
-1H-pyrrolo[2,3-b|pyridine-3-carbaldehyde was found to have an ICsy value of 10 uM,
with several others showing activity in the range of 12-27 uM. The antimalarial stud-
ies in contrast showed only one significant hit, 11-benzyl-3-(3,4dimethoxyphenyl)-benzo-
a-carboline had an ICsy value of 26 pM.



Overall, the study resulted in the successful synthesis of a-carbolines and 7-azaindoles,
as well as the discovery of biologically active heterocycles effective against malaria and
African sleeping sickness. These heterocycles could be used as lead compounds for

further research.
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Chapter 1

Introduction

The discussion in this chapter starts with a selected discussion on the role of heterocycles
in diseases such as cancer, sleeping sickness and malaria. This is followed by a literature
survey on the synthesis of indoles, carbazoles, azaindoles and @-carbolines. Finally, the
aims of this PhD project on the novel synthesis of 7-azaindoles and @-carbolines are

outlined.

1.1 The importance and mechanism of biological activity

of molecules

Biological activity of any compound is determined by the effect exerted on tissue.? This
biological activity is characterised by the binding of compounds to their respective target
molecules, such as enzymes and DNA, stopping their function.3® Compounds can also
affect the red-ox state of a cell through excessive oxidative stress, such as seen in the
use of cis-platin.”® The mechanisms employed by these biologically active compounds
that affect biological systems are the same that are utilised through various naturally
occurring invaders of tissue namely virus binding to receptors on cells in order to gain

9,10

access to the cytoplasm, and the excretion of toxic substances by fungi that kill

bacteria. 1112

Biologically active compounds are important in medicine today, as they enable the body
to fight against many ailments and diseases. Research is required to identify and de-
velop biologically active compounds and this research includes the isolation of naturally

1
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occurring compounds, biological testing of these compounds and then the synthesis of
these compounds and analogues. The structure activity relationship that exists between
biologically active compounds and their respective targets can be used by the synthetic
organic chemists to design drugs that are selective and effective. 315 This is achieved
through the synthesis of compounds that structurally exhibit similarities to naturally
occurring compounds that show biological activity, or through computational studies
that calculate the specific binding of compounds to the desired active site of enzymes
targeted. The selectivity and effectiveness of an active compound is achieved through
preferential binding to the active site, and the non-preferential binding to the active site
of other enzymes. Non-selectivity binding will result in various side effects, and increased
toxicity as multiple enzymes will be effected, and their functions strained. Therefore,
the interaction of enzymes with small molecules is one of the critical design concepts
of living systems. Enzymes have many functions, ranging from the transformation of
small molecules (e.g. hydrogen peroxide into water), to the transcription and trans-
lation of DNA which contains all the information required for organisms to function.
Enzymes react with a very limited number of substrates, and have very specific roles
in the complex biological system. This specific reactivity is due to the complex 3-D
structure of the enzyme, which only allow molecules that fit into the active site to bind.
There are also a number of binding interactions which occur in the active site which
keep the desired compounds in the active site. Since these enzymes are important for
all the active biological processes, their inhibition will halt a certain biological process.
Enzymatic inhibition is in essence the primary target for drug developers. The design
of small molecules that only targets a very specific enzyme and binds strongly is the
ultimate goal in this research field. Therefore, the study of enzyme kinetics and binding

will help us understand binding and regulatory activity.3

The normal function of enzymes is one in which an enzyme binds to a substrate and a
chemical reaction occurs. This process allows for the synthesis of compounds in biological
systems, as well as control functions required for these biological systems to endure. A

cartoon of this function is shown in Figure 1.1.

The binding of the substrate to the enzyme can be blocked by another compound or
substrate that takes the appearance of the substrate and has some key binding interac-
tions that keep it in the active site.® This kind of binding is called competitive binding

and is shown in Figure 1.2.
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L A

F1GURE 1.1: Normal binding of an enzyme to a substrate allowing the required reaction
to occur

i
»

F1cURE 1.2: Competitive binding of a molecule with an enzyme to give the inactivated
enzyme A.

The kinetics of this interaction is determined by whether the binding is reversible or
irreversible. If the binding is reversible, the substrate and compound blocking the en-
zymatic function compete for the active site, the compound will move in and out of the
active site with a certain residence time. When the molecule is out of the active site,
the substrate has a chance to bind and allow normal enzymatic activity. The longer the
molecule stays inside the active site, the longer the enzyme will be inactive. Therefore,
the more strongly the compound binds to the active site, the more the enzymatic process

will be retarded.?

The next type of inhibition is that of non-competitive inhibition in which the molecule
binds to another section of the enzyme, known as the allosteric site, which is not part
of the enzyme active site. The enzyme then changes shape and the substrate is unable
to enter the active site, or is unable to bind to the active site effectively, causing no

enzymatic reaction to take place as shown in Figure 1.3.

This kind of inhibition in enzymatic processes is common. Enzymes are phosphorylated
in order to activate or inhibit them, enzymes respond to messenger molecules in this
manner. The concentration of molecules often determine their synthesis by stopping

their overproduction when the concentration is too high, or enabling their production
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F1cURE 1.3: Non-Competitive binding of a molecule with an enzyme to give the inac-
tivated enzyme b.

when the concentration is too low.3 The kinetics of non-competitive inhibition is in-
dependent of the substrate concentration and can be distinguished from competitive
inhibition through kinetic studies. The binding of the molecule to the allosteric site is
only determined by its strength of interaction to the site, when the molecule detaches it
is free to attach again without competing for the allosteric site, which the natural sub-
strate does not bind. Competitive inhibition can be overcome by substrate binding with
high substrate concentrations, whereas non-competitive inhibition cannot be overcome
in the same manner.'® This makes the non-competitive binding compound a stronger

inhibitor than that of the competitive binding compound.

The next class of inhibitors are irreversible binding inhibitors that chemically form
a bond to the enzyme active or allosteric site.!® These molecules effectively decrease
the enzyme concentration and stops the enzyme function until more of the enzyme
is produced by the cell.>!” This form of inhibitor is very powerful, however, due the
irreversible nature of binding can bind to enzymes that are not targeted and disrupting
processes unintentionally. This binding to non intended enzymes occur, even when
binding is not favoured, because the binding is irreversible yet the draw back is the very
non-reversible binding that makes them very effective. This gives this class of inhibitors
general toxicity, and is therefore, less favoured in drug design as compared to reversible

inhibitor compounds.®1”

1.1.1 DNA binding and activity

Molecules that bind to DNA can have varied interactions from interconnection of base

pairs, alkylation (mechlorethamine),'® intercalation (anthracycline antibiotics)!'® and

cleavage of the phosphate back bone (vanadium complexes)?® leading to loss of cell
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viability.?! Loss in cell viability is to due to limited or loss of function of DNA repli-
cation, transcription or translation causing cellular panic leading to alteration in gene
expression, cell life cycle inhibition and stimulation of DNA repair.?! In multicellular

organisms this can potentially lead to apoptosis.? 23

Small molecules that intercalate with DNA are generally flat aromatic or heteroaromatic
compounds, often with a carbohydrate moiety attached. The flat aromatic section in-
serts between the base pairs in the DNA helix and the carbohydrate moiety is generally
located in the minor groove. These favourable interactions disallow enzymes of im-
portant functions such as transcription, translation and replication of those sections of
DNA. 192425 This PhD project will focus on the synthesis of flat heteroaromatic that

are potential DNA intercalators.

1.2 Cancer, mechanism and treatment

Cancer can be seen as a genetic disorder in which the cells in an organism mutate.
A single damaged parent cell is all that is required to form a tumour and as such
is identified as monoclonal.?%27 There are two types of cancer, it is either benign or
malignant with the latter being the very aggressive and dangerous form. This genetic
damage can be brought about in various ways, together with environmental effects and
DNA transforming agents such as retro-viruses.?%2® All humans have some cancerous
cells in their body as mutations naturally occur over time, yet malignancy is only present
after very specific genes are altered and then only after several of these mutations have
occurred in the same cell. This damage can be attributed to several events that need
to take place within the cell that acts as the origin of the disease. Benign tumours
stay in boundaries and adapt to signals from the environment that control their growth.
Malignant tumours do not respond to signals and invade and infect many parts of the
organism. 2527 The changed genes usually suppress or stimulate different stages of cell
growth and proliferation in the cell cycle.?? Therefore we need to look at cancer as a

series of events in which different parts of the genetic code become damaged.

The changes which occur to genes can be as small as a single nucleotide replacement

or something as large as chromosomal rearrangement, the addition or deletion of a
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chromosome and even the addition of viral genomes to the host cell.?? The important

genes that can be affected are discussed in the next few sections.

Proto-oncogenes

These are genes which normally promote cell growth and division, but are sufficiently
regulated. Changes to these genes or severe up-regulation form oncogenes, which put the
cell in a permanent growth and division state according to the severity of the mutations
developed or irregular regulation. 262729 Such oncogenes include growth factors (external
signalling receptor genes), g-proteins (enzymes of the ras family that bind to GTP and
are important in signalling inside the cell), cytoplasmic kinases (important in signalling
transduction) and nuclear oncogenes (transcription factors). There are some oncogenes
that effect the triggering of apoptosis in the cell. In healthy cells apoptosis is triggered
when DNA damage is detected, stopping cells from becoming cancerous.3’ When apop-
tosis is inactivated through oncogenes cells with mutations are not terminated, and can

undergo further mutations, which could lead to malignancy.

Tumour suppressor genes

Tumour suppressor genes control cell growth and division.?%?? These are genes which
are not always clearly understood, yet have been identified in different tumour types.
For instance it has been shown that breast cancer, colon cancer and kidney cancer have
very specific tumour suppressor genes which undergo mutation. Some of these genes
include 11p13 (WT1 protein), 11p15 (c-Ha-ras protein), 18q21 (DDC protein), 5q21
(RFLP) and 17q21.2.2 In almost half of cancers studied the tumour suppressor gene
p53 has undergone mutation, which shows its important regulatory function in the cell

and its critical function in apoptosis to bring about cell death.2?:39

DNA repair and checking mechanisms

DNA repair in cells is a very important function for cells to stay in a healthy state, as
many things like UV light, radicals and other reactive species damage DNA in cells.3!

The failure of DNA repair allows for permanent mutations in the DNA of a cell. It has
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been suggested that all cancerous cells have had their DNA repair mechanisms affected

in one way or another.3!

Activation of telomerases

Telomeres are the repetitive end sections on chromosomes that act as a buffer when DNA
replication occurs. After every copy of the chromosome is made the telomere gets a little
shorter as the replication process skips a few base pairs at the end of the replication
process due to the nature in which the enzymes bind and in the direction in which they
replicate.?? If a cell reaches the point where telomeres are depleted and some of the
genetic material is destroyed, no further replication can take place and the cell either
dies or undergoes apoptosis. Telomerases are enzymes which counter this shortening,
lengthening the amount of times a cell can divide to produce daughter cells. In somatic
cells, however, the level of telomeres is very low or non existent, making any type of
somatic cell mortal - meaning that at some point the division of cells will stop and the
cells will die. The only cells in which high levels of telomerases are present are stem cells
and cancerous cells.?? Over 90% of human cancers have some telomerase up-regulation
or gene mutation. These cells are immortal in the sense that they can keep on dividing

as long as they are provided with nutrients and other such physical constraints.

1.2.1 Cancer and apoptosis

Apoptosis is a process in which a single cell is killed for the greater good of the or-
ganism.?! Apoptosis is triggered mainly through two separate pathways.3? The two
pathways are initiated either through external cellular signalling or by signalling on the
mitochondrial surface.3? Many factors affect these signalling membrane bound enzymes,
all are affected by different kinds of external and internal stresses placed upon the cell.
Apoptosis can be initiated through many pathways, including activating caspases, a
collection of cysteine proteases that bring about the termination.?® These caspases are
activated by proteolytic cleavage, and are always expressed in the cell in the inactive
form. Initiator caspases are the caspases that activate other caspases that bring about
cell death (cleavage of all the macromolecules found in the cell), these affected caspases
are called effector caspases. Suppression of apoptosis creates the perfect environment

for gene instability and allows mutated cells to flourish and grow, becoming independent
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from external signals and resisting immune based destruction. Interestingly cancers do
not have a large number of caspase gene mutations and as such can still undergo apop-
tosis, the critical point is the activation of these caspases.3? Apoptosis can be brought
about through extensive damage to DNA, heat shock and other cellular stresses such as
oxidative stress. Therefore apoptosis is the target for drugs and other therapies and its

induction is one that needs careful attention when designing these treatments.3°

1.2.2 Platinum containing drugs

The widely used anti-cancer drug cisplatin, showing in Figure 1.4 is cytotoxic to can-
cerous cells and has been used for decades in the fight against cancer. Cisplatin was
first described in 1845 by Michele Peyrone and was known as Peyrone’s salt.?? The
structure of the complex was not known until 1893. In 1965 it was noted that a soluble
platinum complex generated from a platinum electrode in an electrophoresis reaction
caused bacteria to grow unusually large, the ability to divide was inhibited by the plat-
inum complex.3* The medical importance of platinum complexes was thus first noted
and research initiated into the biological impact of platinum. In 1969 a report was pub-
lished by Rosenberg et al. detailing the effect of some platinum compounds on cancer
cell growth in rats.3?

Cll
H;N- I:t -Cl
NH;

FiGURE 1.4: Cisplatin

Cisplatin was then later approved by the FDA (U.S. Food and Drug Administration)
and has been used extensively in the treatment of cancer.?® Cisplatin does, however,
show many side effects and is not very specific in targeting cancerous cells only, but
does affect the normal and healthy cells in the human body that are rapidly dividing.
The mode of action is targeted cell death or apoptosis. In this process the cell is
unable to function due to irregularities in the regulation of proteins, integrity of DNA
and metabolites. Platinum containing compounds induce apoptosis by activating signal

transduction pathways in the cell.
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Platinum containing complexes damage the DNA by preferentially binding to nitrogen
atoms found in DNA. This leads to further reactions resulting in DNA damaged. Plat-
inum complexes also produce reactive oxygen species which place the host cell under
oxidative stress and leads to further chances of the induction of apoptosis. Necrosis also
occurs in cells in patients undergoing treatment, causing cell contents to be dumped into
general tissue and causing most of the side effects associated with chemotherapy, such
as nausea and vomiting. Drug resistance in tumour cells leads to rampant growth of
tumours and spreading throughout the body as other local cells weakened by the plat-
inum poisoning in the treatment are unable to suppress the advancement of the disease.
The mechanism of this resistance can be found in the increased production of cellular
thiols which bind strongly to the platinum, as well as increased DNA repair rates due to
increased production of DNA repair enzymes. Both effects show increased transcription

due to activation of certain areas of DNA.37

There are a number of other platinum complexes that have been approved for cancer
treatment and are shown in Figure 1.5. However, they do not show the same activity as

cisplatin and are often used in a combination treatment with cisplatin.3”

0 0)
o o o Y'Y
0 H.Opr ) H
R T R Tk
"\ TP 0.,.-0 H \ H \
H;N NH ;e )
3 3 H3;N NH; ' 0.0
N L
edaplatin Carboplatin .
Oxaliplatin Mobaplatin
Heptaplatin

FIGURE 1.5: Platinum based chemotherapeutic drugs

1.2.3 Organic based cancer treatments

Platinum compounds have been used in over 50% of cancer treatments since 1978 when
cisplatin was approved by the FDA. Other forms of treatment for cancer include complex
organic compounds, such as quinones that contain no metal atoms. One of the most
potent classes of organic compounds are the anthracyclines.?® This class of compounds

was first isolated from Streptomyces peucetius in the 1960s and posses a quinone unit as
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well as carbohydrate moieties.3® This family of compounds however induces cardiomy-
opathy and may lead to heart failure in the patient being treated.® The mode of action
of this family of compounds has not yet been confirmed, however, there is evidence that
the organic compounds result in free radical formation which leads to DNA damage and

lipid per-oxidation.3®

There are some general classes of organic anti-cancer compounds based on their ac-
tivity. These include the antimetabolite fludarabine (1 in Figure 1.6), alkaloid and
terpenoid compounds, topoisomerase inhibitors such as irinotecan (2 in Figure 1.7), ty-
rosine kinase inhibitors and lastly alkylating agents such as mechlororethamine (3) and
and altretamine (4) in Figure 1.8. The method of action for altretamine is through
N-demethylation by the release of formamide after oxidation of methyl groups by cy-
tochrome P450.39

Fludarabine

FI1GURE 1.6: Fludarabine, an example of an antimetabolite inhibitor

2
Irinotecan

FIGURE 1.7: Irinotecan, an example of a topoisomerase inhibitor
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FIGURE 1.8: Examples of methylating agents

1.3 Protozoan parasitic diseases and their treatments (Malaria

and African sleeping sickness)

Protozoa is the term used to describe single cellular eukaryote species.?? The sicknesses
known as malaria (caused by Plasmodium from the apicomplexan phylum family)*!

)42:43 are caused by these

and African sleeping sickness (caused by Trypanosoma brucei
protozoa type species. Malaria in particular has been described as ”"the most deadly
parasitic disease” with over 500 million people affected every year. There are over a
million deaths annually and most of these are in the third world. 4445 African sleeping
sickness causes the deaths of thousands of livestock every year, particularly in places
where they are kept in a subsistence capacity in Africa, Asia and South America.3
Both of these diseases are brought about by blood sucking insects that act as carriers

and it is during feeding that the transmission of these parasites occurs. These are now

discussed in more detail in the following sub-sections.

1.3.1 Malaria
The infection of Plasmodium parasites

The life and infection cycle of malaria causing Plasmodium parasites is complex. The
parasite starts its journey in the gut of the mosquito where it is in the sporozoite
transmission stage. These oocysts release sporozoites which then enter the saliva of the
mosquito and then when the mosquito feeds, enter the bloodstream of the host. The
parasite has the ability to cross into and out of human cells through proteins on its
surface together with special secretary organelles. Here the sporozoites travel to the
liver and enter hepatocyte cells in which they then multiply until hundreds of thousands

of merozoites are released into the blood circulatory system. These merozoites now
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infect red blood cells, causing the erythrocytic replication cycle in which the symptoms
of malaria are seen. Some of these merozoites form mature gametocytes which are then
taken up by a mosquito. These gametocytes then mature to form gametes, and now
take part in the sexual reproduction stage in which zygotes are formed. These mature

into oocysts and the whole life cycle is then repeated.41:46:47

Therefore, in combating malaria there are many options for possible treatment. It is
possible to control mosquitoes and prevent mosquito bites, or it is possible to treat the
parasite within the host through the use of medicine.** The medical approach will now

be further investigated.

Treatment of Malaria

The treatment of malaria has been something of a frustrated journey, as the parasite
adapts quickly, especially in highly affected areas, and quickly becomes resistant to
drugs used for treatment. This can be seen as a product of the sexual reproduction
stage of the parasite in which genetic recombination occurs which gives the parasite

great adaptability. 48

The first known treatment for malaria was the bitter bark of the a high altitude tree
(cinchona) found in South America, and has been used as a cure for fever since the late
1600s.% The isolation of quinine (shown in Figure 1.9) was performed in 1820 and has
since received some attention, not for its medicinal properties, but for the mixing of gin
and tonic, brought about by British soldiers in India who did not like the bitter taste
of their medicine and subsequently mixed it with gin. It must be noted that Woodward

and Doering completed the first total synthesis of quinine in 1944.50

FIGURE 1.9: Quinine

The first synthesised commercially available drug for malaria was chloroquine, from

Bayer and the structure is shown in Figure 1.10.
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FiGURE 1.10: Chloroquine

After the introduction of chloroquine, resistance grew to the point where the drug is

49,51 The mechanism of action of

now considered ineffective in most malarial regions.
chloroquine is lysosome dilation through build up of chloroquine in lysosomes, affecting
the pH and causing dysfunction.®? Unfortunately chloroquine has a number of side
affects and can be overdosed easily, giving the miracle cure from the early 20th century

a great draw back. Interestingly, chloroquine triggers apoptosis with p53 acting as the

signalling factor in human cells and has even been examined as an anti-tumour agent. 3

The next fifty years saw the rise of the mixture sulfadoxine and pyrimethamine as well

as mefloquine and artemisinin as anti-malarials (shown in Figure 1.11).4

NH,
Cl
N
0=5=00" | )N\
=
H'N 7 0 H,N© N° NH; FC
N 1'\1 Pyrimethamine CF; :
g rac.. Artemisinin
Sulfadoxine Mefloquine

F1GURE 1.11: Sulfadoxine, Pyrimethamine, Mefloquine and Artemisinin

Sulfadoxine and pyrimethamine came into use during the early fifties, but resistance
grew rapidly to the mixture as the parasites adapted and changed their enzyme active
sites. Severe side effects also followed subsequent doses and the combination is no longer

used in medical practice.

Mefloquine came in to use in the 1980s and is used in a preventative manner (malaria
chemoprophylaxis), where the drug is taken for a number of days before entering a
malaria area. The drug has found great use due to safety in pregnant women and small

children, allowing for safe travel to malaria zones.?*
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Artemisinin is isolated from the plant Artemisia annua,®® and currently shows the most
rapid action against Plasmodium falciparum, which is the most lethal type of malaria. %
Youyou Tu who discovered Artemisinin in her research towards finding anti-malarial

agents received the Nobel prize in medicine in 2015, jointly with William C. Campbell.

Vaccination against malaria

Investigational stage vaccination against malaria has been found to be effective.*6 The
vaccine includes modified late liver parasites. Genes are removed from these parasites
and thus effectively stop any form of infection, but allows the human immune system to

recognise the parasite and prevent future infections.

1.3.2 African sleeping sickness

The infection of Trypanosoma brucei parasites

Trypanosoma brucei and its two strains of parasite Trypanosoma brucei rhodesiense and
Trypanosoma brucei gambiense cause the disease known as African sleeping sickness. It
initially causes fever, joint pains and headaches; with progression leading to confusion,
numbness and disruption of normal sleep and wake cycles due to the infection of spinal
fluid. The infection initially starts in tissue surrounding the insect bite, and stays
localised. The Trypanosoma brucei enters a stage of reproduction for a period of time
and when numbers reach a substantial level they invade the blood stream where it
spreads through the body. This is the first stage of infection, and the stage in which
most drugs are effective and where the minor symptoms are presented. The second
stage sees the Trypanosoma brucei crossing the blood brain barrier, and brain affecting
symptoms are revealed.?” The parasite releases several cytokines and other signalling

factors that affect the surrounding somatic cells generating inflammation. ®7

The parasite is transmitted through the tsetse fly between human and animal hosts
through blood feeding.*?°® Trypanosoma brucei is characterised by short periods of
outbreaks and long periods of inactivity. The time between feedings must be as short as
possible for successful transmission of the parasite - the viability in the saliva of the fly is

limited and time dependant. There are several life cycles that the parasite goes through,
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however, this is mostly a transition between replication and transmission stages.?3 The
changes include differences in the organelles of the cell, most notably through differences

to the mitochondria.

Treatment of African sleeping sickness

The treatment of African sleeping sickness is difficult as it is one of the most neglected
diseases; cases are few, diagnosis difficult, and treatment is not trivial and often is
not administered effectively. The long life cycle of the parasite requires constant and
continuous preventative action, which are often neglected during political instability,
causing resurgence. The medicines used are old, and somewhat ineffective, and a search
for new active drugs is urgently required.®
NH NH,
H)oN NH
0 "N""0

FIGURE 1.12: Pentamidine

Pentamidine as seen in Figure 1.12 is the standard drug for treatment of African sleeping
sickness while the disease is still in its first phase. The drug has to be inhaled or in-
jected, causing varying side effects which are very uncomfortable, including hypo-tension,
headaches, hypoglycaemia, vomiting and myalgias through the release of histamine. >%-61
Diamidines were first studied in the late 1930s for their ability to act as synthetic insulin
analogues and were then found to be active against a range of protozoa, but were found
to be most effective against Trypanosoma brucei gambiense and have been been used
ever since without the rise of major resistance. Diamidines such as pentamidine are
selective because the drug accumulates in the protozoa, and not in somatic cells. This
is due to the transport of various enzymes across the cell membrane, as an example
the enzyme P2 aminopurine actively draws pentamidine into the cell and stops it from
binding to its natural substrate adenosine. This leads to a higher concentration level

in the infectious protozoa leading to death, even at an intracellular concentration of 1

mM. 61

Another treatment, suramin as seen in Figure 1.13 is a naphthylamine containing com-

pound with several amide linkages in a long poly-phenyl chain with several sulfonic acid
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FIGURE 1.13: Suramin

functional groups first used in 1922. The family of compounds including trypan blue and
trypan red, are not taken up by somatic cells, but are selectively taken up by the parasite
Trypanosoma brucei - giving the drug its effectiveness and selectivity. Suramin binds to
many proteins, because at physiological pH it has a six negative charge, causing very
strong polar interactions. This stops the functionality of a range of proteins, giving it
general toxicity once in the cell, leading to cell death. The drug, however, binds strongly
to serum proteins, causing very slow release from the blood and can be detected after 3
months of administration. Due to very low membrane permeability the effectiveness of
the drug is limited to the first stage of African sleeping sickness due to the inability of
accessing neural tissue. Renal toxicity is a major drawback, leading to limited medical

use. 62,63
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FIGURE 1.14: Eflornithine

Eflornithine as seen in Figure 1.14 was the first African sleeping disease drug registered in
over 50 years when it came to the market in the late 1980s. The drug binds to ornithine
decarboxylase, however, due to high turn over rates in the parasite the dosages need
to be rather high and constant. A typical treatment would be 100 mg/kg (150 mg/kg
for children) every six hours for a period of 14 days, making treatment very expensive.
The drug is also removed from the blood very quickly, making this treatment difficult

to administer. Even with all of these difficulties, the drug is useful enough to be used
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in all the stages of the infection of Trypanosoma brucei, especially in the brain stage of
the disease where many other drugs are ineffective and so has been used as a backup
when other drugs fail or are ineffective. The drug has many cytotoxic side effects similar
to that of anti-cancer chemotherapy, leaving it as a last resort. The drug allows the
immune system of the host to effectively deal with the parasite and as such it has been
shown that HIV positive patients have no benefit from the drug. The drug stops the
production of poly-amines in the parasite which influences the signalling pathways of
protein and DNA synthesis, therefore retarding cell growth and division cycles. This
state causes vulnerability to the immune system, however it has been shown that the

drug is ineffective in HIV patients for this reason.%3:64

0] Z N
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FIGURE 1.15: Nifurtimox

Nifurtimox as seen in Figure 1.15 is a prodrug that has been used for 40 years to combat
Chagas disease and has recently been included in the fight against Trypanosoma brucei in
the form of multi-drug combinations. The drug generates reactive oxygen and nitrogen
species, killing parasites, but also causing general cytotoxicity and adverse side effects.
The drug is mostly used in combination with eflornithine which has a much slower
mode of action and is used in very late stages of the diseases when no other therapy
proves effective. The prodrug undergoes reduction via nitrogen reductase generated
nitroso compounds, that with further reduction go to the corresponding hydroxylamine
derivative, or nitro radicals via a one electron reduction resulting in super-oxide anions
and regeneration of the parent compound. Other possible reactive species are generated
from the intermediates formed, these allow DNA damage and oxidative stress in cells

causing terminal effects. >

FIGURE 1.16: Melarsoprol
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Melarsoprol as seem in Figure 1.16, an arsenic containing drug, is the first line of defence
against the second brain stage of African sleeping sickness. The drug dissolves poorly
in most solvents and as such is dissolved in propylene glycol and given intravenously
(with pain experienced). The drug causes encephalopathy in some of the cases with a
mortality rate of 50% in those effected. Other side effects include diarrhoea, vomiting,
chest pains and maculopapular rash. A typical treatment lasts for at least 10 days
with hospital stays that are up to 36 days, causing immense pressure on hospitals that
are typically underfunded. The activity of the drug is due to non-selective binding to

enzymes, causing disruption in cell function. 366

1.4 Indoles and Carbazoles

1.4.1 Indole

Indole, a well known and extensively researched compound, is a common embedded motif
found in many biologically active compounds.%” ™ Indole was first synthesised in 1866
through the reduction of oxindole by Baeyer and Knop and the structure elucidated by
Baeyer and Emmerling in 1869.57 Indole is important in the dye, flavour and fragrance
industry as the core for many compounds. One of the important applications that came
from the early 1900s is synthetic indigo, a valuable commodity in an era where blue dyes
were rare and expensive. As an example, indigo gives jeans their typical blue colour.

The structures of indole and indigo is shown in Figure 1.17.

0 H
o =<1
Ni{ I\{
H O
Indole Indigo

F1GURE 1.17: Indole and indigo

Indole is a central motif in the amino acid tryptophan, and so occurs naturally. Tryp-
tophan is an important precursor in the biosynthesis of serotonin, a neurotransmitter
important in the regulation of mood, sleep and appetite. ”® The structures of tryptophan

and serotonin is shown in Figure 1.18.
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FIGURE 1.18: Tryptophan and serotonin

The biological activity of some indole containing natural products is varied as shown
in Figure 1.19. Eudistomin-E was isolated from Fudistoma vannamei and showed cyto-
toxic activity.”” The alkaloid Gelliusine-E is a marine natural product and shows anti-
viral activity as well as serotonin receptor binding.”® The sea sponge Chelonaplysilla
sp. isolated from a lake in Palau contained the indole Chelonin-A, which shows general
anti-microbial activity. ™ Konbamidin, isolated from the sea sponge Ircinia sp. from Ok-
inawa was synthesised by Shinonaga et al. from D-tryptophan, from which its biological

synthesis is also derived.®8°

H H>N
Eudistomin — E
Cytotoxic — activity 7" Gelliusine —E
Serotonin — receptor "3
H 1 on
N O Y_ N
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L HO ©
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0 H
Chelonin — A Konbamidin
Antimicrobial ™ Cytotoxic — activity 8

FIGURE 1.19: Indole containing natural products

The synthesis of indole has since received much attention. For instance the classical
Fischer indole synthesis utilising aniline. The aniline is first converted to the hydrazine

and coupled to the desired ketone, in this case acetone, which allows for the formation
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of 5 as shown in Scheme 1.1.%7 This can then undergo a [3,3] sigmatropic rearrangement

as the key step with a further elimination of ammonia to form 6 as substrate.

CO
H \|/
1 ?(’ |
N,NNH a .N.
NH, —> | — 1}1 H — x. . N.

