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Abstract 

Cancer is a leading cause of death and disease worldwide with an increasing number of cases 

reported annually. There is therefore an ever-present need for improved diagnosis and 

treatment options. Akt is a protein kinase that belongs to the PI3K/Akt/mTOR signalling 

pathway and is involved in regulating a number of cellular processes, including proliferation, 

growth, cellular survival, glucose metabolism, angiogenesis and migration. This kinase has 

been found to be dysregulated in a variety of diseases, including cancer, with activated Akt 

linked to reduced patient survival and conferring resistance to conventional cancer treatments. 

To date, no Akt inhibitors have been approved by the U.S. Food and Drug Administration 

(FDA) for anticancer therapy and all of the current clinical trial candidates are reversible 

inhibitors. This suggests an opportunity for further research into this field, especially into 

irreversible Akt inhibitors. 

During a previous project, the novel irreversible inhibitor of wild-type Akt1, N-[3-(1-{1-[4-(3-

phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-1H-1,2,3-triazol-4-yl)phenyl]-

acrylamide, was synthesised and identified. In order to study the differences in inhibition 

between irreversible and reversible Akt inhibitors, the first aim of this project was to synthesise 

the reversible version of this irreversible Akt inhibitor, namely N-[3-(1-{1-[4-(3-

phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-1H-1,2,3-triazol-4-yl)phenyl]-

propionamide. After its successful synthesis, evaluation found that both the reversible and 

irreversible Akt inhibitors bind the targeted allosteric pocket between the kinase and pleckstrin 

homology (PH) domains, with the irreversible inhibitor targeting both the target cysteine 

residues, Cys296 and Cys310. As expected, evaluation further revealed the irreversible 

inhibitor to be a more potent Akt inhibitor than its reversible counterpart. 

The second aim of this project was to further explore Akt inhibition, with the design and 

synthesis of a small library of novel target compounds, to be evaluated for their ability as 

irreversible Akt inhibitors, and thus, as potential anticancer agents. This library included a 

number of compounds with small alterations from the previously synthesised irreversible Akt 

inhibitor and also included hybrid compounds between said previously synthesised irreversible 

Akt inhibitor and an Akt inhibitor of our colleagues, N-(2-oxo-3-{1-[4-(5-oxo-3-phenyl-5,6-

dihydro-1,6-naphthyridin-2-yl)benzyl]piperidin-4-yl}-2,3-dihydro-1H-benzo[d]imidazol-5-

yl)acrylamide, also called borussertib. This library of compounds was successfully synthesised 
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and evaluated for covalent bond formation to Akt, inhibitory activity against Akt and 

antiproliferative activity against a number of cancer cell lines. 

From this library, three compounds were identified as type VI inhibitors of wild-type Akt1, 

capable of both covalent modification of wild-type Akt1 and of inhibiting its activity. These 

compounds are N-(6-chloro-2-oxo-3-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-2,3-dihydro-1H-benzo[d]imidazol-5-yl)acrylamide, N-(2-oxo-3-{1-[4-(3-

phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-2,3-dihydro-1H-benzo[d]imidazol-

5-yl)acrylamide and N-[3-(1-{1-[4-(5-oxo-3-phenyl-5,6-dihydro-1,6-naphthyridin-2-yl)-

benzyl]piperidin-4-yl}-1H-1,2,3-triazol-4-yl)phenyl]acrylamide. The latter of these 

compounds displayed the best overall rate of covalent bond formation with wild-type Akt1 and 

also the best Akt inhibitory activity and antiproliferative activity in the biochemical and cellular 

assays, respectively. This compound has the same eastern scaffold as the previously 

synthesised irreversible Akt inhibitor and its western scaffold is from the potent Akt inhibitor 

from our collaborators, borussertib. 

Ultimately, the reversible counterpart of a previously synthesised irreversible Akt inhibitor was 

successfully synthesised and characterised and a small library of novel potentially irreversible 

Akt inhibitors was also designed, synthesised and characterised. These compounds were all 

evaluated for their inhibition of Akt and the information gained allowed for the further 

development of the structure-activity relationship (SAR) knowledge of this class of inhibitors. 

It is hoped that this will be utilised for the design of future generations of irreversible Akt 

inhibitors with improved properties. 
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Opsomming 

Kanker is een die vernaamste oorsake van sterftes en siekte ter wêreld. Met 'n toenemende 

aantal gevalle wat jaarliks aangemeld word, is daar voortdurend 'n behoefte aan verbeterde 

diagnose- en behandelingsopsies. Akt is 'n proteïenkinase wat lid is van die PI3K/Akt/mTOR 

seintransduksiepad en is betrokke by die regulering van 'n aantal sellulêre prosesse, insluitend 

proliferasie, groei, sellulêre oorlewing, glukosemetabolisme, angiogenese en migrasie. Daar is 

gevind dat hierdie kinase gedisreguleer is in verskeie siektes, insluitend kanker. Geaktiveerde 

Akt is gekoppel aan verminderde pasiëntoorlewing en weerstand teen gebruiklike 

kankerbehandelings. Geen onderdrukkers van Akt is tot op hede deur die Food and Drug 

Administration van Amerika (FDA) vir kankerbehandeling goedgekeur nie en al die huidige 

kliniese proefmiddels is omkeerbare onderdrukkers. Dit dui op ‘n geleentheid vir verdere 

navorsing op hierdie gebied, veral in onomkeerbare onderdrukkers van Akt. 

‘n Nuwe onomkeerbare onderdrukker van wilde-tipe Akt1, genaamd N-[3-(1-{1-[4-(3-

fenielimidaso[1,2-a]piridin-2-iel)bensiel]piperidin-4-iel}-1H-1,2,3-triasol-4-iel)feniel]-

akrielamied, is tydens 'n vorige projek gesintetiseer en geïdentifiseer. Ten einde die verskille 

in onderdrukking tussen onomkeerbare en omkeerbare onderdrukkers van Akt te bestudeer, 

was die eerste doel van hierdie projek om die omkeerbare weergawe van bogenoemde 

onomkeerbare onderdrukker te sintetiseer, naamlik N-