Aniline Phenylhydrallne

S D, -
7 N NNH2 Ni{

6
a - ZnCl,, acetone, 200 °C;

SCHEME 1.1: The synthesis of indole derivatives using Fischer methodology.5”

Other methods used to synthesise indole has been developed and a brief summary is
shown in Figure 1.20 showing the various names of the synthetic routes and bond

disconnections, some of which will be discussed in the next section.?!:82
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Castro H Reissert
Larock Batcho-Leimgruber

FIGURE 1.20: The synthetic routes towards indoles with the bond disconnections
shown. 81



Introduction 21

The synthesis of indoles has progressed further since the development of Fischer’s method
over a hundred years ago. A few critical syntheses will be noted in detail in the next

few pages.

The synthesis of indoles by the Bischler-Mohlau indole synthesis route has been known
since 1892 and is shown in Scheme 1.2.83 A recent paper uses a microwave solvent free

method, showing continuing development in this methodology. %!

Br
A
©\NH2 + Lewis

acid \
Aniline 0] H
7 8

SCHEME 1.2: The synthesis of indole derivatives using Bischler-Mohlau indole synthe-
sis.

The course of this reaction includes the addition of two anilines to 7 forming 9. This is
followed by a ring closing reaction of 9 which sees nucleophilic attack of the phenyl ring
onto the imine (requires Lewis acid catalysis) followed by elimination of aniline from 10

to form the desired indole as shown in Scheme 1.3.

e

9

SCHEME 1.3: The mechanism of the Bischler-Mohlau indole synthesis starting after
the addition of two molecules of aniline to 7.

Several methods incorporating Sonogashira coupling reactions followed by a ring closure
step of 11 from the halo-aniline 12 to form indoles 13 has been developed with the
general synthesis shown in Scheme 1.4.%87%7 This Sonogashira type approach has gen-
erated a very large library of both alkyl and aryl 2,3 substituted indoles and is relevant

in this thesis.
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Nu = Nucleophile, B = Base or hydrogen acceptor, X = Br, I; R = Aryl, Alkyl; R' = H,%8 1,69 Aryl
(NH-TFA required) 7%;

SCHEME 1.4: The synthesis of indole derivatives Sonogashira coupling methodology
followed by several ring closure reaction methodologies.

The use of other palladium or other metal mediated processes is also common. These
include the use of halo-anilines (12) coupled with carbanion stabilised carbonyl com-
pounds such as 15 to form 16 as shown in Scheme 1.5.7%73:85 Another example uses an
oxidative process in which palladium oxidatively adds to 17, followed by a C-H activa-
tion process and forms a metal carbon bond with 15. The required indole 18 is then
formed via a reductive elimination process as shown in Scheme 1.6.72

_ - _0

@X _0_0 ~o o
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12 0 N !
15 i H | 16

SCHEME 1.5: The synthesis of indoles using oxidative addition of anilines together with
stabilised carbo anions containing carbonyl functional groups.70:73:8
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SCHEME 1.6: The synthesis of indoles using palladium catalysed oxidative ring closure
methods. 7

Some other methods for synthesising indoles include the rearrangement of fluorine sub-

stituted aniline based imines,3® and the condensation of substituted propargyl alcohols
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and substituted anilines with zinc triflate as catalyst.”

1.4.2 Carbazole

The carbazole class of compounds is based on indole, and contains an extra fused benzene
ring. The synthesis and biological activity of carbazoles have been studied in great detail

with many different synthetic approaches being utilised. 869

H
Carbazole

Carbazoles form a part of a rich group of natural products that have been isolated and
show interesting biological activity as shown in Figure 1.21. Staurosporine, isolated
from Streptomyces staurosporeus, has generated a large amount of interest from syn-
thetic chemists due to its general biological activity and has been synthesised utilising
various methods.? The alkaloid Glycozolidal was isolated from the root of Glycosmis
pentaphylla, which is known for its rich library of carbazole compounds.®” The carbazole
family of ellipticines are topoisomerase inhibitors, which is important in tumour cells,
with Celiptium as an example.? Mahanimbilol is a carbazole with anti-HIV activity

with an ICso of 23.0 ug/ml.%

At the forefront of carbazole synthesis is Kndlker, who has developed several novel
methodologies for the synthesis of carbazole natural products.8”97191 Amongst the
strategies developed is a novel method using an iron mediated process as shown in Scheme 1.7

for a typical case. 01

This process takes an aniline to the carbazole through a reactive
n*-hexadiene iron complex (19) which reacts with 20 to form 21, followed by sponta-
neous dehydrogenation allowing the final ring closure of the five membered ring and the

final aromatisation by de-metalation forming the carbazole.

Another popular method is the Buchwald-Hartwig coupling of an aniline (as an example
22 with 23 to form 24) followed by oxidative cyclization with palladium and air, forming

25 in this example as shown in Scheme 1.8.87:99
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F1GURE 1.21: Carbazole natural products
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Hyellazole
a - MeCN, 82°C; b - (i) Cp,FePF;, DCM, Na,CO4 (ii) MesNO, Me,CO (iii) Mel,
K,CO;, Me,CO

SCcHEME 1.7: The synthesis of carbazole alkaloid hyellazole using Fe mediated coupling
and ring closure strategy.??

Another approach is to first form the biaryl bond through Suzuki coupling (26 from 27)
and then through oxidative palladium coupling the aryl-hetero bond in compound 28 is

formed as shown in Scheme 1.9.%7

Other approaches to forming the carbazole will receive a brief mention. The double
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I
a -
Br H

22 23 24
N
H
25
a - Pd(OAc),, BINAP, Cs,CO,, toluene; b - Pd(OAc),, Mn(OAc),-2H,0, pivalic acid,
air

SCHEME 1.8: The synthesis of carbazoles using palladium chemistry through Buch-
wald—Hartwig coupling of an aniline followed by oxidative cyclization with palladium,

copper as co-oxidant and air.87
O
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a - Pd(PPhy),, PhB(OH),; b - Pd(OAc),, Cul, O,

SCHEME 1.9: Carbazole synthesis through Suzuki coupling followed by oxidative cy-
clization. 87

Buchwald—Hartwig coupling reaction approach has been developed that reacts a 2,2’-
dihalo-biaryl compound with a primary amine to yield the carbazole.?"192 The Heck ap-
proach is also used in which the palladium oxidatively adds to an 2-(2-halo-phenyl)-phenyl
amine and adds across the double bond of the aromatic system on the second ring, in
some cases the two rings are joined by Buchwald-Hartwig coupling.8"103 A +-BuOK and
light mediated ring closure method has been developed in which an indole (29) is trans-
formed into the corresponding benzo|a|carbazole (30) as shown in Scheme 1.10.588%91

This reaction will be discussed in greater detail in Chapter 2.

It can thus be seen that many strategies have been found to be effective in the synthesis

of carbazoles.
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5

a - DMF, hv, t-BuOK

SCHEME 1.10: The synthesis of benzo[a]carbazole through a light mediated ring closure
reaction

1.5 Azaindoles

Azaindoles are similar in structure to indoles. They are characterized by their inclusion
of a nitrogen atom in the six membered ring. This pyridine nitrogen atom is a hydrogen
bond acceptor giving it the ability to form hydrogen bonds with biologically active
molecules such as enzymes. Investigating the biological activity of 7-azaindoles will
therefore generate new insight and will perhaps give some potentially active and selective

agents which can lead to further development of biologically active molecules.

The natural occurrence of azaindoles in nature has been documented. The variolins
are examples of such natural products as illustrated in Figure 1.22, with the meriolins
being a group of compounds which stem from variolins. %4105 These compounds show
powerful kinase binding activity and are strong candidates for any diseases (including

that of cancer) that can be combated with this kind of approach.
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FIGURE 1.22

The synthesis of azaindoles is well developed. 167113 The presence of an electron deficient
pyridine ring as compared to indole changes the synthetic routes towards azaindoles sig-
nificantly. The synthesis of azaindoles generally start from aminopyridines. A common

method of ring closure is the nucleophilic attack of the nitrogen atom of the amine
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on aminopyridines on an adjacent triple bond system introduced by Sonogashira cou-
pling. 109" Often a base is required for the reaction to occur +-BuOK is often employed.
A general scheme showing the formation of a range of azaindoles from the corresponding

acetylene and amine containing pyridines is shown in Scheme 1.11.
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SCHEME 1.11: Base catalysed ring closure to form azaindole cores from the acetylene
substituted pyridine through the use of heat in the presence of a strong base such as
t-BuOK

Several other methods utilise a strong base where the acidic methyl group on position
3 of the pyridine is utilised. For example, Robinson and Robison used the base sodium
ethoxide together with 31 to form 32 as shown in Scheme 1.12.1'3 The addition of the
nucleophile to the carbonyl of the amide of 31 is followed by the spontaneous elimination
of water to afford 7-azaindole 32. An alternative method is that of Davis et al. who
used excess LDA in the presence of 33 and 34.''2 The condensation to form 35 follows
as result as shown in Scheme 1.13. The mechanism includes a double lithiation by
subsequent nucleophilic attack on the nitrile on 34 to form 36.
X 0 | A

| | ~
N/ NJ\H a N 1\{
1 H
H 32
31 529%

a - Sodium ethoxide

SCHEME 1.12

A zirconocene mediated ring closure reaction used by Sun et al. was shown to be effective
in the synthesis of substituted 6-azaindoles from the bis-acetylene 37. On reaction with
CpZr™! forms a zirconacyclobutene-silacyclobutene fused ring intermediate 38 which

reacts further with nitriles to give the 5-azaindole 39 as shown in Scheme 1.14.107
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SCHEME 1.13
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SCHEME 1.14

1.6 Azacarbazoles and a-Carbolines

Azacarbazoles and carbolines are compounds in which a nitrogen atom is contained in
the carbazole nucleus, in addition to that of the indole nitrogen atom. The position of the
nitrogen atom can be determined from the name - o, 8 and 7, as shown in Figure 1.23
The compounds are widely found in nature and have a range of biological activities,

making their synthesis an important area of research.
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o—Carboline B—Carboline y—Carboline
FIGURE 1.23

The biological activity of azacarbazoles in relation to many diseases including cancer,
malaria and alcoholism has been studied. 1961147117 Some of the active compounds stud-
ied are natural products and serve as cores for the development of other biologically

active drugs. Some of the natural products discovered are shown below in Figure 1.24

The syntheses of these benzo-fused azaindoles are more developed and varied than those
of the azaindoles. 196:108:114-122 G5 e of the earlier strategies for the synthesis of azacar-
bazoles involve using the Graebe-Ullmann synthesis. 119120 The synthesis includes the

formation of the triazole 40, which upon heating, resulted in the release of nitrogen gas
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Mescengricin 18

FIGURE 1.24

to form the intermediate biradical 41 which spontaneously undergoes a final cyclisation
to form azacarbazole 42 as shown in Scheme 1.15. The range of compounds prepared

using this methodology by Aukasz Kaczmarek showed significant anti-cancer activity.
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SCHEME 1.15

Bracca et al. used several methods in the synthesis of azacarbazoles. Other than the

Graebe-Ullmann method Bracca et al. used a heterocyclization method in which oxindole

43 is condensed with ammonia as shown in Scheme 1.16. 9
|
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SCHEME 1.16

Bracca et al. employed a radical ring closing process as shown in Scheme 1.17.119
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t-BuPh, emimPF
MW

-

SCHEME 1.17

Another interesting method is the reaction of 3-formyl-indole with aniline to afford 44
in the presence of catalytic ruthenium as shown in Scheme 1.18. Mechanistically the
imine 45 undergoes a reaction in which ruthenium adds to the indole double bond to
afford 46. This is then followed by the addition of aniline to the 2-position of the indole
nucleus which is followed by cyclisation and hydrogen elimination reaction to ultimately

lead to 44.119

Rull =N Ry =N

SCHEME 1.18: The formation of 44 in a catalytic ruthenium reaction employing 45
and aniline

The azacarbazole nucleus can also be synthesised by using a novel aza-Wittig type

reaction followed by ring closure with heating as shown in Scheme 1.19. 108,121

Catalytic palladium based chemistry has found use in the formation of the azacarbazole
nucleus. 196116118 Ag shown in Scheme 1.20, the Buchwald-Hartwig amination reaction,

can be prepared using exotic phosphine ligands.
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SCHEME 1.20

Lastly, an interesting light mediated ring closure reaction was discovered by Frolov and
Baklanov in which for example, the substituted pyridine 47 undergoes cyclisation in
the presence of light to form azacarbazole 48 as shown in Scheme 1.21.122 There are,

however, only a few examples to illustrate the scope of the reaction.

Cl Cl

ISUSRNEN R g
1 N N
H H
47 48

SCcHEME 1.21

1.7 Project aims

The purpose of this PhD project is to develop novel methods for the synthesis of nitrogen
containing heterocycles belonging to the azaindole and azacarbazole classes. However, it
was also thought to be prudent to test a number of our synthesised heterocycles against

the parasite of African sleeping disease and malaria as well as against cancer.

Malaria and African sleeping sickness are some of the most neglected diseases in our

world today due to their prevalence in the third world in poorer areas where there is no
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financial base to cover the costs of development and manufacturing of these drugs. A
breakthrough in this field will help with the adaptability of malaria, its ability to gain
quick resistance over medical treatments and Trypanosoma brucei where the treatments
are difficult and tedious with long and painful treatment programs. We live in Africa,

therefore we should make a difference on our own continent.

Cancer is another large research field where the focus is on more specific treatments
that effectively remove all types of tumour cells. Current chemotherapy has many side
effects, and some can even further DNA damage. A breakthrough in this field would

transform the way we look at and diagnose cancer.

The 7-azaindole and a-carbolines nucleus was chosen as synthetic targets in this project
because of the potential for biological activity due to the corresponding activity seen by
their indole counterparts. The methodology required for their synthesis will follow the
logic which carbazoles and 7-azaindoles have been synthesised and hopefully adapted to
the synthesis of a-carbolines ( Figure 1.25).8%:91:123 The novel approach undertaken in
this study will give a range of available 7-azaindole and o-carbolines that will compli-
ment those found in literature, as well show the versatility of key reaction steps. For
example one key reaction would be the light mediated ring closure reaction to form
the final @-carboline core which was discovered and developed at the University of the
Witawatersrand. The study will include the synthesis of not only «-carbolines, but
2,2’-bis-T-azaindoles as shown in Figure 1.25 as coordinating ligands for metals. The co-
ordination of metals to these nitrogen rich organic molecules will be attempted in order

to improve their activity according to what has been seen when other hybrid molecules

124-130

have been developed for their biological activity and selectivity.

Ficure 1.25: The target compounds of this study: «-carbolines and 2,2’-
bis-7-azaindoles



Chapter 2

Synthesis of a-carbolines

2.1 Introduction

The literature survey of the synthesis and biological activity of indoles, carbazoles and
azaindoles is covered in great detail in the introductory chapter of this thesis. It is clear
that the synthesis of this class of biological compounds is of great interest and generating

novel methods for their synthesis is critical.

a-Carbolines are the focus of this chapter, and their synthesis is described. a-Carbolines

are similar in structure to carbazoles, with an added nitrogen atom as shown in Figure 2.1

N /N
NT™N
H

FIGURE 2.1: a-Carboline

2.1.1 Important reactions

The synthesis of a-carbolines in this project requires some important reactions. These

reactions will be discussed in greater detail in this section.

33
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The Sonogashira reaction - linking the many parts together

The use of palladium in C—C bond forming reactions has a rich history, spanning several
decades and several Nobel prizes as reward for those who drove the development of this
field. 1317133 The C—C bond forming reaction that will be focused on in this project is
the Sonogashira coupling reaction as this reaction couples organo halides with termi-
nal acetylenes. This reaction was first independently noted by several groups in 1975,
however only Sonogashira et al. made use of copper as a co-catalyst. 33135 The first

example of this is shown in Scheme 2.1

(PPh,),PdCl,, Cul, rt or 90 °C
R-X + R—= - — R—=
NHNEt,, HNEt; or piperidine

|
~

R = Aryl, Alkenyl; X = I, Br, Cl, OTf;

SCHEME 2.1: The first example of the copper catalysed Sonogashira reaction. 133

For the next 30 years there was very little development of this reaction. Three problems
plagued its use namely: the formation of homo-coupled products through oxidative
dimerisation, the lack of catalytic systems that are active enough to use organo chlorides
as substrates and finally the increase of TON (turn over number), which is a measure

of catalyst stability. 131133

These challenges are discussed in detail in this chapter where these very issues plagued

our synthesis of the desired Sonogashira coupling products.

Over the past two decades researchers have overcome many of these challenges by shifting
to Heck catalytic type systems as this reaction does not require the copper co-catalyst. 133
However, this is not strictly the same reaction any more, as the mechanism of these
reactions differ greatly. The Heck reaction relies on the migratory insertion of the

alkyne, whereas the Sonogashira reaction relies on the transmetalation of the alkyne

from the copper co-catalyst which readily reacts with terminal acetylenes.

Catalysts that are active enough for such catalytic systems employ the use of bulky

ligands such as 49 and 50 phosphine ligands which are shown in Figure 2.2, 131,132,136
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49 50
Ruphos Q — Phos

FicURE 2.2: HIgh performing ligands used in Sonagashira reactions

t-BuOK and light mediated ring closure - forming the final aromatic ring

At the University of the Witwatersrand the serendipitous reaction of 2-allyl substituted
benzaldehyde 51 to form naphthalene 52 in 48% yield instead of forming the expected
styrene 53 as shown in Scheme 2.2 was discovered when the reaction was left over
night. 137 Failure in this case led to a new research area, and has been used to synthesise
several fused aromatic systems. Interestingly it was found that using light influenced

the reaction, increasing the yield to 56% in this example.

4 N\
N\ N\ AN
O 0] O
0 #-BuOK OO 0
_>
I OBn I OBn I OBn
51 52 53
|\ J

SCHEME 2.2: The serendipitous discovery of ¢-BuOK and light mediated ring closure
of substituted benzaldehydes to form naphthalenes. 37

This novel process was then carried out on a larger library of compounds and a general
method for synthesising naphthalenes from isovanillin was proven successful as shown

in Scheme 2.3 where 54 is transformed into 55 and 56.137

This is achieved by first functionalising the phenol of 54 with a substituted allyl group
to form 57 which then further undergoes a Claisen rearrangement to form 58 and 59.
The Claisen rearrangement products differ due to different substituents on the allyl
group. This was then followed by protecting the resulting phenol with an -Pr group
and performing the novel :--BuOK and light mediated ring closing reaction to yield the

corresponding naphthalene products 55 and 56.
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SCHEME 2.3: A general method of the synthesis of naphthalenes from 3-
hydroxy-benzaldehydes. 137

It was also noted that ketones (60, 61) could also be used as substrates as shown

3.137 The formation of a

in Scheme 2.4 to form biaryl naphthalene products 62 and 6
new biaryl axis through the formation of the new benzene ring shows the versatility of

this reaction.

A subsequent paper showed an increased scope on this novel reaction, the allyl group
was replaced with a tolyl group, which was shown to undergo the same ring closure
in order to yield polyaromatic compounds such as phenanthrenes.® The reasoning was
that a similar double bond system intermediate arises as in the allyl functionality series

of compounds, which would then react further with an aldehyde or ketone as shown
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I OBn I OBn
60,61 62,63

SCHEME 2.4: The further scope of a typical {-BuOK light mediated ring closure in-
cluding bulky ketone substrates. 137

in Figure 2.3. The result was a novel method for synthesising phenanthrene products.

R__~
R
V\wRJ\%R\)”@

FI1GURE 2.3: The similarity in using allyl and tolyl substrates in the -BuOK and light
mediated ring closure reaction. 33

The general method for synthesising these o-tolyl-benzaldehydes start with the ace-
tophenone bromide (64), which is then coupled to a boronic acid (65) through a Suzuki
coupling reaction and lastly subjected to --BuOK, light and DMF to form (66) as shown

in Scheme 2.5.88

OH
R! o B \@R3
0 :

65 R2

R2 Br Pd

R2
R2

R3
67

SCHEME 2.5: A general method for the synthesis of phenanthrenes. 8%

The scope of this reaction was then further expanded to the synthesis of benzo|a]carbazoles

from indole as shown in Scheme 2.6.88:89

The expansion of this work to a-carbolines, the focus of this chapter, was therefore a

novel concept and an important aspect to address in this PhD.
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\ \ R3
68 67

SCHEME 2.6: A general method for the synthesis of benzo[a]carbazoles. 888

2.1.2 Initial synthesis plan

The initial synthesis plan of this project is built on previous work done on 7-azaindoles

and benzo-fused carbazoles in our laboratories. The retrosynthesis is shown in Scheme 2.7.

SCHEME 2.7: The retro synthetic analysis of benzo- fused o-carbolines with bond
dissociations shown with dashed lines

The retrosynthetic steps are based on methods we have used for the synthesis of benzo-
fused carbazoles and 7-azaindoles.?%°1:123 The a-carboline core can be separated into
two smaller fused units, namely a fused 7-azaindole and naphthalene core as shown
in Figure 2.4. The breaking up of these two sub units with the reactions described allow

us to synthesise the smaller precursors from 2-aminopyridine and methylbenzene.

a-Carboline 70 can be synthesised from a-carboline 71 by utilising a debenzylation

procedure. The procedure chosen in this synthesis was that utilised in our laboratories
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FIGURE 2.4: The two units of the desired a-carboline core, namely that of 7-azaindole
and naphthalene

previously in the synthesis of carbazoles, namely through the use of A1C13.89 We hoped
the formation of the a-carboline core 71 could be achieved through a t-BuOK and light
mediated ring closure reaction on azaindole 72, as previously utilised in the synthesis
of carbazoles from similar indolic compounds.®? The formylation of azaindole 73 can
be accomplished through the Vilsmeier-Haack reaction, again, as utilised by de Koning
et al. in the synthesis of carbazoles from indoles.®® The indolic nitrogen in position 1
requires a protecting group in order for azaindole 72 to undergo the light mediated ring
closure reaction, and can be achieved through benzylation. Benzyl protected azaindole
73 can be formed from azaindole 74 by utilising a base and BnBr. The synthesis of the
7-azaindole core can be achieved through the use of an acid mediated ring closure method
devised by Leboho et al. in our laboratories from the 2-aminopyridine core.'?? This ring
closure reaction will attempt to transform 2-aminopyridine 75 into azaindole 74. The
methylbenzene functionality can be included through the use of a Sonogashira coupling
reaction of 2-aminopyridine 76 and 1-iodo-2-methylbenzene. The triple bond bridge
required to join the 2-aminopyridine and methylbenzene cores can be introduced by
first coupling 2-aminopyridine 78 with ethynyltrimethylsilane to form 2-aminopyridine
77 through a Sonogashira cross-coupling reaction, followed by the removal of the silicon

protection group through the use of TBAF to form 2-aminopyridine 76.

2.2 Synthesis of the organic framework

Bromination and iodination of substituted 2-aminopyridines

The introduction of the acetylene functionality for the formation of 75 on the 2-amino-
pyridine starting material requires a halide from which the palladium can oxidatively
add to and then introduce the acetylene. The halide used in this case is the bromine
atom. Bromination on the 3 position of the 2-aminopyridines is needed for the acetylene

to be in the correct position. Fortunately the amine on the pyridine is an ortho and para
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director, which allows selective substitution on the 3 and 5 positions. It was decided to
choose several starting materials that were substituted in the 5 position as to allow only
substitution on the 3 position. The 2-aminopyridines substituted with a chloride and a
methyl group on the 5 position were chosen. The reasoning behind this decision was to
synthesise a-carbolines that were relatively electron poor with the chloride substitution,
and relatively electron rich with the methyl substitution. Commercially available 3-
bromo-2-aminopyridine was bought and used as a starting material to generate the most
simple form of the a-carboline scaffold and to be used as a comparison in the different

synthetic steps in relation to the chloride and methyl substituted intermediates.

It was also decided to functionalise the 2-aminopyridine with a bromide in the 5 position.
This can only be done when an iodide is used as the oxidative coupling partner in
the Sonogashira reaction later in the synthetic route as the iodide is magnitudes more
reactive than the bromide in palladium catalysed reactions, allowing for no coupling to

occur on the 5 position and and for the bromide to remain in place.

Bromination of 5-methyl-2-aminopyridine 2-aminopyridine and 5-chloro-2-aminopyridine
by the use of Br, and NBS worked well with yields greater than 70% as shown in Fig-
ure 2.5 below. The more electron rich 5-methyl-2-aminopyridine showed higher yields as
compared to 5-chloro-aminopyridine, as the increased electron density on the ring allows
increased reactivity with bromine. The bromination of 2-aminopyridine, however, was a
little more challenging as di-bromination could take place in both the 3 and 5 position.
Dibromination was avoided by selectively reacting on the 5 position. The reaction was
cooled down to 0 °C and 1 equivalent NBS (N-bromo-succinimide) was added slowly.
The bromine atom in the 5 position of 2-aminopyridine 79 ensures that the subsequent

iodination would be directed to the 3-position.

Cl Br
A
|\Br U Brl\

z
z N~ 'NH, P
N~ "'NH, N~ "NH,
80 81 79
Bry 70%
Bry 85% NBS 71%
NBS 85%

FIGURE 2.5: Bromination of 2-aminopyridines

Inspection of the "H NMR spectra of 80 and 81 showed the disappearance of an aromatic

peak, with only two doublet peaks that have coupling of less than 2 Hz, which is in the
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range of meta coupling. The '*C NMR spectra showed 3 quaternary carbon sites, marked
by much smaller peaks, showing that substitution occurred. The NMR spectra of 79
similarly showed the disappearance of an aromatic signal in the 'H NMR spectrum, but
in contrast to 80 and 81 showed three signals, two doublets (positions 6 and 3) and one
doublet of doublets (position 4) and the appearance of another ipso carbon in the 13¢C

NMR spectrum.

The NBS showed better reactivity than molecular bromine, as is seen in the synthesis
of 81 which had a deactivating chloride in the 5 position. It was found unnecessary to

use NBS in the synthesis of 80 as the reaction with Br, proceeded satisfactorily.

Due to the poor electrophilic nature of iodine, it needs to be activated in order for direct
iodination of aromatic compounds to occur. This is usually achieved through oxidation

138 Tn our laboratories

of the iodine and additives such as silver salts can be employed.
this proved ineffective in the electrophilic substitution of 2-aminopyridines.''! It was
found by Leboho that the mixture of iodic acid, KI and I, in strong acidic conditions
at elevated temperatures was required for the direct iodination of 2-aminopyridines. !
The iodination of 79 proved successful in this project, and 82 formed with a yield of

80% as shown in Figure 2.6.

Br | N I
NZ > NH,
82
80%

FIGURE 2.6: Iodination of 79 to form 82

The simplification of the "H NMR spectrum by the disappearance of an aromatic peak
so as to be similar to the NMR spectra of 80 and 81 showed that the substitution was

successful.

2.2.1 Sonogashira reaction of substituted 2-aminopyridines with ethynyl-

trimethylsilane

The coupling of 2-aminopyridines with ethynyltrimethylsilane was the next step in the
synthesis towards a-carbolines and was required to form the core 7-azaindole scaffold.

A general scheme is shown in Scheme 2.8
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2 SiMes
| x _a R N Z
N NH, | z
N NH,
R = H (78—77), Me (80—83), Cl (81—84)
a - THF, TEA, Pd(PPh,),, Cul, ethynyltrimethylsilane

R

SCHEME 2.8: The Sonogashira reaction in the synthesis of substituted 2-aminopyridines

The Sonogashira coupling reactions with 2-aminopyridine bromides 3-bromo-2-aminopyridine,
80 and 81 with ethynyltrimethylsilane failed initially. Palladium black would often form
on heating, showing removal of active palladium species from the reaction mixture, lead-
ing to no observed coupling. The reaction methodology used was developed in our labo-
ratories previously and utilised Pd(PPhy), as catalyst with THF as solvent and triethyl
amine as base. The catalyst loadings were in the range of 5-10 mol %. In the presence
of a little oxygen the reaction would fail, and it was found to be difficult to consistently
set-up the reaction so that oxygen was excluded. All solid components of the reaction
were placed in a two neck round bottom flask and fitted with a dropping funnel. The
oxygen was then removed be repeatedly evacuating the round bottom flask and filling it
again with N,. The THF, triethyl amine and ethynyltrimethylsilane was then degassed
in the dropping funnel by bubbling N, through for a period of of over 10 minutes. It

was difficult to see how oxygen could get into the reaction mixture.

The focus was then shifted towards stabilising the catalyst and was achieved through
several optimisations. Firstly, it was found that the solvent system used caused the
catalyst to have an unnecessarily low concentration. The v/v ratio of THF to triethyl
amine was adjusted to 1:1 and the equivalents of triethyl amine kept to 6 in relation
to the 2-aminopyridine as was described in the previous method. This reduction in
reaction mixture volume from the typical 100 ml to 40 ml would allow the palladium
species generated to be in an environment in which the phosphine concentration is high
enough so as to stabilise it and to stop the the aggregation of palladium species which
forms palladium black. Further, the equivalents of PPhy in relation to the palladium
was increased to 5 from the 4 initially received in Pd(PPh,),, so as to increase the
phosphine concentration further. This was achieved by adding PPh, in addition to
Pd(PPhy), to the reaction mixture. The change of catalyst from Pd(PPh,), to the
precatalyst Pd(OAc), was also employed, which reduced the need of freshly preparing
oxygen and light sensitive Pd(PPhy), on a regular basis, because, Pd(OAc), is stable
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to air and bought commercially. The Pd?* species would then be activated to the 0
oxidation state in the reaction mixture through dimerisation of the acetylene present.
Further it was found that addition of the Cul after everything has been added to the
round bottom flask and the reaction mixture stirred for several minutes so as to allow the
formation of a stable catalyst system was critical. It was observed that the presence of
Cul in the initial stages of catalyst formation would induce palladium black formation.
The changes to the method proved robust and so stable that even when the solvent and
triethyl amine was not sufficiently degassed or when the N, source proved to fail and air
was allowed in to the system no palladium black formed and high yields were obtained
consistently. The equivalents of catalyst loading was then reduced to 1 mol % in relation

to the 2-aminopyridine without any loss of catalytic activity. The yields of 83, 84 and

77 are shown in Figure 2.7.

SiMes SiMej SiMes
N 7 Cl A N Y
L. » L.
N NH, N NH, N NH,
83 84 77
82% 4% 96%

Conditions - Substituted 2-aminopyridine (1 eq.), Pd(OAc), (0.01 eq.), PPh,; (0.05
eq.), Cul (0.01 eq.), (TEA 6 eq.), THF (equal volume in regards to TEA),
ehthynyltrimethylsilane (1.2 eq.)

FIGURE 2.7: Yields of the initial Sonogashira reaction of bromide substituted 2-
aminopyridines

The purification of these compounds were previously done by silica chromatography
in our laboratories. This was found to be unnecessary as the basic properties of 2-
aminopyridines allowed for the separation through acidic extraction of the reaction mix-
ture. This extraction using aqueous HCI allowed for the separation of 2-aminopyridine
compounds from the phosphine used in the reaction, as well as any other non-basic or-
ganic material that might have resulted from some decomposition side reactions. In low
pHs 2-aminopyridines become readily soluble in water. The isolated water layer from
the work up can then be made basic to a pH in which the 2-aminopyridine and triethyl
amine from the reaction forms another liquid layer. this can then be isolated from the
water using another work up and by running the crude through a short plug column to

ensure the removal of any metal contaminants and removal of solvent and triethyl amine
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by vacuum. It was found that the 2-aminopyridine product was in sufficient purity to

not need further purification.

Crystal structures of 83, 84 and 77 were solved from data collected after growing crystals
in a saturated solution in hexane and are shown in Figure 2.8, Figure 2.9 and Figure 2.10

respectively.

FIGURE 2.10: Crystal structure of 77 drawn with 50% probability ellipsoids
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The selective Sonogashira reaction shown in Scheme 2.9 of the iodo-substituted 2-

aminopyridine 82 at room temperature with ethynyltrimethylsilane to form 85 proved

successful.
~ SiM63
Z
Br N 1 Br N
I 2 |
P _— zZ
N NH; N NH,
82 85
78%

a- 82 (1 eq.), Pd(OAc), (0.01 eq.), PPhy (0.05 eq.), Cul (0.01 eq.), (TEA 6 eq.), THF
(equal volume in regards to TEA), ehthynyltrimethylsilane (1.2 eq.), r.t

SCHEME 2.9: The Sonogashira coupling reaction utilised to form aminopyridine 85

The reaction procedure was the same as that of optimised procedure used with the
bromide containing compounds, only that the reaction mixture was not heated and only
4 equivalents of PPh, was added. This proved effective as the bromide in the 5 position
of 82 was untouched and the iodide in the 3 position was substituted. This is most
likely due to the lower bond dissociation energy of C-I (270 kJ.mol~!) as compared to
C-Br (330 kJ.mol~!), as the oxidative addition step is the limiting step in the palladium

catalysed Sonogashira cycle. 3! The crystal structure of 85 is shown in Figure 2.11.

FIGURE 2.11: Crystal structure of 85 drawn with 50% probability ellipsoids

In addition to the crystal structures, the NMR spectra of the substituted 2-aminopyridines
showed the presence of the acetylene functionality. In the 'H NMR spectra a new singlet
close to 0 ppm was observed that had an integration of 9H. This peak shows the three
methyl groups from the silane functional group. In the '3C NMR spectra the addition

of two new peaks close to 100 ppm showed the acetylene functionality was present.
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The modifications to the Sonogashira coupling reaction conditions proved critical in the
substitution of halides in the 3 position in 2-aminopyridines to improve the catalyst sta-
bility and transform the reaction into a robust and repeatable reaction with sufficiently

high yields.

2.2.2 Desilylation of ethynyltrimethylsilane substituted compounds

The deprotection of 83, 84 and 77 would furnish the reactive acetylene C—H required
in the second Sonogashira coupling reaction for our synthetic route. The silyl group
is removed in the presence of fluoride ions, and is replaced by a hydrogen atom. As
fluoride salts are usually very insoluble in organic solvents TBAF (tetrabutyl ammonium
fluoride) is used as the fluoride source, as it is both very soluble in most organic solvents
and is a fluoride salt. In most cases TBAF is added in a 1:1 molar ratio to the silane
group that is to be removed, however, after optimising the reaction it was found that
only 10 mol % was required. The usual solvent system used in these reactions is THF,
either wet or dried depending on the nature of the reaction. The modified solvent system
uses water: THF in a 1:4 ration. If this reaction mixture is left overnight in the presence
of either 83, 84, 77 or 85 at room temperature the reaction furnishes the acetylene
substituted 2-aminopyridine. The reaction could also be heated at reflux for an hour,
but would, however, not give such a clean reaction as compared to when done at room

temperature. The yields for this reaction are shown in Figure 2.12.

S S S G

N Z cl ~ Z ~ Z Br N Z
» L. L. »

N NH, N NH, N NH, N NH,

86 87 76 88
96% 96% 96% 96%

FIGURE 2.12: The silyl deprotection of substituted of 2-aminopyridines

The use of only 10 mol % TBAF shows that the active desilylating agent is regenerated
in the reaction. The two active species that could remove the silyl group is either the
fluoride ions present, or the hydroxyl ions generated upon the neutralisation of the
acetylene anion formed after the silyl group leaves.

F~ + RSiMe; — R~ + Me,SiF
R™ + H,0 — RH + OH™
OH™ + RSiMe; — R~ + Me;SiOH
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It was noted, however, that when these reaction conditions were tested on more hy-
drophobic compounds that only a small portion of the starting material would desily-
late. This could potentially show that hydrogen bonding with water is required in this

system in order for the active species to interact with the starting material effectively.

Crystal structures of 86, 87, 76 and 88 are shown below in Figure 2.13, Figure 2.14, Fig-
ure 2.15 and Figure 2.16. The crystals were grown from saturated solutions of the

subsequent 2-aminopyridine in hexane.

FIGURE 2.15: Crystal structure of 76 drawn with 50% probability ellipsoids
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FIGURE 2.16: Crystal structure of 88 drawn with 50% probability ellipsoids

The removal of the silyl group can be seen very clearly in the NMR spectra of the
products. The '"H NMR spectra show the removal of the singlet at close to 0 ppm that
integrated for 9H, and is replaced by a singlet at roughly 3.4 ppm that integrates for only
1H. This singlet is from the terminal acetylene proton. The '3C NMR spectra shows

both acetylene peaks move from close to 100 ppm in the starting material to close to 80

The reactions proved very efficient and with the modifications to the reaction procedure

the amount of TBAF required for the reaction is reduced significantly.

2.2.3 The Sonogashira reaction of acetylene substituted 2-aminopyridines

and 2-iodotoluene

The coupling of the terminal acetylene compounds 86, 87 and 76 with 2-iodotoluene to
give 89, 90 and 75 respectively is the next step in our synthesis. Note that brominated
compound 88 was not subjected to the following reaction conditions, but was instead
subjected to the improved condition later discussed in this chapter as its synthesis was
performed at a later stage in the project. This coupling gives us our second aromatic
ring for the assembly of azacarbazole, and gives the methyl group that will later be used
in the t+~-BuOK and light mediated ring closure reaction to form our final aromatic ring

and yield our desired a-carboline. the general reaction scheme is shown in Scheme 2.10.

The second Sonogashira was initially expected to proceed as the first with high yields,
especially since an aromatic iodide will be used in conjunction with the acetylene sub-

stituted 2-aminopyridine. This was, however, not the case. The reactions performed on
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NZ >NH,
R = H (76—75), Cl (87—90), Me (86—89)
a - Pd(OAc),, Cul, TEA, THF, PPh,

SCHEME 2.10: The second Sonogashira coupling of acetylene substituted 2-
aminopyridines with 2-iodotoluene

86, 87 and 76 produced mostly dimer homo-coupled products 91, 92 and 93 as shown
in Scheme 2.11.

R

P
N° 'NH

NH, H,N
R = H (76—93), Cl (87—92), Me (86—91)

SCHEME 2.11: The formation of homo-coupled product from the Sonogashira coupling
reaction as a side reaction product

The homo-coupled product appears as a yellow precipitate and upon inspection of NMR
spectroscopy showed the disappearance of the acetylene proton at 3.4 ppm on the 'H
NMR spectrum. Compound 86 gave a mixture of products. The yellow precipitate could
be filtered off using a Celite plug. The reaction mixture could then be further worked up
and compound 89, which was the intended o-tolyl substituted 2-aminopyridine product,
was isolated in a 15% yield. The expected o-tolyl substituted products of 87 and 76
were in even lower yields, with the chloride compound 90 isolated in trace amounts.
This shows some loose correlation with electron density on the pyridine ring, with the

more electron rich compounds giving higher yields.

The formation of homo-coupled products was further tested by using known copper
catalysed dimerisation reaction procedures from literature.!3® The reaction procedure
uses copper(I) acetate and piperidine in acetonitrile in the presence of air.!3? The same
yellow precipitate was recovered and gave the exact NMR, spectra observed as the yellow
precipitate from the Sonogashira coupling reaction. The presence of the copper in the
reaction can thus be seen as the reagent that brings about the homo-coupling side

reaction.
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The mechanism of the copper catalysed homo-coupling was then further investigated,
and it was found to be well documented in literature.'*? The overall reaction pathways
of copper in the Sonogashira coupling reaction can be seen in Scheme 2.12. A copper
complex formed by coordination of amine molecules present in the reaction (94) first
reacts with the acetylene by coordinating to the triple bond. The base present in the
reaction mixture deprotonates the acetylenic proton, which is now much more acidic
due to coordination of the triple bond to the copper. The copper then migrates to
the new carbanion at the end of the acetylene forming 95. Once this neutral complex
forms it is readily oxidised by oxygen, generating a +1 species (96) with a hydroxyl
group attached. This +1 species then interacts with another molecule that is in the
same state, i.e. bound to the acetylene and oxidised. This forms a copper dimer type
complex which then decomposes to form the acetylene dimer (97) and regenerate the

copper species. 140

In a Sonogashira coupling reaction the stated copper pathway is a side reaction, and
reduces the yield of the desired product significantly, as seen in the results of this section
so far. In the Sonogashira reaction the coupling of the copper to the acetylene is desired,
but then must transmetalate with 98 in order to form 99 which can be reactivated by

the removal of the halide which was received from the palladium in the transmetalation

reaction.
R————=——R
+ L Cu(OH)=—R
2H,0 96
97
O
2
[L.Cu]* =—R L Cu=-R
94 -[LHJ* 95
K
. S
R S
L,CuX
99
R: any aliphatic or aromatic functionality; R?: any aromatic functionality; X: Cl, Br, I;
L: amine

SCHEME 2.12: The oxidation cycle of copper in the Sonogashira reaction 131,140,141
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In the Sonogashira coupling reaction we can see two opposing reaction pathways for the
copper acetylide 95. The two pathways compete with one another, and in the Sono-
gashira coupling reaction the homo-coupling pathway needs to be slowed and out com-
peted by the transmetalation pathway. As seen from the results of Sonogashira coupling
reactions in this chapter the nature of the acetylene influences which pathway is pre-
ferred. The electron rich ethynyltrimethylsilane couples well with the 2-aminopyridine
substrates used previously in the Sonogashira coupling reactions. In this synthetic step
it is also seen that the more electron rich substrate 86 has a higher yield than the more
electron poor substrate 87. The acidity of the acetylene is increased, causing higher con-
centrations of 95, as the coordination and deprotonation reactions are accelerated. If
the palladium species 98 is present in low concentrations and sufficient oxygen is present
more 96 would be formed than 99 as a result. In order to accelerate the formation of 99
over that of 96 several adjustments must be made to the catalytic system in the reaction
mixture. Firstly, oxygen must be excluded as vigorously as possible. Small amounts of
oxygen still seemed to be present in the reaction mixture, even under the best attempts
of excluding it and so needed to be worked around. Secondly, the concentration of 98
needs to be increased. This oxidative step is the rate limiting step in the catalytic pro-
cess. 3! The Pd(PPh,), catalyst system used until this point has decent activity and is
easily accessible and affordable. These properties make Pd(PPh,), widely used, and as
a first option in many coupling reactions. There have been, however, many advances
in ligand design with ligands that show orders of magnitudes greater activity in pal-
ladium systems. 3! The increase in activity can be achieved by increasing the electron
donating potential of the phosphine, as increased electron density on the palladium will
increase its oxidation potential and increase the affinity for oxidative addition. The
active palladium species in the reaction is not the fully coordinated palladium species.
This fully coordinated palladium species is inert and stable and will not react with any
aryl halide present in the reaction mixture. The palladium needs to undergo the loss of
a ligand in order to become active. According to Colacot the active palladium species
is one with only one phosphine attached (100) and a short reaction pathway is shown
in Scheme 2.13. This palladium species is very unstable and so very reactive. Pushing
the equilibrium towards the generation of this very reactive species can be done by in-
creasing the bulkiness of the ligand. When the ligand design is very bulky unfavourable
interactions occur between these bulky ligands coordinated to the palladium and they

become more labile. 131,142
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0
L,Pd’ = L,Pd’ = L,Pd’ —| L4 RX
100
R—==R! [LRPdX]**
Llcux
[LRPd=—R!]>* L!Cu=—R!

SCHEME 2.13: The catalytic cycle of the Sonogashira reaction 3!

In the first reaction of this synthetic project the concentration of this species was
lowered through addition of excess ligand, as catalyst stability was desired and the
ethynyltrimethylsilane was reactive enough to furnish coupling products in high yields.
The next logical step of solving this homo-coupling problem was then to increase the
activity of the palladium species through modifying the ligand used in the reaction.
It was decided that catalyst stability should not be compromised, as robust and re-
peatable reaction procedures are important in synthetic projects. In palladium ligand
systems catalyst stability and increased activity can be achieved through the use of
bis-phosphine ligands. This class of phosphine ligands have two phosphines on one
molecule and form bidentate complexes. Bidentate ligands are not removed from the
metal so easily, as even when a phosphine dissociates from the metal it is always kept
in close proximity through the physical link to the other phosphine on the molecule
that is still coordinated. The close proximity of this detached phosphine allows it to
re-engage quickly and so keep the palladium in this case stable. Due to the strong
binding affinity of these bidentate ligands they can be added in equimolar quanti-
ties as compared to that of the palladium and still furnish a stable catalyst as in
comparison to the catalytic system devised in the first part of this synthesis where
5 equivalents of phosphine was added in order to furnish a stable catalyst. Several lig-
ands were proposed, namely dppf (1,1’-bis(diphenylphosphino)ferrocene), BINAP (2,2-
bis(diphenylphosphino)-1,1’-binaphthyl) and ethylbis-diphenylphosphine. It was also
decided to increase the catalyst loading to 5 mol % as compared to that of 1 mol % used

in the first step of this synthesis.



Synthesis of a-carbolines 53

Attention was also given to the amine used in the reaction. Most Sonogashira coupling
reactions use triethyl amine, and use it in large concentrations as compared to that of
the palladium and copper. The use of the amine in this reaction has a dual purpose.
Firstly it neutralises the halide acid formed in the reaction, and the salt formed is often
seen precipitating out of the reaction mixture. Secondly, the amine coordinates to the
copper present in the reaction mixture. This coordination to the copper is critical.
Homo-coupling is reduced when the copper species present is highly coordinated. The
increase in complex stability will reduce the copper’s affinity to dimerize with another
active copper species present. In the reaction conditions used the concentration of the
amine is in excess 150 times that of the copper. This pushes the equilibrium in the

reaction as shown in Scheme 2.14 to that of [L;Cu]™ and [L,Cu]™.
Cut = [L,Cu]t —= [L,Cu]" = [L;Cu]t == [L,Cu]"

SCHEME 2.14: The complexation of copper when excess ligand is present

The amine in the reaction, however, does more than just coordinate to the copper. The
amine also coordinates to the palladium present, even if weakly. This coordination to the
palladium will lower the reactivity of the palladium in the reaction, as the concentration
of 100 will be lowered. This coordination occurs, because triethyl amine is relatively
small and flexible allowing the amine to easily bind to the palladium. In order to
combat this coordination an amine that is a poor nucleophile must be used. In our case
diisopropyl amine was chosen. the amine is still able to act as a base in the reaction,
and due to copper’s high affinity for amines still coordinate to it, but, will not be able
to coordinate to the palladium species present in the reaction mixture and will as result

furnish a much more active palladium species.

With the new reaction conditions tests were done on the ligands described. The 2-
aminopyridine chosen was 76. It was found that the dppf 101 gave the highest yields

as shown in Figure 2.17 with 75 at 65%, which is more than a four fold increase.

This result can be linked to both the electron donating potential of ferrocene into
the phosphine atoms and thus into the palladium atom, and the large bite angle of
the dppf on the palladium. 31143145 The bite angle of the phosphines are as follows:
101-dppf-99°; 102-BINAP-93°; and 103-ethylbis-diphenylphosphine-86°.

It was decided to use dppf as the ligand of choice and the other 2-aminopyridines were

also reacted to yield 90 and 89. The chloride 87 gave a lower yield of 45% (90) and
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PPh2 OO PPh, [

Fe

Pth OO PPh, PPh,
101 103

65% 102 0%
10%

PPh,

FIGURE 2.17: The effect of bidentate ligands in the reaction shown in Scheme 2.10

reacting the methyl substituted 86 gave a yield of 75% (89) as shown in Figure 2.18.
This corresponds to what is stated above that the more electron deficient the alkyne,

the more homo-coupling will predominate.

S G F
el fi/(; el
L. L. L.

N° 'NH; N~ "NH,

N° 'NH;
75 90 89
65% 45% 5%

FI1GURE 2.18: The effect functional groups on the pyridine in the modified Sonogashira
reaction

The NMR spectra of 75, 90 and 89 showed the introduction of a new aromatic methyl
signal in both 'H and '*C NMR spectroscopy experiments, as well as the disappearance
of the acetylene hydrogen peak at 3.4 ppm. The methyl peak is from the coupled o-tolyl

moiety and shows the coupling was successful.

The optimisations were successful, but, the yields were still not sufficiently high enough
for the continuation of the synthesis. It was decided to change the synthetic route
so as to avoid using acetylenes that were as electron poor as those of the substi-
tuted 2-aminopyridine 86, 87 and 76. The brominated 2-aminopyridines would be
coupled directly with 1-ethynyl-2-methyl-benzene to furnish 75, 90 and 89 as shown
in Scheme 2.15.

The methyl substituted benzene ring 1-ethynyl-2-methyl-benzene would be more electron
rich than that of 2-aminopyridine promoting less homo-coupling and better overall yields.

It was decided to synthesise the 1-ethynyl-2-methyl-benzene and use it freshly prepared
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UC(Q/Q

R = Cl (81—90), H (78—75), (80—89)
a - THF, Pd(OAc)Z, CuI, dppf, DIA

SCHEME 2.15: The synthesis of 75, 90 and 89

as the electron rich alkyne can readily undergo polymerisation in air. The synthesis of

1-ethynyl-2-methyl-benzene is shown in Scheme 2.16.

SiMe3
NH, Z Z
<j/\ HNO, a TBAF
THF
105
1% u

79%
a - THF, TEA, Pd(OAc),PPh;Culethynyltrimethylsilane

SCHEME 2.16: The synthesis of 2-methyl-phenyl-acetylene 107 with an overall yield of
32%

The synthesis of 105 from 104 gave low yields with a maximum of 47%. The reaction
conditions were varied so as to test the effect of different acids, different temperature
and different substrate concentrations. The reaction proceeds by first diazotizing the
amine to [R—N=N]" by using HNO,, followed by the addition of KI which facilitates
the decomposition of the diazo intermediate and the addition of the iodine atom to the
ring. An acid is added to NaNO, in order to generate HNO,. An initial yield of 23%
was achieved using HCI at 5°C with one equivalent of KI in the second portion of the
reaction. A method by Ullmann was then adapted in which H,SO, was used at 5°C and
2 equivalents of KI were used.!#6 A significant difference in the procedure was that KI
solution was cooled to 5°C and then the reaction mixture was added to this solution.
The second method gave the reported 47% yield. The reaction is so low yielding because
the intermediate is very reactive and readily decomposes to the corresponding phenol
in the presence of water. The phenol is removed in the work up by washing the hexane
used to wash the reaction mixture with concentrated NaOH. The phenol forms a salt
which is then solubilised in the NaOH solution. The 'H NMR spectrum of 105 shows
the disappearance of the amine peak, showing the displacement of the amine in 104

with an iodide in 105.
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The Sonogashira coupling reaction of 105 with ethynyltrimethylsilane to form 106
worked without any problem. The reaction condition used was triethyl amine as base, to-
gether with Pd(OAc), as palladium source and PPh, as ligand as described in Scheme 2.16.
Only 106 was isolated. The work up was done using hexane, so as to exclude the phos-
phine used, as well as a short plug column on flash silica using hexane as eluent. The
'H NMR spectrum of 106 showed the presence of a singlet at 0.256 ppm that integrated
for 9H, and the '*C NMR spectrum showed the presence of the acetylene with shifts at

104 and 98 ppm, showing that the coupling was successful.

The use of TBAF for the deprotection was not accomplished as previously stated with
the 2-aminopyridine substituted compounds. The 10 mol % catalytic loading of TBAF
in a mixture of water, THF and 106 only yielded 20% of 107 at room temperature and
50% under reflux overnight. Therefore, it was suspected that the hydrophobicity of 107
was the cause of this poor reactivity. The reaction was accomplished with good yields by
adding 1 molar equivalent of TBAF and stirring the reaction at room temperature for 1
hour after which water was added and the work up done. The 'H NMR spectrum of 107
showed the presence of an acetylene peak at 3.26 ppm. The shift of the acetylene peak
in comparison to that of the acetylene substituted 2-aminopyridines give an indication
of the electron density in these compounds. The shift of 3.26 ppm of 107 shows more

shielding as compared to the 3.4 ppm of the 2-aminopyridine compounds.

The overall yield for this synthesis was 32%, but, was low due to the low yield of the

diazotization reaction.

The reaction of the acetylene 107 with the substituted pyridines 80, 81 and 78 as seen
in Scheme 2.15 in the presence of palladium gave 75, 90 and 89 in moderate to high

yields as seen in Figure 2.19.

2 2 Z
~"7 A_~Z ~Z
[ [ [

N”  NH, N”  NH, N” NH,

75 90 89

92% 85% 80%

(65%) (45%) (75%)

F1GURE 2.19: The yields of 75, 90 and 89 in the convergent synthesis using acetylene
107 in comparison with using 3-alkynyl-2-aminopyridines 86, 87 and 76 (yields in
brackets for comparison)
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It was therefore found that using the convergent synthesis was of great success. The
dimerisation of 3-alkynyl-2-aminopyridines were avoided, making the work-up easier and

giving higher yields of 75, 90 and 89.

From the results observed the stronger the electron withdrawing potential on the sub-

stituted alkyne lowers the yield of the Sonagashira reaction as shown in Figure 2.20.

= N =z N Y Cl A\ =z
= SiMe; > > ) > | >
NZ >NH, NZ > NH, N” NH,

FIGURE 2.20: The comparison of reactivity of substituted alkynes in the Sonogashira
reaction

The formation of 75, 90 and 89 gave some challenges, but changes to the Sonogashira
coupling reaction conditions and a small change in the synthesis plan aided in giving

75, 90 and 89 in sufficient yields.

The methodology was then further applied to 2-aminopyridine 82 to generate 108 with
a yield of 66%. The substitution of the iodide in the 3 position was effectively achieved

at r.t., leaving the bromide intact at the 5-position. This is shown in Scheme 2.17.

Br N 1 P
| a Br =z
z R X
N NH, |
z
82 N NH,

108
a - Pd(OAc),, dppf, DIA, THF, Cul, 107, r.t., 66%

SCHEME 2.17: The synthesis of 108 utilising selective Sonogashira coupling of an iodide

2.2.4 Cyclization of 2-aminopyridines to form 7-azaindoles

The general cyclisation reaction of 2-amino-pyridines to form 7-azaindoles is shown

in Scheme 2.18

The method developed in our laboratories by Leboho et al. is the first reported acid
mediated ring closure of 2-amino-pyridine systems to yield 7-azaindoles.'?? The reaction
gave good to moderate yields of the desired products in the work done in this project as
shown Figure 2.21. It was however important to note that leaving the reaction for only

eight hours is critical as yields drop drastically due to decomposition after this time.



Synthesis of a-carbolines 58

R Z TFAA
| N TFA, A
P
N ~NH,

R = Cl (90—109), H (75—74), Me (89—110), Br (108—111)

SCHEME 2.18: The general TFAA and TFA mediated ring closure of 2-amino-pyridines
to form the desired 7-azaindoles

B

NN

H
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B
NN
H
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FIGURE 2.21: The yields of 7-azaindoles from the the ring closure of 2-aminopyridines

The "H NMR spectra of compounds 74, 109, 111 and 110 show the disappearance of
the amine peak at roughly 5-6 ppm and the appearance of an N-H peak at roughly 8-13
ppm. The 3C NMR spectra shows the shifting of the acetylene peaks to the aromatic

region as the azaindole ring is formed.

The amino group in the ring is acidic and can be deprotonated using a strong base
such as -BuOK followed by heating, in which nucleophilic attack on the triple bond
occurs, yielding the desired azaindole system as is seen in most literature procedures. '
In our reaction an acidic reaction mixture is used. As nucleophilic attack on an electron
rich acetylene functional group is unlikely, the use of an acid to activate the triple
bond system is required. However, this in turn limits the nucleophilicity of the amine
by protonation on an already poor electron donor. This was solved by generating the

trifluoroacetamide, which collapses, generating an anion that can react further. The

proposed mechanism is shown in Scheme 2.19.

The high shift of the N-H peak in the '"H NMR spectra can be understood by strong

hydrogen bonding dimers forming in solution as seen in the crystal structures of these
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SCHEME 2.19: The general TFAA and TFA mediated ring closure of 2-amino-pyridines
to form the desired 7-azaindole.

types of compounds as shown in Figure 2.23. This makes the 7-azaindoles readily crys-
talline, with higher melting points than the acetylene 2-aminopyridines (below 100 °C
as compared to above 150 °C for 7-azaindoles) 7-Azaindoles can be recrystallised from
ethyl acetate and isopropanol, whereas the 3-alkynyl-2-aminopyridine cannot since they
are too soluble. This shows that new flat & system and strong hydrogen bonding de-
creases solubility of the 7-azaindole as compared to other heterocycles previously made

in this synthesis.

FIGURE 2.22: Crystal structure of 74 drawn with 50% probability ellipsoids
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FI1GURE 2.23: Crystal structure of 74 showing H bonding dimer formation

2.2.5 Formylation at C-3 and protection of the azaindole at N-1

The formylation and benzyl protection of 7-azaindoles was necessary for the formation
of the final a-carboline structure of the final product. The +-BuOK and light mediated
ring closure reaction does not proceed without a protecting group at the N-1 position.

This was also seen in the indole counterparts. 3889

Therefore, the aim of this section of the synthesis is to generate the class of compounds
as shown in Figure 2.24 i.e. 112 that can undergo the final ring closure reaction step to

form the desired o-carbolines.

CHO
R
B
NN
Bn
112

R = Cl (113), Me (114), H (115)

FIGURE 2.24: The synthetic goal for this section in the synthetic route

In the previous synthesis of carbazoles, the indole containing compounds were first ben-

zylated and then formylated using POCl; and DMF as shown in Scheme 2.20.88.89
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CHO
-0 - 0 . OO
i Ba N

a - BuBr, KOH, NMP; b - 1) DCM, DMF, POCl, 2) water, NaOH;

SCHEME 2.20: The synthesis of benzo-fused carbazole precursors from indole by formy-
lation and benzyl protection

The methodology described, however, worked poorly with the 7-azaindoles as the benzyl
protection step generated multiple products as shown in Scheme 2.21. The pyridine
nitrogen atom is nucleophilic with a lone pair that is not conjugated with the aromatic
system. This allows the formation of several side products from this reaction. The
aromatic system in 7-azaindoles can facilitate N-benzylation on the 7 position as seen
with 116. The benzylated 7-azaindole 73 and 116 can be further benzylated to form 117
as a salt. Silica chromatography is required to separate these three different products

generated.

SCHEME 2.21: Products generated from the benzyl protection of 74. Note that starting
material was also recovered

Unfortunately, the attempted optimisation of this reaction yielded no better results.
Using stronger bases, lowering the reaction temperature and changing solvents still did

not stop the formation of 116 and 117.

Azaindole 73 was then taken and formylated by using POCl; and DMF, and 72 was
isolated with a 70% yield as shown in Scheme 2.22.

CHO
B S\
P> N a |
A NN
Bn
73 30

a - 1) DCM, DMF, POCI, 2) water, NaOH;

SCHEME 2.22: The synthesis of 72 from 73 using POCl; and DMF
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It was then decided after some consideration to reverse the reactions so as to formylate
74 first and benzyl protect after. The reasoning behind this was that the introduction
of a formyl group to the 7-azaindole system would decrease the electron density of the
7T-azaindole and will as a result decrease the electron density on the nitrogen atom in the
7 position. If this nitrogen atom is made less reactive the selective benzylation on the 1
position could be favoured. However, the formylation of 74 using POCl; and DMF was
not successful and starting material was recovered. This reaction typically works with
indole, and so the failure of this reaction can be attributed to the lowered electron density
in the 7-azaindole system. The active electrophile generated in the POCI; reaction is
not sufficiently electrophilic enough for the reaction to proceed, whereas in the case
of the benzylated 7-azaindole 73 this was not the case. The benzyl group donates
electron density into the 7-azaindole system, giving it the ability to react with the active

intermediate generated in this reaction.

In order to formylate the 7-azaindole an alternative formylating agent was required.
Another formylation method was found in which AlCl; and dichloromethyl-methyl-ether
in DCM is reacted with aromatic systems, which is in our case 7-azaindole. 4" The yields
of this formylation procedure on the 7-azaindoles synthesised were modest ranging from
35% to 65% depending on the electronic properties of the system with the chloride
substituted 7-azaindole 113 giving the lowest yield. It was also found that coordination
to the aluminium occurred, causing a precipitate which was difficult to work with, which
reduced the yields of this reaction in all cases. Another Lewis acid was then tested,
namely TiCl, as recovery of any coordinated product could be recovered by using a
concentrated solution of NaOH which transforms the titanium complexes to titanium
oxide. The precipitate formed with TiCl, remained as a suspension, allowing for normal
handling of the reaction mixture. The optimised formylation yields for 115, 114 and
113 are shown in Figure 2.25

CHO CHO - CHO
NN NZ N NN
H H H
115 114 113
57% 96% 35%

FI1GURE 2.25: The formylation results from the optimised reaction conditions
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The formylation products 113, 114 and 115 showed the typical sharp aldehyde signal
upfield of 10 ppm in the '"H NMR spectrum and a peak close to 180 ppm in the 3C

NMR spectrum showing that the reaction was successful.

The benzylation of the formylated 7-azaindoles 113, 114 and 115 were more successful
than the reactions on the 7-azaindoles. The electron withdrawing nature of the formyl
group was sufficient to encourage mono-benzylation in the correct position of the 7-
azaindole. The benzyl CH, peak in the 'H NMR spectrum would show the reaction
was successful, as well the typical pyridine proton pattern in which H-6 had a ppm shift
of between 8.5 and 8.9 ppm, and H-4 with a ppm shift just a little lower by roughly
0.2 ppm on the NMR spectrum. If the benzyl group attaches to the nitrogen atom in
the 7 position these peaks shift into the range of 7 - 7.6 ppm. The final yields for the
benzylation reaction resulting in 72, 118 and 119 is shown in Figure 2.26. 7-Azaindoles

72 and 118 were not isolated and treated as intermediates.

CHO
CHO CHO Cl
N x TN
B8 B »
Z~N z N I\{
N \ N 1\{ Bn
- 8 119
61%

FIGURE 2.26: The N-1 benzylation yields of 3-formyl-7-azaindoles

2.2.6 t-BuOK and light mediated ring closure

The t-BuOK and light mediated ring closure to form the desired a-carbolines worked
from the initial reactions performed on the 3-formyl substituted 7-azaindoles from the

previous section of the synthesis. The general outline for the reaction is shown in Scheme 2.23.

CHO
R
B
Z
N "N
Bn

R =H (72—71), Cl (119—120), Me (118—121)
a - t-BuOK, hv, DMF

SCHEME 2.23: The synthesis of a-carbolines from previously synthesised formyl 7-
azaindole compounds



Synthesis of a-carbolines 64

The general method included dissolving the formyl compound in DMF, heating it to
70 °C, adding t-BuOK and then stirring the reaction while exposed to UV light. The
UV light source used was a high pressure mercury vapour lamp, which gives general
emission in the UV spectrum from 253 nm to above 350 nm. Isolation of products from
the reaction mixture required the pouring of the reaction mixture into water, from which
the product precipitated as a solid. The reaction mixture must be exposed to the UV
light source for only 15 minutes, as decomposition of product was noted with exposure
times of greater than 15 minutes. o-Carboline 71 as shown in Figure 2.27 was isolated
with a yield of 82% using this method. a-Carboline 121 as shown in Figure 2.27 was
isolated with a yield of 35% from over two steps, namely the benzylation protection

reaction and the ring closure reaction.

82% 35%

Note that the yield calculated for 121 was for over two steps

F1GURE 2.27: Yield of a-carboline 71 and 121 from the stated ring closure reaction

The products were identified through their characteristic 'H NMR spectra which showed
the disappearance of the methyl peak from the tolyl group of the starting material in
this step, as well as the disappearance of the aldehyde peak and the further introduction
of two protons in the aromatic region. The crystal structures of 71 and 121 were
determined and shown in Figure 2.28 and Figure 2.29, and act as further confirmation

of the success of the ring closure reaction performed in this section.

During the course of this project the high pressure mercury vapour lamp used was
broken, and was unable to be replaced before the completion of this project. A low
pressure mercury vapour lamp was employed instead for the synthesis of the chloride
substituted a-carboline 120. The change in lamps effected the yield greatly and 120

was isolated in a low yield of 4% as shown in Figure 2.30.

The low pressure mercury vapour lamp has an emission spectrum with a sharp peak at
253 nm, which is in contrast to the broader spectrum of light emitted from the high

pressure mercury vapour lamp. It was also noted that no other organic compounds
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F1cUre 2.30: Yield of a-carboline 120 from the stated ring closure reaction using a
low pressure mercury vapour lamp
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were isolated in the synthesis of 120. However, large amounts of a dark material was
observed that was uncharacterised. This material was attributed to decomposition of
the material present in the reaction. This change from the previous reaction conditions
in which the high pressure mercury lamp was used suggests that the wavelength of 253
nm allowed for only low yields in this reaction, even if the wavelength is sufficient in
bringing about the desired ring closure reaction as seen with the isolation of 120. As a
reference the emission spectra of high and low pressure mercury vapour lamps are shown

in Figure 2.31
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FIGURE 2.31: The emission spectra of a low (left) and a high (right) pressure mercury
vapour lamp. Note that the quartz lamps used filters out the peak at 185 nm

A proposed mechanism by Chen et al. based on a similar reaction in which light is not

utilised is shown below in Scheme 2.24.

The reaction depends on the deprotonation of DMF to 122, which in the presence
of DMF will form 123 and 124. It was proposed in this mechanistic study that the
radical 124 reacts further with 125 to form the benzyl radical 126. This radical is
stabilised through resonance on the adjacent aromatic rings. This radical can then react
with the aldehyde on the molecule, forming a new C-C bond. The very reactive C—O -
radical on 127 can then abstract a proton from the DMF solvent forming 128 and
124. Dehydration of 128 to form the aromatic ring is the final step of the synthesis
forming the anthracene product 129. The details of this mechanism were elucidated by
radical scavengers confirming a radical reaction. Light is then not required in the ring

closure reaction studied, yet shows a catalytic effect when used, as well as an increase in
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125 126

| Single electron transfer

JO0lw O

129 128

\. J/

SCHEME 2.24: Proposed mechanism of the --BuOK without light mediated ring closure
reaction by Chen et al..*8

yield. The light can aid the reaction through the activation of the aldehyde. Aromatic
aldehydes have absorbance values in the range of 270 - 340 nm, as well as a secondary
absorbance value around 250 nm.'#? The excitation of the aldehyde through light can
lead to a singlet or a triplet state, and a single electron on both the carbon and the
oxygen. The synthesis of oxetanes for instance require the formation of the triplet state
for a successful reaction.'®® Radicals are generally in higher energy states than that of
other ground state electrons. Bonding forms through the interactions of orbitals with
these corresponding energy states, with orbitals of similar energy states showing the

greatest energy gaining effects and therefore greater bonding interaction.!%® With the
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example shown in Scheme 2.24 radical 126 is highly stabilised as noted, which gives an
energy lowering effect to this radical state. This energy lowering effect would as result be
sufficient to allow strong bonding interactions between the radical and the aldehyde on
the molecule as the orbitals involved would be close in energy levels. In the work done
in this study and in the synthesis of naphthalenes, anthracenes and carbazoles which
utilise at most only one adjacent aromatic ring as in contrast to the two in 125. This
gives a lesser degree of stabilisation in the radical formed, leading to lower yields in these
reactions because of less favourable orbital interactions. The light used in these studies
therefore show that the activation of the aldehyde to either the singlet or triplet state
aids in the C-C bond forming through bringing the required energy states of orbitals in
the reaction closer in energy level. In the ring closure reaction of this study intermediate

130 would thus be formed and allow for the formation of 131 as shown in Scheme 2.25.

O O
N N .
124
B

N N \
n Bn

SCHEME 2.25: Proposed mechanism of the --BuOK and light mediated ring closure
reaction.

This interaction will now be explained in greater detail and it will be assumed that a
triplet state is formed upon activation through light on the aldehyde. In Figure 2.32 we
see the interacting orbitals of the participating oxygen and carbon atoms. The one pair
combine to generate the ¢ and ¢* orbitals. This is the formal single bond. The next
pair of orbitals combine to generate the m and 7* orbitals. Notice that the m system
generated is the now the HOMO and the LUMO of the new system. Also notice that

7 is closer to the previous O, orbital used, and that the 7* system is closer to the C,
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system. This in turn reveals that the HOMO is in principle more similar to the O,

orbital than the C, and the 7* is thus the opposite.
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FIGURE 2.32: The combination of the p orbitals on C and O to generate the new ¢
and 7 system.

In Figure 2.33 we see the combination of the radical and the 7 system. On the left side
of the figure we see the ground state reaction, on the right the excited state. The idea
is that the SOMO interacts with the 7 system to generate a C—C ¢ bond, which is low
in energy, and a O- which is higher in energy than the C-. The bond is formed between
the carbon atoms because the radical is closer in energy level to the LUMO than the
HOMO and the HOMO sits mostly on the carbon atom. !°° In the excited state the C=0
is in the triplet state as seen in the synthesis of oxetanes from carbonyl and double bond
systems. 1152 In this state the double bond is effectively broken, this system closely
resembles the intermediate 131 which has the high energy radical on the oxygen atom.
This new system allows for the 7* and the SOMO to overlap generating a new ¢ bond.
The oxygen radical energy level is then raised. If we look at the net energies of both
systems the excited state system has a much greater lowering of energy than the ground
state system. This would explain why the reaction would proceed without light, but is

accelerated by the addition of light.

The final ring closure in the synthesis of a-carbolines were shown to be successful with
moderate to high yields achieved when the reaction was done with a high pressure

mercury vapour lamp. It must be noted the the wavelength of 253 nm emitted by a low
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FIGURE 2.33: The interaction of C- and C=0 to generate the new C—C bond. The
ground state reaction is shown on the left and the iv reaction shown on the right.

vapour mercury lamp does not allow for successful transformation to the a-carboline

product.

2.2.7 The final benzyl deprotection of 11-benzyl-a-carbolines

The final step in the synthesis of benzo- fused a-carbolines was that of the deprotec-
tion of the benzyl group in order to generate the unprotected a-carboline as shown

in Scheme 2.26.

R = Cl (120—132), Me (121—-133), H (71—70)

SCHEME 2.26: The final debenzylation step toward the synthesis of 11-
benzyl-a-carbolines

The final debenzylation proved troublesome. de Koning et al. removed the benzyl group
from protected carbazoles by using AlCl; in benzene.® This method, however, was not
successful when used in conjunction with 11-benzyl-o-carbolines. Reacting 71 at room

temperature overnight with AlCl, did not yield a-carboline 70. This was thought to be
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the pyridine nitrogen atom interfering by coordinating with the aluminium present, de-
activating the Lewis acid. The reaction mixture was then heated in order to promote the

bond breaking required. The reaction proved unsuccessful as decomposition occurred.

Benzyl groups can be removed through reductive processes using palladium on car-
bon in the presence of hydrogen, and became the focus in the pursuit of producing
a-carbolines from the corresponding 11-benzyl-a-carbolines. Basic reductive methods
as stated proved unsuccessful. Upon work up only starting material was isolated, and
that not all of it was recovered. This suggested that coordination to the palladium was
likely, deactivating the palladium and causing no reaction to proceed. The reaction was

then tried again with higher catalyst loadings and increased H, pressure, all to no avail.

Literature revealed that nitrogen bonded benzyl groups were much harder to de-benzylate

153-155

than their ether counterparts. In this class of nitrogen compounds, aromatic and

imadazolic nitrogens are the most resistant to reduction.!®3

It was then decided to use another protecting group, one which would be easier to
remove. The first protecting group attempted was para-methoxy-benzyl. The group can
be removed through both oxidative and Lewis acid conditions. *® The protection worked
similarly to that of the benzyl protection, however, the t--BuOK and light mediated ring
closure reaction proved unsuccessful. This is possibly due to the radical nature of the
ring closure reaction as the PMB benzylic position is prone to radical oxidation as shown

in acetal synthesis using DDQ from the ethers shown in Scheme 2.27. 156,157

I
O O
i
_—>
O. O.
H H

SCHEME 2.27: DDQ mediated synthesis of acetals from the PMB ether in diols. '°6

Therefore, in the t-BuOK ring closure reaction a radical intermediate (134) is expected
to be formed as shown in Figure 2.34. This intermediate would not allow for the forma-

tion of the desired o-carboline.

Another protecting group that was tested was the Boc group, which can easily be re-

moved with an acid.'®® The ¢-BuOK and light mediated reaction proved unsuccessful
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F1GURE 2.34: The suspected reactive intermediate 134 formed in the +-BuOK ring
closure reaction

and no a-carboline was formed. Competition between the aldehyde and the Boc group
must have resulted in no reaction, as the Boc group is electrophilic even if very sterically

hindered. No starting material was recovered.

The next approach was to attempt removal of the benzyl group through oxidative means.
In contrast to benzyl ethers, which are easily removed through reductive methods, nitro-
gen benzylic compounds are more reactive through oxidative means as found by Haddach
et al..1® It was found in the work done in this paper that nitrogen benzylated com-
pounds can be selectively deprotected in the presence of benzyl ethers. The reaction
utilises DMSO in the presence of oxygen and #-BuOK. The mechanism proposed by
Haddach et al. is shown in Scheme 2.28. Deprotonation on the benzylic position is first
achieved by #-BuOK to furnish 135 from 136. Compound then reacts with O, to form
137 which is then reduced by DMSO to form hemi-acetal anion 138. Hemi-acetals are

not stable compounds and react in a reversible manner to form 139 and benzaldehyde.

The debenzylation proved successful with only the recovery of the a-carbolines 70,
133 and 132 with yields shown in Figure 2.35. Low yields were experienced in the
reactions due to the small reaction scale worked on and the large degree of insolubility
of a-carbolines, making the work up of the reactions difficult.

Cl

FIGURE 2.35: Yields of a-carbolines synthesised
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SCHEME 2.28: Proposed mechanism of the deprotection of the benzyl group by oxida-
tion with O, in the presence of t-BuOK and DMSO. 153

The 'H NMR spectra of a-carbolines showed the disappearance of the benzyl CH,
peak and the total integration of aromatic protons of 9 or 8 depending on whether the
compounds had substitution on the 3 position. The presence of the N-H peak at above
12 ppm was also a confirmation that the reaction had been successful. Figure 2.36 shows
the single crystal X-ray structure of 70. It must be noted that there was a larger degree
of difficulty in growing crystals of a-carbolines in comparison to 11-benzyl-a-carbolines
as powders would often form. The slow evaporation of solvent over several months
was required for the acquisition of a single crystal of sufficient quality to run a XRD

experiment.

The total synthesis of substituted a-carbolines was as result of the final debenzylation
reaction proved successful. Some modification of the synthetic approach was required,
and several reactions were optimised in order to achieve the final desired a-carbolines

with the synthetic route shown in Scheme 2.29.
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FIGURE 2.36: Crystal structure of 70 drawn with 50% probability ellipsoids - the final
product of this synthetic project
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2.3 Further functionalization of a-carbolines

After the initial synthesis was completed and most of the problems successfully solved it
was decided to expand on the functionality included on the ¢-carbolines prepared thus
far. The a-carbolines have all been substituted at the 3 position with either a halide,
hydrogen or a methyl group. It was then decided to expand the library of a-carbolines
through a later functionalization reaction in the synthetic route. A handle was then
required on the 2-aminopyridine molecule which could then be transformed into various
different functional groups. The handle decided on was a bromine atom. The compound
3-bromo-5-iodopyridin-2-amine (82) was already synthesised in the early part of this
project, however, taking the synthetic route further as the time was desired. From the
radical nature of the light and +-BuOK ring closure mechanism it was decided to avoid
bromine atom containing molecules in this step. This is because the bromine atom reacts
readily with radicals, forming stable radical Br- species which can combine to form Br,,.
In the new proposed synthetic scheme the bromine atom would be reacted in a palla-
dium catalysed coupling reaction before the ring closure reaction is performed, therefore
preventing any undesired products to form. Coupling reactions that use bromides as
substrates include palladium based Sonogashira, Suzuki or Heck coupling reactions as

shown in Scheme 2.30.

Br

A/
SN

R - aryl; R! - aryl or alkyl
a - Heck coupling; b - Suzuki coupling; ¢ - Sonogashira coupling

SCHEME 2.30: The further functionalization of brominated 7-azaindoles to lead to
several analogues through simple palladium based coupling reactions
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A single a-carboline target was chosen as proof of concept for this study. It was decided
to use an electron rich phenyl ring in the form of 3,4-dimethoxy phenylboronic acid and
to utilise the Suzuki coupling reaction. The addition of hetero atoms results in some
expected difficulties in the synthesis. If successful, the reaction shows some robustness
in the methods used and discussed in this chapter. Electron rich phenyl rings are also
prone to oxidation and other effects which could limit their scope, adding further cred-
ibility to the synthesis if successful. It has also been shown that having the chloride
in the 3 position helps with the benzylation protection reaction, however, the formyla-
tion reaction proceeds best when electron donating substituents are present. Therefore,
it was decided to attempt the Suzuki coupling reaction before the formylation, as the
electron rich phenyl system might improve the formylation reaction as compared to the
bromide. A short sequence for the synthesis is shown in Scheme 2.31 with the starting

7T-azaindole 111 synthesised with methodology described in this chapter.

SCHEME 2.31: The synthesis plan for further substitution using the Suzuki coupling
reaction
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2.3.1 The synthesis of 3,4-dimethoxy substituted a-carboline

The initial synthesis of the substituted 5-bromo-7-azaindole 111 has been covered in pre-
vious sections of this chapter and will not be repeated in this section. Unfortunately, the
Suzuki coupling reaction of 5-bromo-7-azaindole 111 with 3,4-dimethoxyphenylboronic
acid was not successful despite the use of several different strategies. The Suzuki
coupling methods utilised include a microwave method, and a conventional heating
method. 889198 In both methods there was no product formation and starting ma-
terial was recovered. Formylation of 111 was then attempted, followed by the Suzuki
coupling reaction, which was unsuccessful as before. From the failed Suzuki coupling
reactions it was decided to attempt the Suzuki coupling before the ring closure of the
2-aminopyridine to the corresponding 7-azaindole. Substituting two different moieties
with two separate reactions has been shown to be successful by Leboho et al. in which
two Sonogashira coupling reactions were performed. One can substitute the iodide in
3-iodo-5-bromo-2-aminopyridine 82 first, as shown previously in this chapter, by con-
trolling the temperature and using PPh, as ligand for the palladium catalyst. The
bromide can then be substituted upon heating at reflux in a second reaction with which
a second group, different from the first introduced, can be substituted in the 5 posi-
tion. The first reaction in the synthesis would then be the substitution of the iodide
with 1-ethynyl-2-methyl-benzene (107) through the Sonogashira coupling reaction as
described to give 108. The bromide will then be displaced in a Suzuki coupling reac-
tion with 3,4-dimethoxyphenylboronic acid forming 140, followed by a TFAA /TFA ring

closure yielding the desired 7-azaindole 141 as shown in Scheme 2.32.

This worked rather well with a yield of 61% for the Sonogashira reaction in forming
108, and 56% for the Suzuki coupling reaction resulting in 140. The acid mediated ring
closure reaction gave a yield of 80% and was satisfactory. It must be noted that the
attempted purification by column chromatography at this stage proved disastrous. The
7-azaindole product showed limited solubility in EtOAc, with generous amounts of sol-
vent required for dissolution. Taking advantage of this the 7-azaindole compounds syn-
thesised throughout this last section were purified by recrystallisation from isopropanol,
which had little solubility of compounds at room temperature and sufficient solubility
when heated. Silica chromatography was generally avoided as large losses of material

precipitating on the silica was noted, even when DCM/Methanol was used as solvent



Synthesis of a-carbolines 79

140
141
a - Pd(OAc),, Cul, DIA, THF, r.t.; b - Pd(PPh,),, Na,CO,, DME, water,
3,4-dimethoxyphenylboronic acid; ¢ - TFA, TFAA, MeCN;

SCHEME 2.32: The synthesis strategy for the assembly of 6-substituted 7-azaindoles

systems. The typical singlet of C-3 was seen in the down-field aromatic region of 5-6
ppm, and a broad singlet at 13 ppm (N-H, 1H) showing the formation of the indole ring,

as well as the presence of two singlets, each integrating for 3H in the methoxy region.

The formylation of 141 with dichloromethyl methylether and TiCl, was the next reaction

in this synthetic route with 142 isolated in a yield of 24% as shown in Scheme 2.33

142
24%
a - 1) Dichloromethyl methylether, TiCl,, DCM 2) water

141

SCHEME 2.33: The formylation of azaindole 141

The modest yield from the formylation reaction was unfortunate, with no improvement
of yield seen when the reaction was repeated. The NMR spectrum showed the expected

aldehyde peak close to 10 ppm, proving the synthesis of 142 successful.

The benzyl protection of 142 gave a 58% yield of 143 with some isolation of some

dibenzylated product as shown in Scheme 2.34.
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143
58%

a - NMP, KOH, BnBr

SCHEME 2.34: Benzylation of 142

The '"H NMR spectra show the typical CH, peak at 6.01 ppm, a singlet integrated for
2H and the removal of the N-H proton that is at 11.20 ppm in 142.

The final ring closure reaction of 143 was attempted with the low pressure mercury
lamp available. The reaction proceeded differently as seen to the other a-carbolines
synthesised as both the desired ring closed product 144, as well as the unexpected de-
benzylated ring closed product 143 was isolated as shown in Scheme 2.35. This was a

rather interesting result.

As discussed the 253 nm of the low pressure mercury lamp encourages decomposition
and is not in the optimal range for aldehyde bonding electron excitation, as shown in
the low yields observed. The debenzylation of 145 into 144 shows that oxygen had not
been completely excluded from the reaction performed, effectively producing oxidative
conditions as seen in the oxidative debenzylation reaction performed and discussed. A
crude work up was done, and the material washed with isopropanol and dried. A crude
"H NMR spectrum was then acquired showing no starting material (easily observed by
the aldehyde and methyl peak from 143) and the a mixture of both 144 and 145, in

which the latter was readily recognised by the N-H peak at 12.81 ppm.
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143 144
15%

145
10%
a - DMF, hv, -BuOK

SCHEME 2.35: The formation of a-carbolines 145 and 144 by the ring closure reaction
under UV and ¢-BuOK conditions from 143

The mixture was separated by silica chromatography with DCM and methanol, after
which the silica was washed with a DMF/DCM solvent mixture removing any 144 that
had crystallised off the column (50% of 145 isolated). The clean 'H NMR spectrum of
144 and 145 confirmed the earlier assumption of two products from the reaction, as the

characteristic N-H signal was present in 145 and the benzylic CH,, at 6.34 ppm in 144.

A small portion of the crude mixture obtained from the ring closure reaction discussed
was then dissolved in THF and DMSO and t-BuOK added and stirred under bubbling of
0,. It was noted that the solubility of this crude mixture was poor. A 'H NMR spectrum
of the crude mixture showed no change in the ratio of compounds 144 and 145. The
reaction was then attempted with pure 144 whereupon no de-benzylated product 145
was formed. It was concluded that solubility had been the main reason for the poor
reaction results. However, since synthesis route goal compound 145 had formed in the
light mediated ring closure reaction the synthesis was still seen as successful, even if the

last reaction failed.
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2.4 Conclusion

The light mediated reaction in which carbazoles and o-carbolines are formed has proven
to work on this range of compounds, further showing the potential of this reaction in
other areas of organic synthesis. The Sonogashira reactions utilised proved incredibly
powerful and key in the synthesis of a-carbolines and other 7-azaindole related molecules.
The debenzylation step proved problematic when using traditional methods (reductive
debenzylation as well as lewis acid methods). The use of oxidative methods mostly
solved this issue, even though the debenzylation reaction in the formation of 145 had

failed.

The further substitution of a-carbolines proved successful, palladium catalysis can be
utilised in the C-C bond forming step and other palladium based reactions could be used
to great success. The substitution, however, is limited to the 2-aminopyridine molecule,
and should therefore be done before the 7-azaindole ring closure formation step. Almost
all the reactions for this synthetic route proceeded, with the exception of the oxidative
debenzylation reaction due to solubility problems, showing that there is some robustness

in the synthesis used, giving the method a potentially large scope.

The synthesis of a-carbolines using novel methodology was successful, allowing the syn-

thesis of several molecules that can be tested for biological activity.



Chapter 3

Modification and biological

activity evaluation of 7-azaindoles

3.1 Introduction

3.1.1 Hybrid compounds in medicine

Hybrid compounds are compounds that contain more than one active pharmacological
core. These hybrid compounds show significant improvement in activity over compounds
that only contain one active pharmacological core. The fight against malaria, African
sleeping sickness and cancer is riddled with drugs that are ineffective, old, toxic and con-
sequently growing resistance. Very active compounds can have side effects due to toxicity
to healthy cells or other such draw backs, whereas those compounds which seem to have
little side effects do not have much activity at all. Selectivity and ease of treatment is
not a reality today. This can be observed in the activity of platinum complexes in the
treatment of cancer. When the metal is coordinated to small organic ligands instead of
amimonia as is on cisplatin, the activity drops significantly. In African sleeping sickness,
the drug melarsoprol contains arsenic and displays adverse side reactions. Malaria, the
adaptable epidemic renders drugs ineffective in short periods of time. It seems, that the

dream is tantalisingly out of reach, therefore, novel approaches are essential.

83
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One approach utilised is the use of "hybrid compounds”. These drugs are multi-faceted
and have more than one biologically active domain. Each region acts as a separate phar-
macophore, and so acts independently of the other.'?* Most hybrid drugs are generally
two small organic molecules bound by a linker. Some examples include are bleomycin

(146) and DU1302 (147).

Bleomycin as shown in Figure 3.1 is an effective anti-cancer agent that was first isolated
from Streptomyces verticillus and shows the power of having multiple biologically active
units on a single molecule.'?* The method of biological action is believed to be the

induction of DNA strand breaks, and oxidative RNA degradation. 1%
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FIGURE 3.1: Bleomycin with its metal binding domain (pyrimidine core); cell penetra-
tion domain (R!); and DNA binding domain (bis-thiazole unit);

DU1302 (147) as shown in Figure 3.2 is an anti-malarial drug that has two separate
domains. The quinoline domain with which malaria species has developed resistance
against and a trioxane domain which operates by a different mechanism. The drug

showed effectiveness against a resistant strain of malaria parasite. 124

The expansion of this idea to metal containing coordinating compounds is a logical next
step. Metals are a crucial component to many enzymes and show powerful redox activity.
Their activity in general is not very selective, and many metals have been found to be
poisonous, causing a great deal of harm when ingested or injected. Some metals such as
copper and iron are required for normal biological function, however the regulation in

uptake and cell concentration is critical for cell viability. When metals are introduced
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FI1GURE 3.2: The anti-malarial drug DU1302 with the quinoline and trioxane units.

into the body for the treatment of diseases their selective uptake of the non-somatic
cells and parasites in the body is important. Many cancer related chemotherapies using
platinum containing complexes are good examples. Using metals in hybrid molecules can
have advantages, especially if both the metal and organic ligand act through separate
pathways. The metal with its broad range of activity can be released from the labile/semi
labile ligand in the areas where the action is required, giving them lower general toxicity.
The organic ligands acting as the carrier, once released can act at a specific target site,
bringing about the required effect. The benefit of using this approach is that a linker
molecule is not required as with the organic hybrid molecules and due to separation
of the metal core and the ligand the activity of each subunit can be well established
independently from one another. In the case where the ligands are not very labile, the
coordinated metal might show some interesting activity, perhaps enhancing its function
in disruption in the cell, for example stopping chelating agents that can remove it from
the cell in order to regulate its concentration. It must be noted that through this
approach drug resistant diseases have been treated with a hybrid molecule containing
the original core for which resistance was shown. Resistance against these types of
hybrid drugs is less likely as resistance against both pharmacophores is required to stop
the action of the metal-organic ligand complex, showing potential in fields such malaria

where resistance is a chronic problem. 25

An example of such a metal containing drug was published by Cafeo et al. who linked
platinum to a calixpyrrole sub-unit as shown in Figure 3.3. Calixpyrroles have been
shown to bind to anions and so attracted some attention as a possible delivery system
for bringing the active platinum to the DNA which is rich in phosphates and other bases.
In the study, apoptosis was shown to be induced in cancerous cells and was shown to be

more active than cisplatin which was used as the benchmark. 16!
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FiGure 3.3: Calixpyrrole linked to platinum as a metal containing hybrid molecule

A more recent study into this domain was done in our laboratories in which imi-
dazo[1,2-a]pyridines were synthesised and coordinated to several metals.1%? The library
of imidazo[l,2-a|pyridines synthesised utilised the Groebke-Blackburn-Bienaymé reac-
tion that allows for the reaction of an aldehyde, isocyanide and 2-aminopyridine as
shown in Scheme 3.1. This method is powerful and allows the generation of highly

functionalised compounds in a one pot reaction as shown in Scheme 3.1.
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SCcHEME 3.1: General method used in the synthesis of imidazo[1,2-a|pyridines by Dam
et al.

The copper complexes synthesised utilised the library of imidazo[l,2-a]pyridines made
from the Groebke-Blackburn—Bienaymé reaction, and showed good anti-tumour activity
against HT-29 and Caco cell lines. The imidazo[1,2-a]pyridines were also reported to be
coordinated to zinc and copper, with the copper complexes showing increased activity
and general lower cytotoxicity. The activity of the complex was greater than that of the
copper salt used in the complex formation and the organic molecule coordinated and

showed a synergistic effect. The most active complex is shown in Figure 3.4

The 7-azaindole core, with its many nitrogen atoms has the potential to act as a ligand

in coordination, fit as a prime candidate in this kind of hybrid molecule study in which
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FIGURE 3.4: The hybrid copper and imidazo[l,2a|pyridine complex synthesised by
Dam et al. which shows synergistic effects against several cancer cell lines

metals can be incorporated. The nitrogen atoms in the 7-azaindole core are in close
proximity, allowing for chelation with a metal atom as shown in Scheme 3.2 It was in

our interest to study the biological activity of this class of compounds.

A X
m Metal | N
z N > Z N

N \ Salt N
H

N4
M
M - Metal

SCHEME 3.2: The proposed coordination of 7-azaindoles with metal ions

3.1.2 From biologically active 2,2-bisindole natural occurring com-

pounds to 7-azaindole containing ligands
Introduction

The bisindole moiety is prevalent in nature under a class of carbazoles. The most famous
of this class of compounds is staurosporine as shown in Figure 3.5.

H

0 N

ealsoW

NHMe

FIGURE 3.5: Staurosporine
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Staurosporine itself shows interesting biological activity through having protein kinase
C (PKC) activity. 163165 Staurosporine induces cascade processes in cells that lead to

166-168 This PKC activity is due to the similarity in structure to metabolites

apoptosis.
that fit into the ATP binding site of the enzyme.'% The activity of staurosporine is
so general that other kinases have shown to also undergo regulatory activity, includ-
ing the Ca®* /phospholipid dependent protein kinase.'®* This general activity makes

staurosporine a poorly selective molecule showing general cytotoxicity. 157

The search for more selective and more potent biologically active compounds that are
staurosporine derivatives started in 1977, the year of its first isolation in Japan (known
as AM-2282) from the bacterium Streptomyces found in a soil sample.'” The complete
structure elucidation of staurosporine was achieved in 1994 when the stereochemistry
was determined by X-ray crystallography.'”! The first total synthesis was first published
in 1995.17 This synthesis incorporated two indole molecules reacted with dibromoma-
leimide 148 through Grignard type chemistry to form 149. The sugar moiety 150 was
then added and the final ring closure to form the carbazole 151 was done by utilising

oxidative chemistry through hv and iodine as catalyst as shown in Scheme 3.3.

In the last decade a more selective staurosporine analogue midostaurin (PKC412) was
synthesised and proceeded far through clinical trials.'™ Midostaurin has a modified

sugar moiety which includes a benzamide as shown in Figure 3.6

FIGURE 3.6: Midostaurin

Further, the molecule rebeccamycin shown in Figure 3.7 which has a similar core to

staurosporine has also shown some significant biological activity. 7417
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N-BOM o)

0 151
a - Indole Grignard; b - 2-SEM-Indole Grignard; ¢ - NaH; d - (i) Thiophosgene,
DMAP, C,F.OH (ii) BusSnH, AIBN (iii) DDQ; e - I,, air, hv

SCHEME 3.3: First reported synthesis of Staurosporine (1995) with some of the key
steps involved, namely the introduction of the indole groups (a, b) and the oxidative
ring closure (e)

HO  OMe

FIGURE 3.7: Rebeccamycin
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The synthesis approach is much similar to that shown in Scheme 3.3 with some minor
difference such as using palladium to perform the oxidative cyclisation reaction to form
the aromatic core. One paper describes the condensation of 152 and 153 to afford 154

followed by oxidative cyclisation to give 155 as shown in Scheme 3.4

0
J
NH,
0
N\ \__/
N OH N
cl * S
0"\ a H O
OBn 153
| OMe
OBn
152
R

*OBn I

OBn
OBn OMe MeO OBn
154 155

a - t-BuOK; b - Pd(OTY),

SCHEME 3.4: Synthesis of Rebeccamycin showing key steps

7-Azarebeccamycin as also been synthesised using similar approaches to that of the

rebeccamycin and staurosporine syntheses described and is shown in Scheme 3.5.176

The synthesis of 7-azarebeccamycin starts with the condensation of azaindole 156 and
carbohydrate 157 to afford 158 and 159 as a mixture. This is followed by deprotection
of 159 and light mediated ring closure in the presence of L, to give ring closed carbazole
160. 7-Azarebeccamycin shows cancer activity through both Chk1 inhibition and DNA

binding.
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: OAc
AcO AcO

a - DIAD, THF, PPhg; b - (i) HCO,H, (ii) hv, L,

SCHEME 3.5: The synthesis of 7-azarebeccamycin

Aglycones of staurosporine

Even though most natural products isolated in the staurosporine class of compounds
have a carbohydrate moiety included in the structure, this is by no means necessary,
as compounds such as aglycone arcyriaflavin B (161) have been isolated and is shown
in Figure 3.8.96177 It was isolated from the fruiting bodies of the slime moulds of Arcyria
denudata, arcyriaflavin B and has a red colour and pigments the fruiting bodies. The
structure is analogous to that of staurosporine and rebeccamycin, where the crucial
difference is the absence of the carbohydrate. The biological activity of arcyriaflavin B
was established through activity against Bacillus brevis and B. subtilis. Therefore it is

seen that even in the absence of the carbohydrate the biological activity is still present.

Another important carbazole is K-252¢ better known as staurosporinone is the aglycone

of staurosporine. This is thought of as a synthesis precursor of staurosporine and has
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ArcyriaflavinB(161) Staurosporinone

FicUre 3.8: Arcyriaflavin B and staurosporinone

received some interest with several syntheses over the years. 178182

There has been development engaging in the further development of the carbazole core
with the coordination of metals, such as iridium by Kastl et al. in which an indole
is substituted by pyridine to aid in chelation.®® Iridium complex 162 showed some
activity against cancer cell lines (IC50 of 8 uM), however, when the cell culture in
the presence of 162 is irradiated with light, a great improvement of activity with an
IC50 of 0.8 uM is seen. The mechanism of action for 162 is believed to be the release
of SeCN™ through the substitution with a chloride ion as shown in Scheme 3.6. The
SeCN™ released causes distress in the biological system present, increasing the activity

of the complex in addition to the activity of the biologically active organic ligand.

N\ /7
— Ilr— SeCN
X
162

X - ny-anthracene

SCHEME 3.6: The mechanism of action for iridium complex 162

Further simplification of the staurosporine structure to a carbazole

Further simplification of the staurosporine core leaves the carbazole core. Research on
this subunit ties into the theme of this thesis which is the synthesis of azaindole contain-
ing compounds. Research done by Pelly et al. at this university in this field allowed for

the synthesis of the carbazole 165 by utilising metathesis. ¥ Their synthetic method
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oﬁ

164
163

SCcHEME 3.7: The simplification of the Staurosporine molecule to give the aromatic
core

incorporated the formation of the bis-indole core 166, followed by formylation to give in-
dole 167. Which then underwent a Wittig transformation to afford the diene compound

168. Metathesis on diene 168 formed the carbazole 165 as shown in Scheme 3.8.

H H
Qi NOsTsON
0] 0]

H H
166
O O
\ / \ / O
00+ Qe = OO
N N NN E\I Bl.\I
Boc Boc Boc Boc OC165 o

167 168

a - Microwave, base; b - 1) DCM, POCl,, DMF, 2) water, NaOH; ¢ - Boc,O, THF,
DMAP; d - base, MePth,)Jr Br; e - Grubbs I catalyst;

SCHEME 3.8: The synthesis of the carbazole core by Pelly et al. using metathesis
methodology.

The synthesis of staurosporinone aglucone through the use of a bis-indole containing
compound has also been recorded.!”™® This synthesis includes the coupling of the bis-
indole 169 with tetramic acid 170 to afford bis-indole 171. Ring closure of 171 with
light yields carbazole 172. This type of coupling adds the two rings to the bis-indole

core in two steps as shown in Scheme 3.9
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H Ho COPh
169 170
H H
0N o N
— g s 9,
Iy 1) 9 ()
N N N N
\ 1 \ 1
H H H H
171 172

a - BF;-OEt,, DCM, molecular sieves

SCHEME 3.9: The synthesis of staurosporinone through the use of bis-indole as the
starting core.

The transformation to the bis azaindole system

As shown in Scheme 3.8 the formation of bis-indole systems are beneficial to the syn-
thesis of the greater structure of natural products such as staurosporine, rebeccamycin
and other biological compounds that fall in between in complexity. The central idea
of this study is to transform this concept to that of the azaindole system. The ground
work for more complicated systems will be done together with biological studies of these

basic core molecules to try and investigate activity and selectivity.

3.2 Synthesis of coordinating ligand

Bis 2,2'-7-azaindole system

The synthesis of bisazaindoles was initially built on the work covered in the previous
chapter through the incorporation of a copper mediated oxidative homo-coupling acety-
lene reaction. '3 This would take the functionalised 3-acetylene 2-aminopyridines 173

and generate a library of bis-acetylenes 174 as shown in Scheme 3.10

A further ring closure reaction using TFA/TFAA on 174 would then generate the re-

spective bis azaindole 176.123 This is shown in Scheme 3.11
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NH; H)N

R = H (76—93), Cl (87—92), Me (86—175)
a - Cu(OAc),, piperidine, acetonitrile, air.

SCHEME 3.10: Dimerisation of 2-aminopyridines as a bis azaindole precursor

R = H (93—177), Cl (92—176), Me (178—175)
a - Acetonitrile, TFA, TFAA.

SCcHEME 3.11: Ring closure on bis acetylene compounds in the formation of bis azain-
doles

The dimerisation of 76 and 87 proceeded smoothly. A yellow precipitate formed in
both cases which could be washed with DCM to remove any impurities. The absence of
the acetylene peak in 'H NMR spectra and the indication of dissimilar aromatic proton
environments due to limited rotation indicated the compounds successfully synthesised.
It must be noted that a drop in solubility was seen. DMSO was now required to dissolve
the sample for NMR spectra analysis and weakly acidic media was found sufficient to

fully dissolve the material.

The ring closure reaction to form the bis azaindole compound 176 was found to be
successful. The bis acetylene compounds dissolved well in acetonitrile after the addition
of TFA and TFAA. The acid-base reaction, forming the aminopyridine trifluoroacetate
salt, aids in solubility as the salt formed would have less intermolecular hydrogen bonds,
and would now contain a charge causing repulsion between the azaindole molecules.
Heating with reflux produced a pale precipitate which could be filtered and washed with
a slightly acidic aqueous solution of HCI to remove any excess starting material. This
proved ominous, as solubility of the product was poor. The precipitate had formed a
powder similar to brick dust and the only analysis used successfully on the synthesised
material was that of solid state NMR spectroscopy as shown in Figure 3.9. It was
found that the 3C NMR spectrum showed similar shifts to that of other 7-azaindoles

synthesised. The drop in solubility and the NMR spectral evidence was convincing
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enough to conclude that the desired bis-azaindoles were synthesised.

—145.539
—139.246
96.268

T T T T T T T T T T T T T T T T T T T T T T
20 210 200 190 180 170 160 150 140 130 120 P (110 ) 100 90 80 70 60 50 40 30 20 10
1 (ppm

FIGURE 3.9: Solid state '*C NMR spectrum of bis-2,2/-(5-chloro-7-azaindole)

The bis(7-azaindoles) 176 were further subjected to highly acidic aqueous solutions of
HCl and H,SO, and solvents at high temperatures with little to no evidence of solubility.
Aqueous solubility of compounds are necessary to exert some biological function. It was

clear that these molecules would show no biological activity due to their lack of solubility.

Due to the solubility problems encountered some other solutions were required in order
to progress with this research. Some possible solutions included the protection of the
indole nitrogen atom N-1 in order to break the hydrogen bonding and in so doing help
with solubility issues encountered. Boc protection of the indole nitrogen atom N-1 did
not proceed and starting material was recovered. Hence, more radical solutions were

required in order to progress.

Furan containing 7-azaindole systems

It was clear from the research thus far that solubility issues would not allow use of these

bis azaindoles for the formation of metal complexes. The problem with 7-azaindoles
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and a-carbolines is the strong hydrogen bonding as seen through crystal structures of
both the 2-aminopyridines, 7-azaindoles and @-carbolines as noted in Figure 3.10. The
acidic proton of H-1 in 7-azaindoles is strongly deshielded in the 'H NMR spectra of these
compounds, with a shift above 12 ppm. A more acidic proton would infer a stronger

hydrogen—hydrogen accepter bond leading to greater stability.

F1cURE 3.10: Crystal structure diagrams of 74 and 70 showing strong hydrogen bond-
ing

Symmetry in molecules affects the melting point and solubility. This is due to the
fewer possible arrangements that can be generated when the molecule is rotated and
flipped. This would then allow the heterocycle to stay in the crystal structure or localised
molecular patterns in solution for longer causing an increase in the melting point and a

higher possibility of aggregation in solution lowering the solubility. 185186

Several solutions to this problem were obvious, namely the breaking of symmetry and
reducing the possible number of hydrogen bonds. The breaking of symmetry would be
done by replacing one indole with a furan or benzofuran moiety. We wished to attempt
the synthesis on a simple indole containing compounds and then further expanded this

to the 7-azaindoles.

There are several synthetic methods that can form the desired indoles in a single step.
The first method utilised palladium to condense a 2-bromo-aniline with a ketone as

shown in Scheme 3.12.187

In our hands several different ligands and palladium precursors were used in conjunction
with several different experimental conditions including heating with several different

solvents, as well as heating with a microwave, in all cases only palladium black was
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7 &[T
oo

a - Pd°, ngand7 Base

SCHEME 3.12: The one pot synthesis of indoles utilising the condensation of bromo-
aniline and a ketone with palladium as catalyst

formed. 8" Non of the procedures tested produced any indole product, even with the

testing reaction seen in Scheme 3.12.

Kraus and Guo have devised a method utilising 2-amino benzyl phosphonium salts.
The phosphorus ylide formed under basic conditions from phosphine 179 undergoes
a Wittig type reaction with the imine initially formed from aldehyde 180 and after
subsequent dehydration forms indole 181 as shown in Scheme 3.13. The paper showed
many examples, and in our hands none of them was found to be reproducible. The

desired 2-substituted indoles 181 and 182 could not be formed.

/ O
NS
PPh{Br~

179 180 PPh] Br~

- ) — | CLxO

PPh3 i_I
) (D1
. b
H
181 182

a - -BuOK

SCHEME 3.13: The one pot synthesis using 2-amino benzyl phosphonium salts using
benzaldehyde as an example and 182 as a second attempted molecule
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With the poor results from the one pot synthesis reactions, it was decided to follow a
multi-step route where the reactions were easier to track and which utilised reactions
performed previously in our laboratory. Initially this would require the synthesis of the
boronic acid (183) of the Boc protected indole 184 and furan containing a halogen in
the 2-position that could undergo coupling with a palladium catalyst. Indole can be
converted to the corresponding 2-boronic acid indole through directed ortho metalation
(DOM) using lithium diisopropylamide as the metalation agent and Boc behaving as the
director as shown in Scheme 3.14.88 This would then first require the Boc protection of
indole to afford 184.

OH
N\ @ LDA @ B
N N _— N OH

\ \

Boc Boc
184 183

a - Boc,O; b - (i) LDA, (ii) B(i-PrO),

\
H

SCHEME 3.14: Formation of the boronic acid at the 2 position of indole

The Boc protection reaction of indole was performed as described in the literature and
was high yielding with a quantitative yield observed.®’ The lithiation and transformation
to the indole boronic acid gave varying yields of between 90% and 40% depending on the
quality and concentration of the butyl lithium and the scale the reaction was performed
on. It must be noted that great care must be taken in drying the diisopropyl amine for

the reaction, as the moisture content increases easily when exposed to air.

The synthesis of the furan 185 and benzofuran 186 took two separate routes. The furan
moiety chosen was the 3-carboxylic substituted furan as this was available at the time
in sufficient quantities. The iodide was introduced through a DOM reaction using butyl
lithium at -100 °C. However, this required the transformation of the carboxylic acid
functionality to a t-Bu-ester group that can withstand butyl lithium due to the groups
bulkiness. The lithiated furan can then react with iodine to yield 185. The reactions
used are shown in Scheme 3.15 with the synthesis of 185 through first forming the
methyl ester 187 by an esterification reaction using H,SO, as catalyst (52%), followed
by t-BuOK to transform the ester to the ¢-Bu functionality to yield furan 188 (40%).
If acid catalysis together with -BuOH was utilised this would generate large amounts
of t-BuyO due to the ease at which the carbocation is formed due to the stabilisation

introduced by the methyl groups on the tertiary carbon. By first forming the methyl
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ester all this is avoided and allows for the basic conversion to the ¢-Bu group. The iodide
was introduced through lithiation of the 2 position with BulLi, followed by addition of

iodine to yield 185 (quantitative).

_0 0 0
COOH 0 7 0 7 0
\ _a \ _ b _c
| | B | D1
0 0 0 0
187 188 185

a - MeOH, H,S0,, 52%; b - t-BuOH, A, 40%; c - (i) BuLi (ii) I,, Quant.

SCHEME 3.15: Formation of 2-iodo t-Bu 3-furoate (185)

The second required substrate was the derivatization of 2-salicylaldehyde to 2-bromo
benzofuran. This transformation is done by using the Corey-Fuchs reaction, introducing
an extra carbon and two bromine atoms (189), followed by ring closure under TBAF to
yield benzofuran 186 as shown in Scheme 3.16. The overall yield was 77% over 2 steps

with 189 treated as an intermediate.

Br_ Br

CHO A\
C[ a b o Br

OH OH 186
189
a - CBr,, PPhy; b - TBAF; 77% yield over 2 steps

SCHEME 3.16: Formation of 2-bromobenzofuran (186) from salicylaldehyde

The Corey-Fuchs reaction proceeds by the reaction of PPh; and CBr, to form ylide 190
as shown in Scheme 3.17. This then undergoes a Wittig type addition to an aldehyde or
ketone, in our case generating 189. The TBAF reaction proceeds via the deprotonation
of phenol 189, and with some possible stabilisation of the tetra-butyl amine allows the
ring closure onto the double bond formed in the first reaction to give the ring desired

2-bromo-benzofuran 186.

Br_ Br
Br
P PhiP=(

Br
+ Br—|—Br — -4
Br
Br 190 OH
189

a - Salicylaldehyde, DCM

SCHEME 3.17: The mechanism of the Corey-Fuchs reaction
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The Suzuki reactions of 185 and 186 with 183 proved successful, yielding benzofuran
191 and furan 192 quantitatively. The 'H NMR spectra of 191 and 192 showed the
presence of the Boc group with a methyl at 1.35 and 1.40 ppm, both integrating for 9H,
as well as increased proton integration in the aromatic region of 10H for 191 and TH
for 186 showing an increase of 5H from starting furans 185 and 186. The reactions are
shown in Scheme 3.18. The method utilized was as explained previously with Pd(PPh,),
and NaHCO, as base and DME as solvent.

OH 0 %
\ BI N\_- O
\ N\
@ OH  + J 1\?/ 0
B
183 186 O 7\ O

191

5 N, °
ocC
0 =0
183 185 O
192

a - Pd(PPh;),, DME, Na,CO4 (aq.)

SCHEME 3.18: The formation of 2-substituted indole through Suzuki coupling to furans
185 and 186, both in quantitative yields

To deprotect the indole nitrogen atom of 191 and 192 the removal of the Boc was
necessary as shown in Scheme 3.19. The benzofuran analogue 191 gave a clean product
193 (54%) with the presence of an NH in the 'H NMR spectrum at 8.65 ppm and the
disappearance of the Boc methyl groups at 1.35 ppm. No other products were isolated.
It was, however, expected that 192 would give some trouble as the t-Bu ester is sensitive
to the acidic conditions of 30% TFA in DCM and would perhaps transform into the acid
194 as shown in Scheme 3.20, or form a reactive {-Bu cation that could react further
on the molecule. Care was taken to make sure the reaction was dry and the DCM dried
and distilled, as to prevent addition to the ester group. The product 195 (51%) was
retrieved without the need for any purification and without the loss of the ¢-Bu ester

as seen in the '"H NMR spectrum with only the disappearance of one 9H singlet at 1.40
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ppm and the presence of a singlet at 1.63 ppm integrating for 9H. The appearance of an
NH signal at 11.63 ppm gave further confirmation that the reaction had been successful.

The crystal structures of 195 and 193 are shown in Figure 3.11.

o . o
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191
a (51%) and b (54%) - DCM/TFA 30%

SCHEME 3.19: Formation of the final indole compounds 193 and 195
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a - DOM/TFA 30%

SCHEME 3.20: The possible formation of the carboxylic acid from the indole 192

The synthesis of the azaindole counterparts was then attempted. 7-Azaindole was first
Boc protected using the same methodology as described with indole, with a quantitative
yield of 196 as shown in Scheme 3.21, followed by the formation of boronic acid 197,

which was used directly in the following Suzuki coupling reaction.

However, the coupling of boronic acid 197 to benzofuran 186 and furan 185 proved

unsuccessful. As noted in the previous chapter when 5-bromo-azaindole was subjected
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FI1GURE 3.11: Crystal structures of 195 and 193 drawn with 50 % probability ellipsoids

OH
D L CD L O
N/ N N/ N \NV N OH
i—I Boc

Boc
196 197
a - Boc,O, DCM, 96%; b - (i) LDA (ii) B(4-PrO), (iii) HCI, used directly in next
reaction

SCHEME 3.21: Boc protection of 7-azaindole

to Suzuki conditions, no coupling product was obtained. The coupling reaction of 7-
azaindole boronic acid 196 showed similar results and as such it can be concluded
that 7-azaindoles do not perform well in coupling reactions such as the Suzuki coupling
reaction. The possible coordination of the palladium between the two nitrogen atoms on
the azaindole moiety is likely, therefore, not allowing for the recycling of the palladium
catalyst. A rule of thumb, it seems emerging from all the failures of certain reactions -
namely that 7-azaindoles and their respective family of molecules do not participate well
in metal catalysed reactions. It became clear that performing cross-coupling reactions
on 7-azaindoles with palladium was not a feasible route. As before, the Sonogashira
coupling reaction of 2-aminopyridines would prove vital in the coupling of the different
moieties involved, and would build on the work done previously. This would entail adding
an acetylene on to the substituted furan and then reacting it with the brominated 2-
aminopyridine and then subjecting it to the TFA/TFAA ring closure reaction as shown
in Scheme 3.22. The electron rich nature of the furan should limit homocoupling and
promote hetero coupling in the reaction as seen similarly with electron rich acetylenes.
The formation of the alkynes 198 and 199 were successful, but the following Sonogashira
coupling reactions were not. This surprising result could not be explained and repetition

produced similar results.

It was then decided to change the reaction order and instead form 2-aminopyridine 86

followed by Sonogashira coupling to 186 in order to form as 200 shown in Scheme 3.23.
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m Br a % TMS b @—:
o 0 0)
198 199

N_— /7 \
(0] =N
HoN
a - Pd(OAc),, PPh,, TEA, ethynyltrimethylsilane, THF, Cul, 28%; b - TBAF, THF,
73%; ¢ - Pd(PPh,),, DME, Na,CO,, 3-bromo-2-aminopyridine

N

SCHEME 3.22: The synthesis of substituted 2-aminopyridines towards the synthesis of
azaindole-furan analogues

The potential shortcomings were clear, homo coupling could dominate and that the re-
actions would not be successful. The reactions however, ran smoothly under diisopropyl
amine and with the aid of dppf as ligand affording 200 in 94% yield with creating little
dimer homo-coupled product. The substrate chosen for the reaction was crucial, the
5-methyl 2-aminopyridine derivative had the least amount of homo coupling from the
work done in the previous chapter, the rational being the electron donating nature of

the methyl group aiding in the trans-metalation step as discussed before.

S
~-"7 \ N_— /7 \
| + Br_a
z 0 O =N

N86 NH, 186 H,N
200
a - Pd(OAc),, dppf, Cul, diisopropylamine

SCHEME 3.23: The synthesis of 200 in 94% yield

The next required step was the ring closure of the 7-azaindole 200, giving the furan-
azaindole as shown in Scheme 3.24. The ring closure of 200 using TFA/TFAA yielded
201 as a powder in 21% yield, with some poor solubility in most solvents. The 'H NMR
spectrum showed the disappearance of the NH, singlet at 4.95 ppm and the appearance
of a doublet at 6.04 ppm integrating for 1H, which is the proton on the 3-position of the

azaindole ring.

200
SCHEME 3.24: The synthesis of the azaindole-benzofuran 201 in 21% yield
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The synthesis of furan 202 was then attempted using Sonogashira methodology from
the furan 185 as shown in Scheme 3.25. The reaction gave a quantitative yield of furan
202. The ring closure of 202 to form azaindole 203 was not successful. It is believed
the acid sensitive ester functionality on the furan may have allowed decomposition, as
no starting material was recovered from the reaction mixture. The ring closure was then
attempted using iodine and again only decomposition occurred, with no isolated starting

material and the synthesis route was abandoned.

202 203
a - Pd(OAc),, Cul, TEA, PPh, 86, 96%; b - TFA/TFAA;

SCHEME 3.25: The unsuccessful synthesis of the azaindole-furan compound

3.3 Coordination of azaindole ligands with metals

Bis-indole coordination reactions

The first metal coordination studies were performed utilising bis-indoles left from a previ-
ous student. 8% The metal coordination revolved around the idea of deprotonation of the
indole nitrogen, followed by introduction of the desired metal as shown in Scheme 3.26.

g

N / aorb Q R O
O Yy, . O + Cu(OAc),-2H,0 “or e NCuN
H ¢ Cl Cl
a - Diisopropyl amine; b - Triethyl amine; ¢ - Acetic acid;

SCHEME 3.26: The coordination of copper with 2,2/-bis indoles

As the bis-indoles used were rather insoluble in most solvents this methodology proved
problematic. Firstly, diisopropyl amine was used as base and solvent. The diisopropyl
amine would act as a non nucleophilic base, and coordinates weakly to the metals in
solution, allowing for solubility, but not affecting the metal coordination, however, this
was unsuccessful. A green powder formed that was insoluble in organic solvents. Simul-

taneously in a separate reaction was set-up in which the salt and ligand was heated at
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reflux in acetic acid. The principle of this reaction was the favouring of the chelation
of the two nitrogen atoms over that of the acetates in solution. The neutral bis-indole
formed would then precipitate out once cooled or once water was added. In the end this
resulted again in insoluble powder that had a green colour. The green colour showing
coordination of the copper, yet no crystal was successfully grown. As copper was used
in the experiment this was taken as a sign that coordination had occurred, but it was

likely that a charge-less molecule formed making solubility difficult.

Bis-azaindole coordination reactions

The next step was to attempt the same reaction with the synthesised bis-azaindoles,
even when these compounds exhibited poor solubility. Several reaction were attempted,
as shown in Scheme 3.27 namely heating with acetic acid, diisopropyl amine and triethyl
amine as separate reaction, with no success.

H

/N N y N Cl
| p, | + Cu(OAc),-2H,0
P
A NN
H

a - Diisopropyl amine; b - Triethyl amine; ¢ - Acetic acid;

SCHEME 3.27: The coordination of copper with 2,2-bis 7-azaindoles

In addition, the bis-azaindole was placed in methanol and stirred with the metal salt.
The reaction was stirred over a period of 48 hours with copper acetate and produced a
light green precipitate. The precipitate appeared to be a mixture of a possible copper
complex and starting material, which had a white colour, and both were very insoluble.
The reaction could not be driven to completion and it was clear that an equilibrium
existed between the coordinated compound and the product, ensuring the mixture re-

mained.

The failure in the formation of complexes with the bis-indoles and 7-azaindoles raised
some points. Firstly, the salts used were all in the 2+ oxidation state and would be
neutralised by the 2- charged bisindole, causing poor interaction with solvent molecules

and counter ligands. Once the neutral metal complex is formed, it was of poor solubility
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most likely to extensive m-stacking type interaction due to the flat nature of the azaindole
and exclusion from the solvent due to little bonding interactions. Changing the metal
complex to a state in which the ligand will only have one proton that can be removed

with a base and result in only a +1 charge could potentially assist with solubility.

The asymmetrical indoles

As the furan-indoles synthesised (193, 195 and 201) were used as ligands in this sec-
tions. The furan ligand 195 was soluble in THF in contrast to the bis-indoles and
bis-azaindoles. The coordination reaction was modelled after work done by Liu et al. in
which butyl lithium was used as the base, followed by the addition of the metal salt.!®®
In this paper the method proved effective in the synthesis of 7-azaindole containing com-

plexes. The reaction tried in our case was with the asymmetrical indoles and azaindoles

synthesised previously as shown in Scheme 3.28

o :
o N
H
195
(DT O]
o N + A ON
H ‘M
193 -

\/ x r +
W+A—> \//\
N O N
H ‘ N=

201 -

A - Cu(OAc),-2H,0 or Zn(OAc),-xH,0

SCHEME 3.28: Attempted formation of 7-azaindole/indole metal complexes

The reaction with the benzofuran substituted indole 193 and zinc acetate yielded a
crystalline solid which was isolated and the single crystal diffraction pattern observed
and solved. The crystal structure did not include any metal atom, and only had furan
193 as shown in Figure 3.12. The crystals isolated were all uniform, and it was clear

that no metal coordination had taken place.
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FI1GURE 3.12: Crystal structure of 193

It was decided that another method in which sodium hydride is used as a base. This
proved futile as the same crystals were once again isolated, showing no metal coordina-
tion. The other ligands gave similar results, and no metal coordination had taken place
with any of the reactions. From the results obtained it showed that the coordination of
indoles and 7-azaindoles in this manner is a very ineffective manner of forming metal

containing hybrid biologically active compounds.

3.3.1 Future work

The introduction of a pyridine onto the organic scaffold has found some success in
work in our laboratories when coordination of metals was required.'® Since the metal
coordination on the 7-azaindole nucleus was not very successful it will be beneficial to
incorporate a pyridine unit. For example in Scheme 3.29 a new metal coordination
system with two pyridine groups are part of the 7-azaindole 204. Molecule 204 would
then form the coordinated compound, with a six membered ring forming upon chelation

with the metal.

—_—
=) N
| 2
50 1 —
NN N
) H

H 204

SCHEME 3.29: The coordination of 204 through chelation of two pyridine centres
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The proposed compound would then mimic adenosine as seen in Figure 3.13 to some
degree, and may even fit into the active site of kinases. Further functionalization would
be required as 204 might show some general cytotoxicity.
NH,

N
NN N
L.
N N

o

.OH

"OH

OH
Adenosine

FIGURE 3.13: The similarities in the structures of adenosine and 4-azaindole 204

The further development of the 7-azaindole and indole linked benzofuran molecules
can be further expanded to closer resemble carbazoles such as Rebeccamycin, with the

proposed furans 205, 206 and 207 as shown in Figure 3.14.

MeO:
207

HO

X -N or C-H

FIGURE 3.14: The proposed further development of benzofuran carbazole derivatives

3.4 Biological testing

3.4.1 African sleeping sickness and Malaria assays
Results and discussion

Anti-trypanocidal /malarial activity was measured by testing of live cultures of Try-

panosoma brucei or P. falciparum. To these cultures 20 uM of compound dissolved in
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a 1% DMSO in water was added. The cultures were then incubated for 48 hrs. For
Trypanosoma brucei a resazin based reagent was then added to gauge the amount of
surviving Trypanosoma brucei and through fluorescence of the resorufin generated by
healthy cells and in comparison to an untreated well the percentage viability was calcu-
lated. The general toxicity of the synthesised compounds were tested against the HeLA
cell line. This was done by exposing a HeLA culture to a solution of the compounds
after which the cell viability was calculated. A high viability value indicates lower tox-
icity. The results are shown in Table 3.1. The biological testing was done at Rhodes

University, Grahamstown, South Africa.

TABLE 3.1: Toxicity of synthesised compounds towards Trypanosoma brucei (T.b.) and
HeLa cells expressed as % viability and ICsy values in a Trypanosoma brucei (T.b.),
HeLa and P. falciparum (P. f.) assay. All experiments were done in duplicate

Compound Viability (%) ICsp (UM)
T.bh. Hela P.f  Tb  P.f

9.1 - 0.1 89 10.23

473 248 88 11.27 -

82.4 3.7 7 20.68 -

Continued on next page
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Compound Viability (%) ICso (uM)
Th. HeLa P.f  Tb. P f
(D
P 66.6 12.8 98 24.44 -
NT N
H
74
Br A
- 951 261 103 - -
N NH,
108
749 87.1 95 - -
97.8 334 56 - -
78.0 - 0.2 105 15.13
(D
P 112.1 2.2 111 21.2 -
NT N
H
110

Continued on next page
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Compound Viability (%) ICso (uM)
Th. HeLa P.f  Tb. P f

93.2 81.7 102 - -

| 744 529 100 - -

97.6 484 23 - 26

145

88.3 66.4 109 - -

83.9 164 88 26.88 -

Continued on next page
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Compound Viability (%) ICso (uM)
Th. HeLa P.f  Tb. P f

96.4 113.7 &89 - -

| P 97.3 60.1 91 - -
N NH,
210
Pentamidine - - - 0.0002588 -
Chloroquine - - - - 0.06

The anti-malarial testing showed very little activity except for the case of 145, the only
active compound towards P. falciparum. This was rather unexpected as the compound
shows a high degree of insolubility in most solvents. It is however the compound with
the most aromatic rings that form a very flat and rigid structure, perhaps showing some
DNA intercalating ability. The means of uptake into the P. falciparum cell would be an
interesting study and could perhaps shed some light into designing molecules that are
selectively taken up by malaria parasites, as 145 does not show general toxicity. It is
interesting to note that other dimethoxy molecules did not show any activity, and that
it is perhaps necessary to have the dimethoxy group as well as the carbazole moiety in

place in order to see anti-malarial activity.

As for the Trypanosoma brucei activity, there is a clear correlation with general cyto-
toxicity and the formyl functional group. The least and most active compound (142
and 141) only differ with this functional group. This would suggest that the group
of enzymes that interact with this class of molecules, have some interaction with the

formyl group in this region, stabilising the interaction and causing inhibition. All the
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azaindoles with aldehyde functionalities displayed this effect, and it is clear that no se-
lectivity was achieved with this class of compounds. Finding the enzyme azaindoles bind
to could show some areas in which functional groups can be added, and possibly make

the interaction more selective.

Further, the a-carboline tested (133) showed the third highest activity, with low general
cytotoxicity, showing a selective interaction with the parasite. With some further work

this class of compounds can be optimised to increase the activity.

It must be noted that the 2-aminopyridines showed poor activity, and that all those
tested were compounds with a rigid triple bond. This is in contrast with the 7-azaindoles
tested, showing that there is possibly some kinase activity as these structure resemble
adenosine more closely than the 2-aminopyridines tested. The rigid triple bond could be
reduced by hydrogenation and could potentially lead to a much more flexible molecule

that could show some interaction.

3.5 Conclusion

The coordination of metals on to the 7-azaindole system was problematic. However,
the study afforded some compounds that exhibited biological activity, showing that the
further expansion and functionalization of these molecules to be viable. The 7-azaindoles
and o-carbolines synthesised showed some varied biological activity and can be expanded
and studied further. In conclusion the heteroaromatic compounds synthesised showed
general biological activity and shows promise in further development, which is a success

in itself.



Chapter 4

Experimental

4.1 Standard experimental techniques

4.1.1 Chromatography

Thin-layer chromatography (TLC) was conducted on Merck GFjs4 pre-coated silica gel
aluminium backed plates (0.25 mm layer). Various solvent mixtures were used for the
elution of the chromatograms with a mixture of hexane and EtOAc. Compounds were

visualised by either UV light (254 nm) or by spraying with either of the following;:

o vanillin/H,SO, solution

KMnO, solution

L, /silica

« DNPH solution

This was followed by a drying period and thereafter by heating if necessary.

Flash column chromatography refers to column chromatography performed under nitro-
gen pressure (ca. 100 kPa). The columns were packed with Merck Kieselgel 60 (230-400
mesh) and eluted with the appropriate solvent mixture. Solid crude mixtures were ad-
sorbed on a portion of silica by dissolving the mixture first in DCM followed by addition

of silica and subsequent removal of DCM.

117
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4.1.2 Anhydrous solvents and reagents

THEF and toluene were heated under reflux over sodium under N, with benzophenone as
the indicator. These were distilled prior to use. DCM, acetonitrile and DMF were heated
over Cal, under N, with subsequent distillation. EtOAc and subsequent hexanes were

distilled prior to use.

4.1.3 Spectroscopic methods

NMR spectra were recorded using a Bruker Ultrashield 300 or 500 MHz spectrometer in
CDCl,; or deuterated DMSO. The 'H NMR data are listed in the order: chemical shift
(8, reported in ppm and referenced to the residual solvent peak of TMS [6 = 0.00 ppm
]), the multiplicity (s = singlet, d = doublet, ¢ = quartet, dd = doublet of doublets, dt
= doublet of triplets, dg = doublet of quartets, ddd = doublet of doublets of doublets,
ddt = doublet of doublets of triplets, p = pentet, sz = sextet, sp = septet), the number
of integrated protons, the coupling constant J expressed in Hz, and finally the specific
hydrogen allocation. Spin decoupling assisted with the determination of the coupling
constants and hydrogen allocation. '*C NMR data are listed in the order: chemical shift

(8, reported in ppm and referenced to the residual solvent peak of TMS [§ = 0.0 ppm]).

4.1.4 Mass spectroscopy (m/z)

Mass spectrometry was performed on Thermo Double Focusing Sector high resolution

mass spectrometer. Ionisation techniques include EIMS, CIEMS and ESIMS.

4.1.5 Infrared spectroscopy (IR)

A Tensor 27 spectrophotometer was used to record IR spectra using an ATR fitting. The
data are listed with the characteristic peaks indicated in wavenumber (cm~! ) followed
by a description of the intensity of the signal where [ indicates large, m indicates medium

and s indicates small.
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4.1.6 Crystallography

Intensity data were collected on a Bruker SMART 1K CCD area detector. Data reduc-
tion was carried out using the program SAINT+ and absorption corrections were made

using the program SADABS. 190191

The crystal structures were solved by direct methods using SHELXTL. 2 Non-hydrogen
atoms were first refined isotropically followed by anisotropic refinement by full matrix
least-squares calculations based on F? using SHELXTL. Hydrogen atoms were first lo-
cated in the difference map then positioned geometrically and allowed to ride on their
respective parent atoms. Amino group hydrogen atoms were refined isotropically after

being identified in the difference map. Diagrams and publication material were generated

using SHELXTL, PLATON ' and ORTEP-3.1%

4.2 Chemical methods

4.2.1 A typical bromination procedure

The substituted 2-amino-pyridine (5-methyl-2-aminopyridine or 5-chloro-2-aminopyridine)
(15.6 mmol) was dissolved in chloroform (100 ml) to which Br, (2.64 g, 17.16 mmol)
was added slowly so as to generate a slow reflux. The solution was then stirred for 2
hours. A saturated aqueous potassium carbonate solution was then added slowly until
bubbling stopped. A saturated aqueous solution of sodium sulphite was added to react
with excess bromine, and the chloroform layer isolated using a separating funnel. The
chloroform was then dried over anhydrous Na,SO, and filtered through a short silica
plug column (15g). The silica column was then washed with excess chloroform (50 ml).
The chloroform was then removed under vacuum. Recrystallisation with toluene can be

done if the compound (81 or 80) purified is not sufficiently clean.

3-Bromo-5-chloropyridin-2-amine (81)

CAS: 26163-03-119° Yield: 70% MP: 81-83 °C IR 4
(cm™'): ¥ 3470 (s), 3288 (s), 3139 (s, br), 1625 (1),
1474 (1), 1387 (1), 1032 (1), 887 (1), 714 (1), 653 (1), 6 ~NZ NH,
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540 (I) '"H NMR. (300 MHz, CDCl;): § 7.98 (d,
J =2.1Hz, 1H, H-4), 7.66 (d, J = 1.8 Hz, 1H, H-6), 4.99 (s, 2H, NH,) *C NMR (125
MHz, CDCl;): § 154.1, 145.4, 139.6, 120.4, 104.0

3-Bromo-5-methylpyridin-2-amine (80)

CAS: 17282-00-7% Yield: 81% MP: 73-75 °C IR 4
(ecm™"): ¥ 3457 (m), 3137 (m), 1625 (1), 1477 (1), | B
1393 (1), 1204 (1), 1047 (1), 886 (1), 743 (1), 553 (1) 6 ~NZ NH,

'H NMR (300 MHz, CDCl3): § 7.84 (d, J = 0.9
Hz, 1H, H-6), 7.49 (d, J = 1.5 Hz, 1H, H-4), 4.85 (s, 2H, NH»), 2.18 (s, 3H, CH3) 1*C
NMR (75 MHz, CDCl;): § 153.6, 146.7, 141.0, 124.4, 104.3, 17.0 (CH3)

5-Bromopyridin-2-amine (79)

2-Amino-pyridine (5 g, 53.2 mmol) was added to chloroform (100 ml) and cooled to
0°C. To the reaction mixture NBS (9.46 g, 53.2 mmol) was added slowly so as to keep
the reaction mixture below 5°C and stirred for 2 hours. The reaction mixture was
then poured into a saturated potassium carbonate and sodium sulphite solution (50ml)
and the organic layer separated. The water layer was washed with chloroform (20 ml)
and the combined organic layers washed with brine (20 ml) and dried over anhydrous
Na,SO, and the chloroform removed. The crude product was then recrystallized from

hot toluene to yield light brown crystals (6.5 g).

CAS: 1072-97-51% Yield: 71% MP: 131-136 °C IR Br 4 3

N
(cm™1): ¥ 3453 (s), 3284 (s, br), 3141 (s, br), 2360 \(j\

Z
(s), 1622 (m), 1586 (m), 1475 (m), 1327 (m), 1261 6 “N"NH,

(m), 1141 (m), 927 (m), 872 (1), 642 (1) '"H NMR. (300 MHz, CDCl;): § 8.10 (d, J
= 2.4 Hz, 1H, H-6), 7.49 (dd, J = 2.4 Hz, 8.7 Hz, 1H, H-4), 6.41 (d, J = 8.7 Hz, 1H,
H-3), 4.55 (s, 2H, NH,) *C NMR (75 MHz, CDCl;): § 157.1, 148.7, 140.1, 110.0,
108.3
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4.2.2 Esterification reactions

The formation of a methyl ester from 3-furoic acid was achieved by dissolving the 3-
furoic (4g, 35.7 mmol) in excess MeOH (20 ml) and by the further slow addition of
conc. H,SO, (2 ml). The solution was heated under reflux for 2 hrs and extracted using
EtOAc (50 ml) and washed with aqueous saturated Na,CO5 (30 ml x 3). The organic
layer was dried using anhydrous Na,SO, and evaporated under vacuum to yield the

respective methyl ester compound 187.

Methyl furan-3-carboxylate (187)

CAS: 13129-23-2197 Yield: 52% 'H NMR (300 0
-0 _o0
MHz, CDCL): § 8.01 (s, 1H, H-2), 7.43 (s, 11, )
H-5), 6.74 (s, 1M, H-4), 3.84 (s, 3H, CH3) 3C NMR )2
50

(75 MHz, CDCl): § 163.6 (C=0), 147.8 (C-2),
143.8 (C-5), 119.3 (C-3), 109.9 (C-4), 51.6 (CH;)

tert-Butyl furan-3-carboxylate (188)

The substitution of the methyl ester for the ¢-Bu ester was achieved by the addition
of t+-BuOK (4eq) in THF (30 ml) to the methyl ester starting material. The reaction
mixture was heated under reflux for 2 hrs. The reaction mixture was then poured into
a mixture of EtOAc (30 ml) and water (20 ml) and the organic phase was removed and

dried over anhydrous Na,SO,. The removal of the solvent yielded 188.

CAS: 125294-46-4'98 Yield: 40% 'H NMR. (300

o)
o)
MHz, CDCl3): 8 7.92 (dd, J = 1.5 Hz, 1.2 Hz 1H, %/
4
H-2), 7.39 (t, J = 1.8 Hz, 1H, H-5), 6.69 (dd, J = 1.8 | N
Hz, 1.2 Hz, 1H, H-4), 1.55 (s, 9H, CH3) 3C NMR 570

(75 MHz, CDCL): § 162.5 (C=0), 147.3 (C-2), 143.4 (C-5), 121.1 (C-3), 110.0 (C-4),
80.9 (C(CHs)s3), 28.3 (C(CHs)s3)
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4.2.3 An adapted Corey-Fuchs method in the formation of 2 bromo

benzofuran

2-(2,2-Dibromovinyl)phenol (189)

To a solution of triphenyl phosphine (5.24 g, 10 mmol) and DCM (20 ml) at 0° was
added tetrabromomethane (3.31 g, 10 mmol) dissolved in DCM (10 ml) and the solution
stirred for 30 min after which salicylaldehyde (0.61 g, 5 mmol) was added. The reaction
mixture was allowed to warm to rt and stirred for 2 hrs. EtOAc (60 ml) was added and
the resulting precipitate filtered off. The organic mixture was then added to water and
separated using a separating funnel and the organic layer dried with anhydrous MgSO,
and evaporated. The resulting solid was then washed with several portions of hot ether

and the ether evaporated to yield (189) as white crystals (1.82 g).

CAS: 91703-34-3'%9 The product was used as is in

Br_ Br
the next step as part of a two step reaction. 'H 3 |
4
NMR (500 MHz, CDCIl3): § 7.56 (s, 1H, alkene),
7.54 (dd, J = 7.6 Hz, 1.2 Hz, 1H, H-3), 7.23 (td, J = > 8 OH

7.9 Hz, 1.7 Hz, 1H, H-5), 6.95 (td, J = 7.5 Hz, 1.1
Hz, 1H, H-4), 6.82 (dd, J = 8.2 Hz, 1.1 Hz, 1H, H-6) 3C NMR (126 MHz, CDCl;):
§ 152.49, 132.38, 130.05, 129.21, 122.86, 120.67, 115.74, 92.04

2-Bromobenzofuran (186)

To (189) (4.24 g, 15.3 mmol) was added THF (50 ml) and TBAF-3H,0 (4.83 g, 15.3
mmol) and heated under reflux for 6 hrs. The reaction mixture goes from a green to a
yellow colour. The mixture is then added to water (100 ml) and EtOAc (50 ml) and the
organic layer separated and the water layer washed with another portion of EtOAc and
the organic layers combined and dried over anhydrous MgSO, and dried under vacuum.

The crude was then purified using silica chromatography with hexane:EtOAc in a ration

of 10:1.

CAS: 54008-77-4199 Yield: 77% (over 2 steps) 'H 4 3
NMR (500 MHz, CDCL): & 7.49 (dd, J = 7.2 5 mB

r
Hz, 1.9 Hz, 1H, H-7), 7.44 (dt, J = 8.3 Hz, 0.9 Hz, 6 o)
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1H, H-4), 7.23 (m, 2H, H-5 & H-6), 6.71 (d, J = Hz,
1H, H-3) 3*C NMR (126 MHz, CDCL): § 155.79, 128.70, 128.19, 124.21, 123.37,
120.03, 110.90, 108.26

4.2.4 A typical iodination of 2-amino-pyridine analogues

To a solution of H,SO, (920 ul) in water (6.0 ml) was added 5-bromo-2-aminopyridine
(10.0 g, 58 mmol), iodic acid (2.4 g, 15 mmol), I, (5.4 g, 23 mmol) and acetic acid
(36.7 ml). This solution was then heated to 80° overnight and neutralised with conc.
NaOH and washed with DCM (3 x 30 ml). The DCM was washed with a dilute sodium

thiosulfate solution and dried over anhydrous MgSO,.

5-Bromo-3-iodopyridin-2-amine (82)

CAS: 381233-96-1%" Yield: 80% MP: 111-113 °C 4
TR (cm~1): ¥ 3446 (s), 3278 (s), 3122 (s), 2000 (s), Br S I
2690 (s), 2106 (s), 1627 (1), 1567 (1), 1454 (1), 1380 6 ~N” “NH,

(m), 1239 (1), 1022 (1), 891 (1), 743 (1), 678 (1), 642
() '"H NMR (300 MHz, CDCl3): § 7.98 (m, 2H, H-4 & H-6), 5.53 (s, 2H, NH,) 3C
NMR. (75 MHz, CDCl3): § 176.4, 156.6, 148.7, 147.6, 106.8

4.2.5 A typical iodination by lithiation procedure

A solution of THF (15 ml) and furan 188 (2.00 g, 11.89 mmol) was cooled with liquid
nitrogen in acetone and further reacted with BuLi (12.49 mmol). This reaction mixture
was stirred for 30 min and iodine (3.02 g, 11.89 mmol) in THF (5 ml) added drop
wise and stirred for 30 min. The reaction was then quenched with solid ammonium
chloride and poured into a mixture of OEt, and sat. sodium sulphite. The organic phase
was isolated and dried over anhydrous MgSO, and the solvent evaporated. No further

purification was required

tert-Butyl 2-iodofuran-3-carboxylate (185)
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CAS: Novel Yield: Quantitative (liquid) IR %/ SN
(cm™1): ¥ 2983 (s), 1706 (1), 1489 (m), 1305 (1), 1145 4 I A\

I
(1), 1002 (1), 740 (1) '"H NMR (300 MHz, CDC]l;): 5~0

§ 7.55 (d, J = 2.1 Hz, 1H, H-5), 6.69 (d, J = 2.1 Hz,

1H, H-4), 1.58 (s, 9H, CH3) ’C NMR (75 MHz, CDCL): § 161.3 (C=0), 147.9
(C-5), 125.3 (C-3), 112.6 (C-4), 97.0 (C-2), 81.7 (C(CHs)3), 28.2 (C(CHs);) HRMS:
[M+2H-¢-Bu |© Calculated: 238.9200 Found: 238.9338

4.2.6 A typical aryl diazotization followed by iodination procedure

The respective amine compounds were synthesised using a modified procedure from

Ullmann 146

o-Toluidine (5.4 ml, 50 mmol) was dissolved in a dilute H,SO, solution (7 ml conc.
H,SO, in 70 ml water) and cooled to 0°C. To this solution sodium nitrite (3.5 g, 50.7
mmol) dissolved in water (15 ml) was added slowly so as to keep the reaction mixture
below 5°C. The mixture was then stirred for 30 minutes after which it was added to a
potassium iodide (15 g, 90.4 mmol) solution in water (60 ml) which was pre-cooled to
—5°. The reaction mixture was allowed to warm to room temperature and left overnight
or heated at 70° for an hour. The mixture was then extracted with hexane (2 x 50 ml)
and the organic layer washed with HCI (1 M, 20 ml, x 2) followed by a sodium hydroxide
wash (5 M, 20 ml, x2) and finally by brine (20 ml). The hexane layer was then dried by
the addition of anhydrous MgSO, and filtered through a short silica plug column and

washed with excess hexane. The hexane was then removed under vacuum to yield 105.

1-Iodo-2-methylbenzene (105)

The spectra obtained was in accordance with literature values. 20!

CAS: 615-37-2202 Yield: 52% BP: 84°C (6 mmHg)
IR (cm™!): ¥ 3054 (s), 3007 (s), 1563 (s), 1452 (m), 3
1378 (s), 1274 (s), 1012 (1), 738 (1), 644 (1), 537 (m) <I
'H NMR (300 MHz, CDCl3): § 7.78 (d, J = 7.2 ? 1 I
Hz, 1H, H-1), 7.21 (d, J = 4.2 Hz, 2H, H-2 & H-3), 6.84 (m, 1H, H-4), 2.41 (s, 3H, CH3)
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3C NMR (75 MHz, CDCl3): § 141.3 (CCHj3), 138.9, 129.7, 128.1, 127.4, 101.2 (CI),
28.1 (CHj3)

4.2.7 A typical Sonogashira coupling procedure

Ethynyltrimethylsilane (4.17 ml, 28.9 mmol) was added to a mixture of dry THF (20
ml) and triethyl amine (20 ml, 144 mmol) and degassed for 15 minutes with bubbling
nitrogen. This mixture was then added to the following: palladium acetate (5.4 mg, 0.24
mmol), triphenyl phosphine (316 mg, 1.2 mmol) and the substituted 3-bromo-pyridine
(81, 80 or 3-bromo-2-aminopyridine) (24.1 mmol) from which oxygen has been excluded
by repeatedly placing the solid mixture under vacuum and nitrogen gas. After several
minutes of stirring copper iodide (4.6 mg, 0.24 mmol) was added and heated under
reflux for 16 hrs. The solution was then cooled and washed with saturated ammonium
chloride (20 ml) to remove copper salts. Sodium hydroxide (500 mg) was added to the
biphasic system in order to increase the pH, decreasing the solubility of amino pyridine
compounds in the water phase. The layers were then extracted with diethyl ether or
ethyl acetate (3 x 50 ml). The organic layer was then acidified with 6M HCI (15ml) and
the water layer isolated. This was repeated and the water layers were then neutralised
using solid Na,CO4. The neutralised mixture was then washed with EtOAc (30 ml x
3). The organic layer was then dried with anhydrous Na,SO, and the EtOAc removed

under vacuum to give 2-aminopyridine 84, 83 or 83.

In the case of 3-iodo-pyridine 3 equivalents of triphenyl phosphine in regards to palladium

acetate was added and the reaction kept at 30°C.

Some reactions would generate large amounts of dimer products. In these cases dppf
was used as a ligand in equimolar quantities in regards to the palladium acetate instead
of triphenyl phosphine. Triethyl amine was also replaced with diisopropyl amine (same

molar equivalents) was also necessary.

5-Chloro-3-[2-(trimethylsilyl)ethynyl|pyridin-2-amine (84)

CAS: 866318-90-3122 Yield: 74% MP: 106-108 :

4 SlMe3
°C IR (em™'): ¥ 3455 (s), 3158 (s), 2105 (s), Cl_~\ A
1622 (m), 1554 (m), 1455 (m), 1405 (m), 1248 | _
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(m), 1199 (m), 1106 (m), 928 (m), 904 (m), 838

(1), 762 (1), 648 (1), 560 (m) 'H NMR (300 MHz, CDCl3): 8 7.96 (d, J = 2.4 Hz,
1H, H-6), 7.50 (d, J = 2.4 Hz, 1H, H-4), 5.15 (s, 2H, NH,), 0.26 (s, 9H, Si(CH3)3) 13C
NMR (75 MHz, CDCL): § 157.7, 146.7, 139.4, 119.9, 104.2, 102.7 (C-C=C), 99.0
(Si-C=C), 0.1 (Si(CH3)3)

5-Methyl-3-[2-(trimethylsilyl)ethynyl]|pyridin-2-amine (83)

CAS: 500903-95-7123 Yield: 82% MP: 105-107

4 SiMC3
°C IR (cm™'): ¥ 3460 (s), 3292 (s, br), 3152 N Z
s, br), 2142 (s), 1627 (m), 1561 (m), 1472 (m), |
(s, br) (s) (m) (m) (m) 6 SN NI

1403 (m), 1249 (m), 1218 (m), 837 (1), 762 (1),

654 (1) '"H NMR. (300 MHz, CDCl): § 7.85 (d, J = 1.5 Hz, 1H, H-6), 7.38 (d, J
= 2.1 Hz, 1H, H-4), 4.87 (s, 2H, NH»), 0.26 (s, 9H, Si(CH3);) *C NMR (75 MHz,
CDCIl;): § 157.31, 148.07, 140.81, 122.34, 102.68 (C-C=C), 100.86, 100.50 (C-C=C),
17.21 (CH3), 0.00 (Si(CH3)3)

3-[2-(Trimethylsilyl)ethynyl|pyridin-2-amine (77)

CAS: 936342-23-3123 Yield: 94% MP: 80-81

4 SiMes
°C IR (cm™!): ¥ 3463 (s), 3282 (s, br), 3125 5 N\ L
(s, br), 2134 (s), 1629 (m), 1568 (m), 1247 (m), 6 | P

N NH,

1201 (m), 837 (1), 756 (1), 642 (1) '"H NMR (300

MHz, CDClL): 8 8.01 (dd, J = 1.8 Hz, 5.1 Hz, 1H, H-6), 7.52 (dd, J = 1.8 Hz, 7.5
Hz, 1H, H-4), 6.58 (dd, J = 4.9 Hz, 7.5 Hz, 1H, H-5), 5.13 (s, 2H, NH,), 0.26 (s, 9H,
Si(CH3)3) *C NMR (75 MHz, CDCl3): § 159.3, 148.2, 140.2, 113.3, 103.0, 101.1
(C-C=C), 100.4 (Si-C=C), 0.37 (Si(CH;)3)

Trimethyl[2-(2-methylphenyl)ethynyl]silane (106)

CAS: 3989-15-92%3 Yield: 79% IR (cm™!): v 2959

(s), 2154 (s), 1482 (s), 1248 (m), 866 (1), 835 (I), 5 Z
714 (m), 698 (m), 645 (m) 'H NMR. (300 MHz,
CDClL): 8 7.41 (d, J = 7.5 Hz, 1H, H-6), 7.19 - 7.09 3

SiMes
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(m, 3H, H-3 & H-4 & H-5), 2.43 (s, 3H, CCH3), 0.256 (s, 9H, SiCH3) *C NMR. (75
MHz, CDCl;): § 140.5, 132.0, 129.3, 128.4, 125.3, 122.9, 104.0 (C=C), 98.1 (C=C),
20.5 (C-CHj3), 0.00 (Si(CH3)3)

5-Bromo-3-[2-(trimethylsilyl)ethynyl]|pyridin-2-amine (85)

CAS: 905966-34-9123 Yield: 78% MP: 131-134 °C

4 SiM63
IR (cm™1): ¥ 3456 (s), 3293 (s), 3159 (s), 2960 (s), Br__~\ L
2002 (s), 2151 (s), 1625 (m), 1458 (m), 1249 (m), -
6 "N NH,

1196 (m), 914 (m), 837 (1), 792 (1), 645 (1), 607 (m)

'H NMR (300 MHz, CDCl3): § 8.04 (d, J = 2.1 Hz, 1H, H-6), 7.63 (d, J = 2.4 Hz,
1H, H-4), 5.09 (s, 2H, NH>), 0.262 (s, 9H, CH3) *C NMR (75 MHz, CDCl3): §
157.9, 148.7, 142.1, 107.0, 105.0, 102.9 (C=C), 98.9 (C=C), 0.1 (Si(CH3)3)

2- Amino-3-[phenylethynyl|pyridine (211)

Reaxys: 1128043524 Yield: 89% MP: 119-123 °C

4i
'H NMR (300 MHz, CDCl3): § 8.05 (dd, J = 1.5 ,
4 = 3
Hz, 5.1 Hz, 1H, H-6), 7.60 (dd, J = 1.8 Hz, 7.5 Hz, 5 A Z i
1H, H-4), 7.54 - 7.50 (m, 2H, H-3/), 7.38 - 7.34 (m, | _
6 “N” "NH,

3H, H-2! & H-4'), 6.65 (dd, J = 7.5 Hz, 5.3 Hz, 1H,
H-5), 5.07 (s, 2H, NH,) 3C NMR (75 MHz, CDCl;): § 158.8, 148.1, 140.0, 131.5,
128.7, 128.5, 122.7, 113.6, 103.2 (C=C), 95.5 (C=C), 84.5

2-Amino-3-[(2-methyl-phenyl)ethynyl|pyridine (75)

CAS: Novel Yield: 92% MP: 87-89 °C IR (cm™!):

V 3469 (s), 3284 (s), 3124 (s), 1629 (m), 1562 (m), 6' > 4i
1450 (m), 1242 (m), 750 (1) '"H NMR. (300 MHz, 4 P 3
CDClL): § 8.05 (dd, J = 5.0 Hz, 1.8 Hz, 1H, H-6), 5 | A

7.61 (dd, J = 7.5 Hz, 1.8 Hz, 1H, H-4), 7.49 (d, J = 6 ~N?Z  NH,

7.3, 1H, H-6'), 7.28 - 7.15 (m, 3H, H-3' & H-4! & H-5/), 6.66 (dd, J = 7.5 Hz, 5.0 Hz, 1H,
H-5), 5.09 (s, 2H, NH,), 2.51 (s, 3H, CH3) 13C NMR (75 MHz, CDCl3): § 158.7,
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148.0, 139.8, 138.0, 131.9, 129.6, 128.7, 125.8, 122.6, 113.6, 103.5, 94.5 (C—-C=C), 88.4
(C-C=C), 20.9 (CH3) HRMS: [M+H]|" Calculated: 209.1073 Found: 209.1078

2- Amino-5-methyl-3-[(2-methyl-phenyl)ethynyl|pyridine (89)

CAS: Novel Yield: 80% MP: 105-108 °C IR

(ecm™1): ¥ 3473 (s), 3302 (s), 3149 (s, br), 2927 (m), 6' > 41
1627 (m), 1568 (m), 1244 (1), 1244 (1), 756 (1) 'H 1 3i
NMR (300 MHz, CDCl3): § 7.88 (d, J = 1.7 Hz, | N

1H, H-6), 7.48 (d, J = Hz, 1H, H-6'), 7.45 (d, J = 2.2 6 ~N? “NH,

Hz, 1H, H-4), 7.28 - 7.22 (m, 2H), 7.19 (dd, J = 7.6 Hz, 3.6 Hz, 1H, H-47), 4.93 (s, 2H,
NH,), 2.51 (s, 3H, CHj3), 2.12 (s, 3H, CH3) '*C NMR . (75 MHz, CDCl;): § 156.8,
147.9, 146.8, 141.0, 140.5, 139.8, 131.8, 129.6, 128.6, 125.7, 122.7, 103.2, 94.3 (C-C=0C),
88.6 (C-C=C), 20.9 (CH3), 17.3 (CH3) HRMS: [M+H]* Calculated: 223.1230 Found:
223.1228

5-Bromo-2-amino-3-[(2-methyl-phenyl)ethynyl|pyridine (108)

CAS: Novel Yield: 66% MP: 124-127 °C IR

5i
(cm™1): v 3469 (s), 3288 (s), 3138 (s), 1627 (1), 1462 6' 4
(1), 1234 (1), 887 (1), 758 (I) '"H NMR (300 MHz, 4 3i
Br %
CDCl): 6 8.07 (d, J = 2.4 Hz, 1H, H-6), 7.69 (d, J | N
= 2.4 Hz, 1H, H-4), 7.47 (d, J = 7.3 Hz, 1H), 7.28 - 6 ~N?Z NH,

7.16 (m, 3H), 5.16 (s, 2H, NH,), 2.49 (s, 3H, CH3) *C NMR (75 MHz, CDCl;): §
157.3, 148.4, 141.4, 139.9, 131.9, 129.7, 129.1, 125.8, 122.0, 107.1, 105.2, 95.6 (C-C=C),
87.1 (C-C=C), 20.5 (CH3) HRMS: [M+H]|" Calculated: 287.0178 Found: 287.0188

5-Chloro-2-amino-3-[(2-methyl-phenyl)ethynyl|pyridine (90)

CAS: Novel Yield: 85% MP: 124-126 °C IR

5i
(em™'): ¥ 3467 (s), 3290 (s), 3126 (s), 1627 (m), 6' 4!
1556 (m), 1462 (1), 1230 (1), 759 (1) '"H NMR (500 4 3
Cl Z
MHz, CDClL): § 7.98 (d, J = 2.4 Hz, 1H, H-6), | N

7.57 (d, J = 2.5 Hz, 1H, H-4), 7.48 (d, J = 7.6 Hz, 6 ~N”  NH,



Experimental 129

1H, H-6'), 7.30 - 7.23 (m, 2H), 7.19 (td, J = 7.2 Hz, 1.4 Hz, 1H, H-5/), 5.16 (s, 2H, NH>),
2.50 (s, 3H, CH3) 3C NMR (125 MHz, CDCL): 8 157.1, 146.2, 134.0, 138.9, 131.9,
129.7, 125.8, 122.0, 120.1, 104.6, 95.5 (C-C=C), 87.1 (C-C=C), 20.9 (CH;) HRMS:
[M+H]" Calculated: 243.0685 Found: 243.0685

3-(Benzofuran-2-ylethynyl)-5-methyl-2-aminopyridine (200)

CAS: Novel Yield: 94% MP: 82-86 °C IR
(cm™'): v 3454 (), 3286 (s), 3122 (s), 1768 (m),
1627 (m), 1473 (m), 1394 (1), 1245 (m), 1049
(m), 885 (m), 746 (1) 'H NMR (500 MHz, 7 NH;
CDCL): & 7.93 (s, 1H, H-6), 7.58 (d, J = 7.1 Hz, 1H, H-7"), 7.48 (m, 2H, H-4 & H-5/),
7.36 (ddd, J = 8.4 Hz, 7.1 Hz, 1.3 Hz, 1H, H-6'), 7.26 (m, 1H, H-4), 7.01 (d, J = 1.0 Hz,
1H, H-37), 4.95 (s, 2H, NH>), 2.21 (s, 3H, CH3) *C NMR (126 MHz, CDCl;): §
156.99, 154.99, 149.04, 141.04, 140.79, 138.30, 127.62, 125.80, 123.41, 122.68, 121.27,
111.81, 111.25, 90.54, 85.43, 17.25 HRMS: [M+H]" Calculated: 249.1022 Found:
249.1020

tert-Butyl 2-[(2-amino-5-methylpyridin-3-yl)ethynyl]furan-3-carboxylate (202)

CAS: Novel Yield: Quantitative MP: 57-58 °C IR

(cm™'): ¥ 3388 (s), 3145 (s), 2987 (s), 2196 (s), 1701 0 i 3
(m), 1652 (m), 1575 (m), 1487 (m), 1055 (1), 744 (1) 4z ~

'H NMR (300 MHz, CDCl3): § 7.91 (d, J = 1.9 | \ o 0
Hz, 1H, H-6), 7.43 (d, J = 2.0 Hz, 1H, H-4), 7.34 (d, 6 “N”NH, A\

J = 2.0 Hz, 1H, H-4%), 6.69 (d, J = 1.9 Hz, 1H, H-3/),

5.65 (s, 2H, NH»), 2.18 (s, 9H, C(CHz3))3, 1.57 (s, 3H, CH3) *C NMR (75 MHz,
CDCl3): § 161.9 (C=0), 153.5, 140.6, 124.5, 122.8, 121.7, 104.3, 100.64 (C-C=C), 94.7
(C-C=C), 84.8 (C(CH3)3), 28.3 (C(CH3)3), 17.0 (CH3) HRMS: [M+H]" Calculated:
299.1390 Found: 299.1389
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4.2.8 A typical Boc protection procedure

Indole or 7-azaindole (42.6 mmol) was dissolved in THF (50 ml) with DMAP (78.2 mg,
0.64 mmol). To this solution Boc,O (13.94 g, 63.9 mmol) was added slowly and the
reaction stirred until starting material was consumed as seen by TLC. The solution was
then extracted using EtOAc and water and the organic layer was isolated and dried
using anhydrous Na,SO,. Removal of the organic solvent yielded the Boc protected

indole 184 or 7-azaindole 196 without the need for further purification.

tert-Butyl 1 H-pyrrolo[2,3-b]pyridine-1-carboxylate (196)

CAS: 138343-77-82%° Yield: Quantitative 'H 4 3
NMR (300 MHz, CDCl3): § 8.51 (dd, J = 4.8 Hz, 5 | N\ ,
1.6 Hz, 1H, H-6), 7.86 (dd, J = 7.8 Hz, 1.7 Hz, 1H, 6 ~NZ N
H-4), 7.63 (d, J = 4.1 Hz, 1H, H-3), 7.17 (dd, J = 7.8 o>=0
Hz, 4.8 Hz, 1H, H-5), 6.49 (d, J = 4.1 Hz, 1H, H-2), )T

1.67 (s, 9H, CH3) *C NMR. (75 MHz, CDCl;):
8 147.9 (C=0), 145.07, 129.09, 126.53, 123.00, 118.47, 104.48, 85.1 (C(CH3)3), 83.96,
28.10 (CH3)

tert-Butyl 1 H-indole-1-carboxylate (184)

CAS: 75400-67-8%% Yield: Quantitative 'H NMR 4 3
(300 MHz, CDCl3): § 8.14 (d, J = 8.2 Hz, 1H, 5 @ )
H-7), 7.59 (d, J = 3.7 Hz, 1H, H-2), 7.56 (d, J = 6 N

7.6 Hz, 1H, H-4), 7.31 (ddd, J = 1.2 Hz, 7.5 Hz, 8.1 L O>=0
Hz, 1H, H-6), 7.22 (dt, J = 1.2 Hz, 7.5 Hz, 1H, H-5), )T

6.56 (d, J = 3.7 Hz, 1H, H-3), 1.67 (s, CHs, 9H)
BC NMR (75 MHz, CDCI3): 0 130.6, 125.9, 124.2, 122.6, 120.9, 115.2, 107.3, 83.6
(C(CHas)3), 28.2 (CH3)



Experimental 131

4.2.9 A typical Suzuki coupling procedure

Pd(PPh,), (764 mg, 0.662 mmol) was weighed in to a two neck round bottom flask
together with the corresponding aromatic boronic acid (9.95 mmol) and the round bot-
tom evacuated to remove O, and replace it with N,. A solution of DME (50 ml) and
corresponding halide 108, 186 or 185 (6.62 mmol) was added to a dropping funnel and
degassed by bubbling of N, for 15 min. This was then added to the round bottom flask
under stirring. A 2M aqueous solution of potassium carbonate (15 ml) was then degassed
by the bubbling of N, for 15 min after which it was added to the reaction mixture. The
reaction mixture was then heated under reflux over night. After cooling the reaction
mixture was added to a mixture of EtOAc and water and the organic layer separated
and washed with brine. The organic layer was then dried over anhydrous anhydrous
Na,SO, and the solvent removed under vacuum. The crude product was then purified

using silica chromatography to yield the desired products 140, 191 or 192.

The indole and 7-azaindole boronic acids were synthesised from 196 and 184. A three
neck round bottom was taken and flame dried under vacuum, after which THF (10
ml) and diisopropyl amine (0.72 ml, 5.15 mmol) were added. The reaction was then
cooled by using an acetone slurry made by adding liquid nitrogen to acetone. Buli
in hexane (4.80 mmol) was then added slowly and reaction mixture stirred for 30 min
while maintaining the acetone slurry. Indole or 7-azaindole 196 or 184 (4.80 mmol)
was then dissolved in THF (10 ml) and slowly added to the reaction mixture which was
then stirred for an hr while maintaining the acetone slurry. To the reaction was then
added triisopropyl borate (7.02 mmol) and the reaction mixture allowed to warm to rt.
The reaction mixture was then quenched with a aqueous 1 M HCI until the pH was
at 7 after which the reaction mixture was placed in a separating flask and washed with
diethyl ether (30ml x 3). The diethyl ether layer was then dried under anhydrous MgSO,
and evaporated under vacuum. Care must be taken to not let the water temperature
rise above 30°C, as the boronic acid decomposes readily at elevated temperatures. The

boronic acids isolated were used as is in the Suzuki reaction.

5-(3,4-Dimethoxyphenyl)-3-(o-tolylethynyl)pyridin-2-amine (140)
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CAS: Novel Yield: 12% MP: 116-118 °C
IR (cm™!'): v 3469 (s), 3290 (s), 3149 (s),
2083 (s), 1625 (s), 1448 (1), 1263 (1), 1136
(1), 914 (1), 748 (I) '"H NMR. (300 MHz,
CDCL): § 8.26 (d, J = 2.4 Hz, 1H, H-6),
7.80 (d, J = 2.4 Hz, 1H, H-4), 7.52 (d, J = 7.4 Hz, 1H, H-6), 7.30 - 7.15 (m, 3H), 7.07
(dd, J = 8.2 Hz, 2.1 Hz, 1H, H-67) 7.02 (d, J = 2.0 Hz, 1H, H-27), 6.94 (d, J = 8.3 Hz,
1H, H-5), 5.13 (s, 2H, NH,), 3.95 (OCHs), 3.92 (OCH;), 2.53 (CH3) 1*C NMR (125
MHz, DMSO): § 158.7, 149.7, 148.5, 146.6, 139.9, 137.8, 132.3, 130.4, 130.0, 129.2,
126.3, 125.1, 122.8, 118.3, 112.8, 110.2, 101.9, 94.0 (C-C=C), 89.7 (C-C=C), 56.11
(OCH3;), 56.07 (OCH3), 21.0 (CH3) HRMS: [M+H]" Calculated: 345.1598 Found:
345.1603

tert-Butyl 2-(benzofuran-2-yl)-1 H-indole-carboxylate (191)

CAS: Novel Yield: 96% MP: 127-128 °C
IR (ecm™'): v 3057 (s) 2074 (s), 1743 (1), 0 %

! z z ! 7 ° 7
1444 (1), 1 132 1292 (1), 11 .

(1), 1367 (1), 1325 (1), 1292 (1), 1150 ] NS
(1), 1124 (1), 815 (I) '"H NMR (300 MHz, ‘ 7\ O

5 . 5t

CDClL): § 8.24 (dd, J = 8.3 Hz, 0.7 Hz, s 3 3 4

1H, H-7), 7.60 (ddd, J = 6.8 Hz, 3.9 Hz, 0.7

Hz, 2H, H-5), 7.49 (d, J = 8.2 Hz, 1H, H-7%), 7.38 (ddd, J = 8.5 Hz, 7.3 Hz, 1.3 Hz,
1H, H-6), 7.31 (d, J = 1.4 Hz, 1H), 7.30 - 7.21 (m, 2H), 6.93 (d, J = 0.8 Hz, 1H, H-3),
6.89 (s, 1H, H-3'), 1.35 (s, 9H, CH3) *C NMR (75 MHz, CDCl;): § 154.96 (C=0),
149.75, 149.47, 137.67, 129.41, 128.55, 128.49, 125.41, 124.58, 123.11, 122.89, 121.12,
121.03, 115.36, 112.63, 111.04, 105.69, 83.79 (C(CH3)3), 27.64 (CH3) HRMS: [M+H]*
Calculated: 334.1438 Found: 334.1685

tert-Butyl 2-[3-(tert-butoxycarbonyl)furan-2-yl]-1 H-indole-1-carboxylate (192)

CAS: Novel Yield: Quantitative MP: 66-

70 °C IR (cm™'): v 2983 (s), 1712 (1), 1452 \k
0
(m), 1332 (1), 1159 (1), 1066 (1), 746 (1) 'H 4 4 0s |
NMR (300 MHz, CDCL): & 8.24 (dd, J 5 \ / |4‘
6 N O~ si
7)o
0

ﬁ\
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= 8.4 Hz, 0.8 Hz, 1H, H-7), 7.58 (dd, J = 7.8

Hz, 0.7 Hz, 1H, H-4), 7.45 (d, J = 1.9 Hz,

1H, H-5'), 7.40 - 7.35 (m, 2H), 7.26 (dd, J =

7.4 Hz, 1.3 Hz, 1H, H-5), 6.84 (d, J = 1.9

Hz, 1H, H-4"), 6.81 (d, J = 0.7 Hz, 1H, H-3), 1.40 (s, 9H, CH3), 1.28 (s, 9H, CH3) *C
NMR (75 MHz, CDCls): 6 162.19, 150.44, 149.55, 141.70, 137.04, 128.36, 127.69,
125.40, 124.18, 122.90, 121.09, 118.82, 115.43, 113.32, 111.74, 107.26, 83.34, 80.85, 27.98,
27.87 HRMS: [M+H]* Calculated: 384.1805 Found: 384.1736

4.2.10 A typical Boc deprotection procedure

The Boc substituted compound 191 or 192 (5 mmol) was dissolved in a 40% mixture of
TFA in DCM (50 ml) and stirred for 1 hr after which the reaction mixture was poured
into a sat. NaHCO, solution. If a solid precipitate formed this was filtered and dried. If
not the reaction mixture was extracted several times with EtOAc, dried over anhydrous

Na,SO, and evaporated under vacuum to yield 193 or 195.

2-(Benzofuran-2-yl)-1 H-indole(193)

CAS: 78842-63-4%"7 Yield: 54% MP: 193-196 H .
°C 'H NMR (500 MHz, CDCl;): § 8.65 (s, 6 N 0 6'
1H, NH), 7.65 (dd, J = 8.0 Hz, 1.0 Hz, 1H, H-4'), 5 5i
7.59 (ddd, J = 7.6 Hz, 1.5 Hz, 0.7 Hz, 1H, H-4), 4 3¥ 4

7.52 (dd, J = 8.0 Hz, 0.9 Hz, 1H, H-7), 7.43 (dd, J = 8.2 Hz, 0.9 Hz, 1H, H-7), 7.27 (m,
3H), 7.15 (ddd, J = 8.0 Hz, 7.0 Hz, 1.0 Hz, 1H, H-5), 6.99 (d, J = 1.0 Hz, 1H, H-3/), 6.98
(dd, J = 2.1 Hz, 1.0 Hz, 1H, H-3)"*C NMR (126 MHz, CDCl;): § 154.48, 149.36,

136.46, 129.03, 128.75, 128.54, 124.40, 123.31, 123.16, 120.97, 120.91, 120.60, 111.05,
101.44, 101.22 HRMS: [M+H]|" Calculated: 234.0913 Found: 234.0908

tert-Butyl 2-(1 H-indol-2-yl)furan-3-carboxylate (195)

CAS: Novel Yield: 51% MP: Decomposed 142 °C
IR (cm™'): ¥ 3276 (s), 2970 (s), 1683 (s), 1600 (s),
1259 (m), 1136 (1), 1080 (1), 1022 (1), 786 (1) 'H




Experimental 134

NMR. (500 MHz, CDCl;): § 11.66 (s, 1H, NH),

7.65 (d, J = 7.9 Hz, 1H, H-7), 7.50 (dd, J = 8.2 Hz,

0.7 Hz, 1H, H-4), 7.35 (d, J = 1.9 Hz, 1H, H-4%), 7.23

(t, J = 7.7 Hz, 1H, H-5), 7.11 (t, J = 7.5 Hz, 1H, H-6), 7.07 (d, J = 1.0 Hz, 1H, H-3),
6.72 (d, J = 1.9 Hz, 1H, H-5%), 1.63 (s, 9H, CH3) *C NMR. (126 MHz, CDCl;):
8 164.58 (C=0), 152.16, 140.62, 136.37, 128.27, 127.91, 123.28, 121.04, 120.15, 113.78,
112.65, 111.88, 102.40, 82.02 (C(CH;)3), 28.27 (CH;) HRMS: [M+H]" Calculated:
284.1281 Found: 284.1265

4.2.11 A typical trimethylsilyl deprotection procedure

In the case of 2-aminopyridine substrates the following procedure was followed:

To a solution of THF and water (4:1) (50 ml) was added the substrate 84, 83, 85
or 77 (7.44 mmol) and TBAF (0.74 mmol) and the reaction allowed to stir for 12 hrs.
Alternatively, the reaction could be heated at reflux for an hour, however, the rt method

tends to give a cleaner reaction.

The reaction mixture was then poured into water and extracted with EtOAc, dried with
anhydrous Na,SO, and the solvent evaporated under vacuum to yield the product 87,

107), 86, 76 or 88.

5-Chloro-3-ethynylpyridine-2-amine (87)

CAS: 866318-88-92%% Yield: 96% MP: 98-100 °C i

Z
IR (cm™!): v 3455 (s), 3287 (s, br), 3158 (s, br), Cl\"\/ﬁ\/
2959 (s), 3149 (s), 1622 (m), 1554 (m), 1455 (m), 6 ~N? NH,

1405 (m), 1248 (m), 1199 (m), 1106 (m), 928 (m),

905 (m), 837 (1), 837 (1), 761 (1), 647 (1) "H NMR (300 MHz, CDCl;): § 7.99 (d, J
= 2.1 Hz, 1H, H-6), 7.53 (d, J = 2.1 Hz, 1H, H-4), 5.2 (s, 2H, NH,), 3.45 (s, 1H, =CH)
3C NMR (75 MHz, CDCl;): § 157.9, 147.0, 139.8, 119.8, 102.8, 84.5 (C=C), 84.5
(C=0)

3-Ethynyl-5-methylpyridin-2-amine (86)
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4

CAS: 863479-77-02% Yield: 96% MP: 55-57 °C IR, N Z
(ecm™!'): ¥ 3440 (m),3279 (m), 3249 (m), 3131 (m, | _
6 “N” "NH,

br), 2096 (s), 1629 (1), 1568 (1), 1468 (1), 1400 (1),

1222 (1), 1085 (m), 892 (1), 769 (1), 709 (1), 607 (1), 574 (I) "H NMR. (300 MHz,
CDCl3): 6 7.90 (s, 1H, H-6), 7.41 (s, 1H, H-4), 4.88 (s, 2H, NH}), 3.39 (s, 1H, =CH),
2.17 (s, 3H, CH3) *C NMR. (75 MHz, CDCl3): § 157.6, 148.4, 141.3, 122.4, 101.5,
83.2 (=CH), 79.5 (C-C=C), 17.2 (CHj3)

3-Ethynylpyridin-2-amine (76)

CAS: 67346-74-1210 Yield: 96% MP: 84-86 °C IR 4

=
(cm™'): v 3461 (m), 3286 (m), 3239 (m), 3154 (m, 5 | X
br), 2099 (s), 1621 (1), 1569 (1), 1447 (1), 1252 (1), 6 ~NZ NH,

1186 (1), 801 (1), 768 (1), 696 (1), 609 (1), 592 (1) 'H

NMR (300 MHz, CDCL): & 8.05 (d, J = 3.9 Hz, 1H, H-6), 7.56 (dd, J = 1.5 Hz,
7.5 Hz, 1H, H-4), 6.61 (dd, J = 4.8 Hz, 7.5 Hz, 1H, H-5), 5.15 (s, 2H, NH,), 3.41 (s,
1H, =CH) 1*C NMR (75 MHz, CDCl3): § 159.5, 148.5, 140.7, 113.34, 101.8, 83.4
(=CH), 79.3 (C-C=C)

5-Bromo-3-ethynylpyridine-2-amine (88)

CAS: 1210838-82-62! Yield: 97% MP: 120-123 °C 4

Br %
'H NMR (300 MHz, CDCl;3): § 8.01 (d, J = 2.4 i N
Hz, 1H, H-6), 7.65 (d, J = 2.1 Hz, 1H, H-4), 5.05 (s, 6 “NZ NH,

2H, NH,), 3.45 (s, 1H, =CH) *C NMR (75 MHz,
CDClL): § 158.0, 149.2, 142.3, 106.8, 103.5, 84.6 (C=C), 78.0 (C=C)

1-Ethynyl-2-methyl-benzene (107)

The procedure for de-protection of acetylene 106 was the same as the procedure stated
other than a full equivalent of TBAF was added and water was excluded from the

reaction by using dry THF. The reaction time was also limited to an hour.
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CAS: 766-47-2%12 Yield: 87% IR (cm™'): v 3290
(s), 3022 (s), 2922 (s), 2104 (s), 1483 (s), 1455 (s),
1014 (s), 755 (1), 715 (m), 644 (1), 610 () '"H NMR 3

(300 MHz, CDCL): & 7.46 (d, J = 7.5 Hz, 1H), 7.24-7.12 (m, 3H), 3.26 (s, 1H,
=CH), 2.45 (s, 3H, CH3) >*C NMR (75 MHz, CDCl;3): § 140.8, 139.0, 132.5, 129.5,
128.7, 125.5, 82.6 (C-C=C), 80.9 (=CH), 20.6 (CH3)

\

4.2.12 A typical ring closure of 2-amino-pyridines to form correspond-

ing 7-azaindole

The corresponding alkenyl compounds 211, 75, 200, 89, 140 or 90 (20.6 mmol) was
added to degassed acetonitrile (20 ml) followed by the addition of TFA (2.0 ml, 26.8
mmol) and then TFAA (3.8 ml, 26.8 mmol). The reaction vessel was then evacuated
to remove oxygen and kept under N,. The solution was then heated under reflux for
6 hrs after which it was poured into a 50% saturated aqueous solution of Na,CO, and
stirred for 30 min after which the solid was filtered and recrystallised from -PrOH to
yield 209, 74, 110, 109, 141 or 201.

2-Phenyl-1 H-pyrrolo[2,3-b|pyridine (209)

CAS: 10586-52-4213 Yield: 75% MP: 204-205 °C 4 3
'H NMR (300 MHz, CDCL): § 12.63 (s, 1H, 5 m J
NH), 8.31 (dd, J = 4.9 Hz, 1.5 Hz, 1H, H-6), 7.96 6 ~NZ N

\ 2i 3i
(dd, J = 7.8 Hz, 1.5 Hz, 1H, H-4), 7.90 (dt, J = 8.2 H

Hz, 1.7 Hz, 2H, H-2'), 7.53 (¢, J = 7.6 Hz, 2H, H-3'), 7.40 (¢, J = 7.4 Hz, 1H, H-4%), 7.11
(dd, J = 7.8 Hz, 4.9 Hz, 1H, H-5), 6.79 (d, J = 1.2 Hz, 1H, H-3) 3C NMR (75 MHz,
CDCl;): § 150.0, 142.2, 139.5, 132.5, 129.0, 128.7, 128.2, 125.9, 122.4, 116.1, 97.4

2-(2-Methylphenyl)-1 H-pyrrolo[2,3-b]pyridine (74)

PubChem: 84676211 Yield: 83% MP: Decom-
posed at 220 °C 'H NMR (300 MHz, CDCI;):
8 12.7 (s, 1H, NH), 8.08 (d, J = 3.8 Hz, 1H, H-6),
7.95 (d, J = 7.8 Hz, 1H, H-4), 7.73 - 7.67 (m, 1H,
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H-6%), 7.42 - 7.33 (m, 3H, H-3' - H-5%), 7.05 (dd, J = 7.8 Hz, 4.6 Hz, 1H, H-5), 6.58 (s,
1H, H-3), 2.57 (s, 3H, CH3) C NMR (75 MHz, CDCl3): § 149.2, 141.7, 139.0,
136.3, 132.6, 131.1, 129.5, 128.6, 128.2, 126.1, 121.9, 117.3, 115.8, 100.4, 21.2 (CH3)
HRMS: [M+H]* Calculated: 209.1073 Found: 209.1068

5-Methyl-2-(2-methylphenyl)-1 H-pyrrolo[2,3-b]pyridine (110)

CAS: Novel Yield: 75% MP: 165-167 °C IR 4 3
(ecm™1): v 3150 (s, br), 3010 (s, br), 2879 (s, br), | A A\
1683 (m), 1591 (m), 1458 (m), 1278 (1), 1145 (1), 750 6 “NZ N

H

(I) '"H NMR (500 MHz, DMSO): § 11.70 (s, 1H,

NH), 8.07 (d, J = 2.0 Hz, 1H, H-6), 7.75 (d, J = 2.0 Hz, 1H, H-4), 7.57 (dd, J = 5.0
Hz, 4.0 Hz, 1H), 7.35 - 7.30 (m, 3H), 6.48 (d, J = 2.0 Hz, 1H, H-3), 2.46 (s, 3H, CH3),
2.39 (s, 3H, CH3) 3C NMR (126 MHz, DMSO): § 148.12, 143.79, 138.72, 136.17,
132.61, 131.31, 129.79, 128.39, 127.96, 126.42, 124.57, 120.82, 100.05, 60.23, 21.37, 18.62
HRMS: [M+H]* Calculated: 223.1230 Found: 223.1233

5-Chloro-2-(2-methylphenyl)-1 H-pyrrolo[2,3-b]pyridine (109)

CAS: Novel Yield: 67% MP: 222-224 °C IR 4 ;
(ecm™1): ¥ 3124 (s), 2985 (s), 1579 (s), 1462 (s), cl | N\
1400 (m), 1284 (m), 941 (m), 871 (m), 738 () 'H 6 >N N

H

NMR (500 MHz, DMSO): § 12.11 (s, 1H, NH),
8.21 (d, J = 2.3 Hz, 1H, H-6), 8.06 (d, J = 2.3 Hz, 1H, H-4), 7.55 (dd, J = 6.8 Hz, 2.1
Hz, 1H), 7.34 (m, 3H), 6.57 (d, J = 1.9 Hz, 1H, H-3), 2.46 (s, 3H, CH3) *C NMR
(126 MHz, DMSO): § 147.72, 140.98, 140.78, 136.38, 132.00, 131.37, 129.95, 128.88,
127.25, 126.50, 122.99, 121.96, 100.37, 21.24 HRMS: [M+H|* Calculated: 243.0684
Found: 243.0685

5-Bromo-2-(2-methylphenyl)-1 H-pyrrolo|[2,3-b]pyridine (111)

CAS: Novel Yield: 90% MP: 110-114 °C IR 4

3
(cm™"): ¥ 3444 (s), 3278 (s), 3204 (s), 1626 (1), 1455 Br | N
“TN
H

(1), 1235 (m), 1020 (m), 871 (m), 742 (m) "H NMR 6 N
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(400 MHz, CDCl3): § 8.63 (s, 1H, NH), 8.43 (d, J

= 2.4 Hz, 1H, H-6), 7.93 (d, J = 2.3 Hz, 1H, H-4), 7.40 — 7.35 (m, 1H), 7.25 - 7.21 (m,
1H), 7.19 - 7.16 (m, 1H), 7.14 — 7.09 (m, 1H), 2.40 (s, 3H, CH3) *C NMR. (101 MHz,
CDCI;): & 149.36, 143.02, 140.83, 132.74, 130.54, 130.33, 126.50, 121.15, 117.19, 99.90,
84.76, 21.11 HRMS: [M+H]|" Calculated: 287.0178 Found: 287.0183

5-(3,4-Dimethoxyphenyl)-2-(2-methylphenyl)-1 H-pyrrolo[2,3-b]pyridine (141)

CAS: Novel Yield: 80% MP: 186-189 °C
IR (cm™'): ¥ 3014 (s, br), 2846 (s), 1593
(s), 1521 (s), 1448 (s), 1257 (1), 1143 (1), 844
(1), 756 (1) '"H NMR. (300 MHz, DMSO):
811.90 (s, 1H,NH), 8.52 (d, J = 2.1 Hz, 1H,
H-6), 8.18 (d, J = 2.1 Hz, 1H, H-4), 7.58 (dd,
J = 5.1 Hz, 3.8 Hz, 1H, H-3%), 7.38 - 7.29 (m, 5H), 7.24 (dd, J = 8.3 Hz, 2.0 Hz, 1H,
H-6"), 7.06 (d, J = 8.4 Hz, 1H, H-6), 6.51 (s, 1H, H-3), 3.88 (s, 3H, OCHj3), 3.80 (s,
3H, OCHj3), 2.48 (s, 3H, CH3) *C NMR (75 MHz, CDCIl3): § 162.3, 149.2, 148.3,
148.1, 141.4, 138.9, 135.8, 130.8, 129.3, 128.5, 126.0, 125.3, 120.5, 118.9, 112.5, 110.8,
106.4, 100.3, 79.1, 55.6 (OCH3;), 20.8 (CH3) HRMS: [M+H]" Calculated: 345.1598

Found: 345.1594

2-(Benzofuran-2-yl)-5-methyl-1 H-pyrrolo[2,3-b]pyridine (201)

CAS: Novel Yield: 21% MP: Decomposed

230 °C IR (cm™'): ¥ 3072 (s), 2908 (s), My
1670 (s), 1631 (s), 1583 (s), 1433 (m), 1282 6 SN“ N o) Z 6
(m), 1141 (m), 738 (I) '"H NMR (500 H 7’

MHz, DMSO): § 7.29 (d, J = 2.1 Hz, 1H, H-6),6.96 (d, J = 1.9 Hz, 1H, H-4),6.87
(dd, J = 7.7 Hz, 1.2 Hz, 1H, H-7)),6.79 (d, J = 8.1 Hz, 1H, H-4),6.57 (s, 1H, H-3),6.50
(ddd, J = 8.2 Hz, 7.7 Hz, 1.4 Hz, 1H, H-5'),6.44 (t, J = 7.4 Hz, 1H, H-6"),6.04 (d, J =
2.0 Hz, 1H, H-37),1.54 (s, 3H, CH3)3C NMR (125 MHz, DMSO): § 159.43, 154.41,
153.42, 134.26, 133.70, 133.56, 133.45, 130.08, 128.66, 126.57, 125.41, 116.29, 103.27,

23.30 HRMS: [M+H]* Calculated: 249.1022 Found: 249.1009
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4.2.13 A typical formylation procedure with 1,1-dichlorodimethyl ether

To a solution of 7-azaindole (74, 110, 109 or 141) (7.02 mmol) in DCM (40 ml) at 0°
was added TiCl, (1.9 ml, 21.1 mmol). 1,1-Dichlorodimethyl ether (2.3 ml, 21.1 mmol)
in DCM (10 ml) was added drop wise and the resulting mixture left to stir at rt for 2 hrs
after which water (20 ml) was added drop wise and the resulting mixture left to stir for
another hour. The resulting mixture was then worked by adding water and DCM and the
organic layer separated and dried over anhydrous Na,SO, and evaporated under vacuum.
The resulting crude product was then purified using silica chromatography with a 4:1
Hexane:EtOAc mobile phase. Alternatively the product could be recrystallised from
i-PrOH. TLCs were stained using a DNPH stain under which aldehydes selectively turn

orange.

2-(2-Methylphenyl)-1 H-pyrrolo[2,3-b]pyridine-3-carbaldehyde (115)

PubChem: 84699412 Yield: 57% MP: 215-217 °C
IR (cm™'): ¥ 2927 (s), 2785 (s), 2717 (s), 1658 (1),
1583 (m), 1456 (1), 1408 (m), 1379 (m), 1274 (1), 1166
(m), 1132 (m), 804 (1), 727 (1), 667 (I) '"H NMR
(500 MHz, CDCl3): & 13.74 (s, 1H, NH), 9.82 (s,
1H, C(=O)H), 8.69 (dd, J = 7.8 Hz, 1.5 Hz, 1H, H-6), 7.88 (dd, J = 4.8 Hz, 1.2 Hz,
1H, H-4), 7.53 (dd, J = 12.1 Hz, 4.5 Hz, 2H, H-5' & 3%), 7.47 (d, J = 7.5 Hz, 1H,
H-6%), 7.41 (dd, J = 7.7 Hz, 7.2 Hz, 1H, H-4%), 7.22 (dd, J = 7.8 Hz, 4.9 Hz, 1H, H-5),
2.42 (s, 3H, CH3) *C NMR (126 MHz, CDCl;): § 186.52 (C=0), 150.21, 148.56,
143.00, 137.43, 131.45, 131.37, 130.98, 130.39, 129.38, 126.06, 119.17, 118.75, 113.93,
20.37 (CH3) HRMS: [M+H]" Calculated: 237.1022 Found: 237.1024

5-Methyl-2-(2-methylphenyl)-1 H-pyrrolo[2,3-b]pyridine-3-carbaldehyde (114)

CAS: Novel Yield: Quantitative MP: 222-224 °C
IR (cm™'): v 2682 (s, br), 1658 (1), 1460 (1), 1240
(1), 1217 (1), 1066 (1), 1045 (1), 769 (1), 727 (1), 659
() "TH NMR. (500 MHz, CDCl;): § 9.80 (s, 1H,
C(=0)H), 8.77 (s, 1H, H-6), 8.04 (s, 1H, NH), 7.67
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(dd, J = 11.1 Hz, 8.0 Hz, 1H, H-6"), 7.54 (dd, J = 13.6 Hz, 6.4 Hz, 1H, H-4'), 7.51 -
7.40 (m, 2H, H-4 & H-5'), 7.38 (¢, J = 7.4 Hz, 1H, H-3"), 2.54 (s, 3H, CH3), 2.40 (s,
3H, CH3) ’C NMR (126 MHz, CDCl;3): § 186.35 (C=0), 150.97, 137.53, 132.17,
131.94, 131.42, 131.22, 130.93, 128.56, 127.92, 126.71, 126.63, 126.22, 113.84, 20.41
(CH3), 18.57 (CH3) HRMS: [M+H]" Calculated: 251.1179 Found: 251.1148

5-Chloro-2-(2-methylphenyl)-1 H-pyrrolo[2,3-b]pyridine-3-carbaldehyde (113)

CAS: Novel Yield: 35% MP: 144-146 °C IR
(cm™1): ¥ 2756 (s, br), 1649 (1), 1579 (m), 1458
(1), 1276 (1), 1097 (1), 891 (m), 696 (/) 'H NMR
(500 MHz, CDCl3): § 11.96 (s, 1H, NH), 9.77 (s,
1H, C(=0)H), 8.68 (d, J = 2.4 Hz, 1H, H-6), 7.96
(d, J = 2.4 Hz, 1H, H-4), 7.54 (dd, J = 7.6 Hz, 1.4 Hz, 1H, H-5'), 7.48 (td, J = 15.2 Hz,
7.6 Hz, 2H, H-6' & H-3), 7.41 (¢, J = 7.4 Hz, 1H, H-4'), 2.39 (s, 3H, CH3) *C NMR
(126 MHz, CDCl;): § 186.18 (C=0), 150.66, 146.48, 142.52, 137.29, 131.16, 131.15,
130.80, 130.61, 128.59, 127.09, 126.26, 119.56, 113.71, 20.30 (CH;) HRMS: [M+H]*
Calculated: 271.0633 Found: 271.0634

N\
N
H

5 - (3,4-Dimethoxyphenyl) -2- (2-methylphenyl) -1 H- pyrrolo [2,3-b] pyridine
-3- carbaldehyde (142)

CAS: Novel Yield: 26% MP: 201-205 °C ~
IR (cm™!): v 3010 (s, br), 2850 (s, br), 0
1776 (s, br), 1654 (m), 1465 (m), 1249 (1),

1026 (1), 694 (I) '"H NMR (400 MHz,

CDCl;): § 11.20 (s, 1H, NH), 9.82 (s, 1H,
C(=0)H), 8.85 (d, J = 2.2 Hz, 1H, H-6),

8.41 (d, J = 2.2 Hz, 1H, H-4), 7.52 (dd, J = 8.1 Hz, 6.8 Hz, 1H), 7.40 (m, 3H), 7.20 (dd,
J = 8.3 Hz, 2.1 Hz, 1H, H-6/), 7.14 (d, J = 2.1 Hz, 1H, H-2%), 7.01 (d, J = 8.3 Hz, 1H,
H-5%), 4.00 (s, 3H, CH3), 3.96 (s, 3H, CH3), 2.42 (s, 3H, CH3) 3C NMR (101 MHz,
CDCI;): 186.54, 150.01, 149.50, 148.98, 147.58, 143.42, 137.52, 131.56, 131.36, 131.05,
130.49, 128.87, 128.56, 126.15, 119.88, 116.99, 114.45, 111.79, 110.71, 56.13, 56.11, 20.41
HRMS: [M+H]" Calculated: 373.1547 Found: 373.1547

A\
N
H
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4.2.14 A typical formylation procedure with POClI,

POCIl,; was added to a cooled solution of dried DMF and the reaction mixture left to stir
at room temperature for 30 min. To the solution the respective 1-H benzyl protected
T-azaindole was added and stirred for a further 2 hrs. The mixture was then cooled
and a 1M aqueous NaOH solution added drop wise with cooling. After the addition
of 20 ml the resulting mixture was then heated under reflux for 1 hr after which the
reaction mixture was poured into water and was then extracted with several portions
of diethyl ether (40 ml). The organic layer was then dried with anhydrous Na,SO, and
evaporated under vacuum. The resulting crude product was then purified using silica

chromatography with a hexane:EtOAc solvent system of 10:1 to yield 72.

1-Benzyl-2-(2-methylphenyl)-1 H-pyrrolo[2,3-b|pyridine-3-carbaldehyde (72)

CAS: Novel Yield: 45% IR (cm™'): ¥ 3018 (s),
2056 (s), 2744 (s), 1772 (s), 1658 (1), 1423 (1), 1137
(m), 1035 (m), 742 (1), 698 (1) '"H NMR (300 MHz,
CDCL): 6 9.56 (s, 1H, C(=0)H), 8.65 (dd, J = 1.5
Hz, 7.8 Hz, 1H, H-6), 8.48 (dd, J = 1.5 Hz, 4.8 Hz,
1H, H-4), 7.43 (t, J = 7.8 Hz, 1H, H-5), 7.34 - 7.26
(m, 3H, H-4 & H-27), 7.20 - 7.12 (m, 4H, H-3' & H-4"
& H-5"), 6.87 - 6.84 (m, 2H, H-6" & H-3"), 5.33 (d, J = 3.0 Hz, 2H, CH,), 1.88 (s, 3H,
CH;) 3C NMR (75 MHz, CDCI3): § 186.0 (C=0), 150.9, 148.5, 145.0, 130.9, 130.5,
130.4, 128.4, 127.7, 127.7, 125.8, 119.3, 117.7, 114.4, 46.0 (CH,), 19.7 (CH;) HRMS:
[M+H]" Calculated: 327.1492 Found: 327.1491

4.2.15 A typical benzylation procedure

The formylated 7-azaindole 114, 113, 142 or 115 (3.04 mmol) was dissolved in NMP
(10 ml) and solid freshly ground KOH (1.7 g, 30.4 mmol) was added and the mixture
stirred for 30 min. Benzyl bromide (571 mg, 3.34 mmol) was then added and the mixture
stirred for 2 hrs after which water was added and the extracted with several portions

of diethyl ether and dried over anhydrous Na,SO, after which the solvent evaporated
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under vacuum. The crude product was then purified using silica chromatography with

a hexane:EtOAc solvent system of 10:1 to yield 72, 118, 119 or 143.

1-Benzyl-5-methyl-2-(2-methylphenyl)-pyrrolo[2,3-b]|pyridine-3-carbaldehyde
(118)

CAS: Novel Yield: (Calculated with next step)
MP: Liquid IR (cm™'): ¥ 3008 (s), 2790 (s), 2366
(s), 1768 (m), 1660 (1), 1421 (m), 1375 (m), 1245 (m),
759 (m), 704 (m) '"H NMR (500 MHz, CDCl;):
0 9.53 (s, 1H, C(=0)H),8.47 (d, J = 2.2 Hz, 1H,
H-6), 8.31 (d, J = 2.2 Hz, 1H, H-4),7.44 (dt, J = 7.6
Hz, 1.5 Hz, 1H),7.29 (m, 2H),7.15 (m, 4H),6.85 (m, 2H),5.30 (¢, J = 15.1 Hz, 2H, (s, 2H,
CH,)),2.51 (s, 3H, CH3),1.88 (s, 3H, CH3) '*C NMR (126 MHz, CDCl;): § 186.10,
151.01, 147.10, 145.76, 138.36, 136.57, 130.84, 130.41, 130.33, 130.30, 128.79, 128.36,
128.01, 127.66, 127.62, 125.78, 117.51, 114.00, 45.97, 19.68, 18.57 HRMS: [M+H]"
Calculated: 341.1648 Found: 341.1649

1-Benzyl-5-chloro-2-(2-methylphenyl)-pyrrolo[2,3-b|pyridine-3-carbaldehyde (119)

CAS: Novel Yield: 61% MP: 151-153 °C IR
(ecm™1): v 3095 (s), 2798 (s), 1612 (1), 1446 (1), 1406
(1), 1367 (1), 1282 (1), 1228 (1), 1172 (1), 906 (1), 858
(1), 729 (I) '"H NMR (500 MHz, CDCl;): § 9.76
(s, 1H, C(=0)H), 8.81 (d, J = 1.8 Hz, 1H, H-6), 7.80
(d, J = 1.9 Hz, 1H, H-4), 7.49 - 7.39 (m, 3H), 7.36 -
7.33 (m, 5H), 7.29 (dt, J = 7.1 Hz, 2.0 Hz, 1H), 5.89
(s, 2H, CH3), 2.41 (s, 3H, CH3) *C NMR (126 MHz, CDCIl;3): § 186.30 (C=0),
169.70, 149.74, 137.33, 134.29, 133.86, 133.10, 131.29, 130.75, 129.24, 129.08, 128.95,
128.84, 128.69, 125.42, 121.30, 115.58, 56.31 (CH,), 20.53 (CH;) HRMS: [M+H]*

Calculated: 361.1102 Found: 361.1103
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1-Benzyl-5- (3,4-dimethoxyphenyl) -2- (2-methylphenyl) -pyrrolo [2,3-b] pyri-
dine -3- carbaldehyde (143)

CAS: Novel Yield: 58% MP: 95-97 °C IR
(ecm™1): ¥ 3005 (s, br), 2848 (s, br), 1772
(s), 1658 (m), 1606 (m), 1521 (m), 1425
(1), 1245 (1), 1028 (1), 761 (1), 700 (1) 'H
NMR, (300 MHz, CDCl;): § 9.78 (s, 1H,
C(=0)H), 9.04 (d, J = 1.5 Hz, 1H, H-6),
8.02 (d, J = 1.5 Hz, 1H, H-4), 7.50 - 7.48
(m, 3H), 7.37 - 7.08 (m, 6H), 7.11 - 7.10 (m,
2H), 7.96 (d, J = 9 Hz, H-6%), 6.01 (s, 2H, CHa), 3.95 (s, 3H, OCH3), 3.92 (s, 3H,
OCHj3), 2.42 (s, 3H, CH3) *C NMR (75 MHz, CDCl): § 186.3 (C=0), 175.0,
169.1, 150.2, 149.6, 149.4, 137.4, 134.9, 134.8, 132.1, 131.3, 130.7, 129.7, 129.2, 129.1,
129.0, 128.8, 128.7, 128.6, 125.3, 119.8, 116.0, 111.9, 110.8, 56.3 (OCH3), 56.1 (OCH3),
49.4 (CHy), 20.6 (CH3) HRMS: [M-+H]* Calculated: 463.2016 Found: 463.2018

4.2.16 A typical light mediated ring closure procedure

The aldehyde 72, 118, 119 or 143 (2.74 mmol) was dissolved in dried DMF (20 ml) and
degassed. To this solution -BuOK (1.34 g, 10.99 mmol) was added and the reaction
mixture heated to 70° and irradiated with a high pressure vapour mercury lamp. After
ten minutes the reaction mixture was poured into water and stirred for 30 min after
which the solid was filtered and washed with ~-PrOH. If no precipitate formed the
reaction mixture was extracted with EtOAc and dried over anhydrous Na,SO, and the

solvent removed under vacuum. a-Carbolines 71, 121, 120, 144 and 145 were isolated.

11-Benzyl-11 H-benzo[g]|pyrido[2,3-b]indole (71)

CAS: Novel Yield: 82% MP: 137-139 °C IR 5 6
(cm™1): v 2997 (s), 1770 (1), 1384 (m), 1247 (1),
1062 (m) '"H NMR (300 MHz, CDCl;): § 8.55
(dd, J = 4.8 Hz, 1.7 Hz, 1H, H-2), 8.44 (dd, J = 7.7 i 10 9
Hz, 1.6 Hz, 1H, H-4), 8.33 (dd, J = 8.4 Hz, 0.6 Hz, 3i
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1H, H-10), 8.17 (d, J = 8.5 Hz, 1H, H-5), 7.99 (dd,

J = 8.0 Hz, 1.4 Hz, 1H, H-7), 7.72 (d, J = 8.5 Hz, ,

H-6), 7.47 (ddd, J = 8.1 Hz, 7.0 Hz, 1.3 Hz, 1H, H-8), 7.40 (ddd, J = 8.3 Hz, 6.9 Hz, 1.5
Hz, 1H, H-9), 7.29 (dd, J = 7.7 Hz, 4.8 Hz, 1H, H-3), 7.26 - 7.19 (m, 3H), 7.16 (dd, J =
4.4 Hz, 3.7 Hz, 2H, H-2/), 6.29 (s, 2H, CH,) 3C NMR . (75 MHz, CDCl;): § 151.4,
145.6, 137.8, 134.7, 133.8, 129.3, 128.9, 127.6, 127.2, 125.9, 125.7, 125.2, 122.7, 122.1,
121.6, 119.1, 116.8, 116.2, 115.9, 47.4 (CH,) HRMS: [M+H]" Calculated: 309.1386
Found: 309.1378

11-Benzyl-8-methyl-11 H-benzo|[g]pyrido[2,3-b]indole (121)

CAS: Novel Yield: 37% (over two steps) MP: 170-
172 °C IR (em™'): ¥ 3018 (s), 2927 (s), 1772 (m),
1377 (1), 1249 (1), 804 (1), 732 (1), 609 (1) '"H NMR
(500 MHz, CDCL): § 8.39 (d, J = 1.9 Hz, 1H,
H-2), 8.33 (d, J = 8.6 Hz, 1H), 8.27 (dd, J = 2.0 Hz, i
0.9 Hz, 1H, H-4), 8.16 (s, 1H, H-6), 7.98 (d, J = 8.0

Hz, 1H, H-7), 7.70 (d, J = 8.4 Hz, 1H, H-10), 7.46

(ddd, J = 8.1 Hz, 6.8 Hz, 1.1 Hz, 1H, H-8), 7.39 (ddd, J = 8.4 Hz, 6.8 Hz, 1.4 Hz, 11,
H-9), 7.24 (s, 1H, H-5), 7.21 (d, J = 7.4 Hz, 1H, H-6), 7.16 (d, J = 7.2 Hz, 2H), 6.27
(s, 2H, CH,), 2.57 (s, 3H, CH3) *C NMR. (126 MHz, CDCl3): § 146.36, 139.01,
137.95, 133.74, 129.27, 128.87, 127.83, 127.15, 125.93, 125.60, 125.10, 122.63, 121.29,
119.14, 115.58, 47.44, 18.63 HRMS: [M+H]|" Calculated: 323.1543 Found: 323.1540

11-Benzyl-8-chloro-11 H-benzo|[g]pyrido[2,3-b]indole (120)

CAS: Novel Yield: 4% (low pressure mercury lamp)
MP: 185-190 °C IR (cm~'): ¥ 3057 (s), 3030 (s),
2045 (s), 1656 (m), 1450 (m), 1419 (m), 1377 (m),
1271 (m), 1190 (m), 1087 (m), 1029 (m), 933 (m),
854 (m), 808 (m), 748 (1), 732 (1), 694 (1) '"H NMR 5i
(300 MHz, DMSO): § 8.45 (d, J = 2.3 Hz, 1H,

H-2), 8.33 (d, J = 2.3 Hz, 1H, H-4), 8.27 (d, J = 8.4

Hz, 1H, H-10), 8.04 (d, J = 8.5 Hz, 1H, H-3), 7.96 (d, J = 7.8 Hz, 1H, H-7), 7.68 (d, J
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— 8.5 Hz, 1H, H-4), 7.47 (dt, J = 11.0 Hz, 4.9 Hz, 1H, H-8), 7.39 (ddd, J = 8.3 Hz, 6.9
Hz, 1.3 Hz, 1H, H-9), 7.27 - 7.22 (m, 3H), 7.19 (t, J = 7.2 Hz, 1H, H-4'), 7.11 (d, J = 7.2
Hz, 2H, H-21), 6.17 (s, 2H, CH,) 1*C NMR (75 MHz, CDCL): § 171.1, 149.4, 144.0,
137.4, 135.5, 134.0, 129.3, 128.9, 127.3, 126.9, 125.9, 125.8, 125.6, 124.0, 122.6, 122.0,
121.9, 118.9, 116.4, 115.8, 47.5 (CH,) HRMS: [M+H]" Calculated: 343.0997 Found:
343.0996

11-Benzyl-8-(3,4-dimethoxyphenyl)-11 H-benzo[g]|pyrido[2,3-b]indole (144)

CAS: Novel Yield: 15% (low pressure mer-
cury lamp) MP: 186-189 °C IR (cm™!): ¥
3080 (s, br), 2970 (s, br), 2866 (s), 1593 (s),
1523 (m), 1467 (m), 1247 (1), 1028 (m), 808
(1), 742 () "H NMR (500 MHz, CDC]l;):
0 8.76 (d, J = 2.2 Hz, 1H, H-2), 8.58 (d, J
= 2.1 Hz, 1H, H-3), 8.36 (d, J = 8.5 Hz, 1H,
H-7), 8.24 (d, J = 8.5 Hz, 1H, H-6), 8.01
(dd, J = 8.1 Hz, 1.3 Hz, 1H, H-10), 7.75 (d, J = 8.4 Hz, 1H, H-5), 7.49 (ddd, J = 80
Hz, 6.8 Hz, 1.1 Hz, 1H, H-8), 7.43 (ddd, J = 8.3 Hz, 6.9 Hz, 1.4 Hz, 1H, H-9), 7.27
(m, TH), 7.04 (d, J = Hz, 1H, H-2), 6.34 (s, 2H, CH,), 4.01 (s, 3H, CH3), 3.97 (s,
3H, CH3)'*C NMR. (126 MHz, CDCl;): § 150.68, 149.45, 148.64, 144.70, 137.76,
135.26, 132.42, 130.09, 129.35, 128.94, 127.26, 125.94, 125.80, 125.32, 122.63, 122.12,
121.68, 119.77, 119.16, 116.84, 111.83, 110.90, 56.08, 47.58, 30.92 HRMS: [M+H]"
Calculated: 445.1911 Found: 445.1903

8-(3,4-Dimethoxyphenyl)-11 H-benzo[g]pyrido[2,3-b]indole (145)

CAS: Novel Yield: 10% MP: 229-231
°C IR (cm™'): ¥ 2927 (), 2837 (s), 1589
(m), 1523 (m), 1442 (m), 1375 (m), 1251
(m), 1151 (m), 1028 (m), 839 (m), 810 (1),
734 (m), 682 (m) '"H NMR (500 MHz,
DMSO): § 12.81 (s, 1H, NH), 8.86 (d, J =
2.2 Hz, 1H, H-2), 8.79 (d, J = 2.2 Hz, 1H, H-4), 8.62 (dd, J = 8.4 Hz, 1.1 Hz, 1H,
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H-7), 8.32 (d, J = 8.6 Hz, 1H, H-6), 8.07 (d, J = 8.3 Hz, 1H, H-10), 7.73 (d, J =
8.6 Hz, 1H, H-5), 7.66 (ddd, J = 8.2 Hz, 6.8 Hz, 1.3 Hz, 1H, H-8), 7.60 (ddd, J = 8.2
Hz, 6.9 Hz, 1.3 Hz, 1H, H-9), 7.41 (d, J = 2.2 Hz, 1H, H-2"), 7.36 (dd, J = 8.3 Hz,
2.2 Hz, 1H, H-6"), 7.11 (d, J = 8.3 Hz, 1H, H-5), 3.92 (CH3), 3.83 (CH3) *C NMR
(126 MHz, DMSO): § 150.86, 149.74, 148.74, 144.43, 135.78, 132.78, 131.95, 129.09,
128.80, 126.29, 126.24, 126.22, 122.77, 121.69, 120.47, 120.43, 119.48, 116.42, 115.93,
112.92, 111.29, 79.71, 79.44, 79.18, 56.16, 56.13 HRMS: [M+H]* Calculated: 355.1441
Found: 355.1449

4.2.17 A typical oxidative debenzylation procedure

The o-carboline 71, 121 or 120 (1.0 mmol) in THF (20 ml) and DMSO (788 mg, 10.0
mmol). t-BuOK (784 mg, 7.0 mmol) was added and O, bubbled through the reaction
mixture with continuous stirring for 20 min. After this the resulting mixture was poured
into water (200 ml) and stirred for 20 min and filtered. The filtrate was then washed with
several portions of --PrOH and dried under vacuum to yield the unprotected o-carboline

70, 133 or 132.

11 H-Benzo|g]pyrido[2,3-b]indole (70)

CAS: 78750-85-32 Yield: 24% MP: Decomposed
at 250 °C IR (cm™!): v 'H NMR (500 MHz,
DMSO): § 12.78 (s, 1H, NH), 8.63 (dd, J = 8.0 Hz,
1.0 Hz, 1H, H-2), 8.58 (dd, J = 7.5 Hz, 1.5 Hz, 1H,
H-4), 8.25 (d, J = 9.0 Hz, 1H, H-5), 8.06 (dd, J =
8.5 Hz, 8.0 Hz, 1H, H-8), 7.72 (d, J = 8.5 Hz, 1H, H-6), 6.65 (¢, J = 7.5 Hz, 1H, H-9),
7.61 (dd, J = 7.0 Hz, 1.5 Hz, 1H, H-10), 7.59 (dd, J = 7.0 Hz, 1.5 Hz, 1H, H-7), 7.30
(dd, J = 7.5 Hz, 8.0 Hz, 1H, H-3) C NMR (126 MHz, DMSO: § 151.6, 145.7,
135.1, 132.7, 129.1, 128.5, 126.2, 122.8, 121.6, 120.5, 120.2, 116.3, 116.1, 115.7 HRMS:
[M+H]" Calculated: 219.0917 Found: 219.0917

8-Methyl-11 H-benzo|g|pyrido|[2,3-b]indole (133)
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Reaxys: 12969446'% Yield: 18% MP: Decompo-
sition after 240 °C IR (ecm™!): ¥ 3149 (s), 3057 (s),
1591 (s), 1531 (s), 1382 (m), 1267 (m), 810 (m), 788
(1), 736 (1), 678 (1) '"H NMR (300 MHz, DMSO):
0 12.64 (s, 1H, NH), 8.60 (d, J = 8.2 Hz, 1H, H-2), 8.39 (d, J = 1.3 Hz, 1H, H-10), 8.33
(d, J = 1.3 Hz, 1H, H-7), 8.20 (d, J = 2.0 Hz, 1H, H-6), 8.05 (d, J = 8.0 Hz, 1H, H-4),
7.68 (d, J = 8.5 Hz, 1H, H-5), 7.65 (ddd, J = 8.2 Hz, 6.9 Hz, 1.2 Hz, 1H, H-8), 7.58
(ddd, J = 8.1 Hz, 6.9 Hz, 1.2 Hz, 1H, H-9), 3.34 (s, 3H, CH;) *C NMR (125 MHz,

DMSO): § 149.2, 141.9, 138.9, 136.3, 132.6, 131.1, 129.5, 128.5, 128.2, 126.1, 121.8,
115.8, 100.4, 21.2 (CH3) HRMS: [M+H]" Calculated: 233.1073 Found: 233.1224

8-Chloro-11 H-benzo|[g]pyrido[2,3-b]indole (132)

CAS: 140138-72-3215 Yield: 25% MP: decomposed
240 °C '"H NMR . (500 MHz, DMSO): § 12.97 (s,
1H, NH), 8.77 (d, J = 2.4 Hz, 1H, H-2), 8.62 (d, J
— 8.2 Hz, 1H, H-10), 8.48 (d, J = 2.4 Hz, 1H, H-4),
8.26 (d, J = 8.6 Hz, 1H, H-6), 8.07 (d, J = 7.9 Hz,
1H, H-7), 7.68 (ddd, J = 7.9 Hz, 7.0 Hz, 1.1 Hz, 1H, H-8), 7.63 (ddd, J = 8.1 Hz, 7.0 Hz,
1.2 Hz, 1H, H-9) 3C NMR (75 MHz, CDCL;): § 149.8, 143.7, 136.4, 133.0, 129.1,
128.0, 126.8, 126.5, 122.9, 121.6, 121.0, 120.4, 117.5, 115.1 HRMS: [M+H]* Calculated:

253.0527 Found: 253.0540

4.2.18 A typical copper catalyzed alkyne dimerisation procedure

The coupling of alkynes follows a modified procedure designed by Balaraman and Kesa-
van'3?. The respective alkyne 76 or 87) (8.48 mmol) was added to an acetonitrile (50
ml) and copper acetate solution (169 mg, 0.847 mmol). To this solution piperidine (970
ul, 8.48 mmol) was added and the mixture allowed to stir for 3 hrs. In the case of a
precipitate the solution was filtered, washed with acetonitrile (50 ml) and dried. How-
ever, when the alkyne dimer was still in solution a diethyl ether extraction (50 ml x 2)
together with the addition of water (20 ml) was used. The diethyl ether layer was then

washed with an aqueous saturated ammonium chloride solution (10 ml, 0.2 g NaOH)
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followed by brine (10 ml). The diethyl ether solution was then dried with anhydrous
Na,SO, and filtered.

[4-(2-Amino-3-yl)buta-1,3-diyn-1-yl]-2-amine (93)

Yield: Quantitative MP: decomposed at NH, H,N

200 °C IR (cm™'): ¥ 3467 (s), 3296 (s), /N \ =N
6 ==

3129 (s, br), 2134 (s), 1631 (1), 1561 (1), 1466 — \_7

(1), 1440 (1), 1250 (1), 1191 (1), 789 (1), 760

(1), 555 (1) '"H NMR. (500 MHz, AcetoneDg): § 8.04 (dd, J = 2.7 Hz, 0.6 Hz, 1H,
H-6), 7.63 (dd, J = 4.5 Hz, 1.2 Hz, 1H, H-4), 6.62 (dd, J = 4.5 Hz, 3.0 Hz, 1H, H-5), 5.96
(s, 2H, NH,) ’C NMR (125 MHz, AcetoneDg): § 160.9, 149.4, 140.8, 112.6, 100.0,
79.0 (C=C), 78.8 (C=C) HRMS: [M+H]|" Calculated: 235.0978 Found: 235.0979

[4-(2- Amino-5-chloropyridin-3-yl)buta-1,3-diyn-1-yl]-5-chloropyridin-2-amine
(92)

CAS: Novel Yield: 96% IR (cm™'): v
3393 (s, br), 3315 (s, br), 3170 (s, br),
1657 (s), 1601 (m), 1546 (m), 1446 (m),
1397 (m), 1233 (m), 912 (m), 891 (m), 760
(m), 564 (1) '"H NMR. (300 MHz, DMSO): §" 8.02 (d, J = 2.7 Hz, 2H, H-6/), 7.96
(d, J = 2.1 Hz, 1H, H-6"), 7.75 (d, J = 2.4 Hz, 2H, H-4"), 7.63 (d, J = 2.4 Hz, 2H,
H-4%), 6.73 (s, 4H, NH,), 6.39 (s, 2H, NH,) *C NMR (75 MHz, DMSO): § 159.4,
158.7, 147.7, 146.5, 139.6, 139.1, 117.0, 116.9, 101.8, 100.3, 87.5 (C=C), 78.0 (C=C),
78.4 (C=C) HRMS: [M+H]* Calculated: 302.0199 Found: 302.0199

*Note that even though symmetry is seen in the molecule there is limited rotation and so similar
protons are in different environments arising to the increased integration values
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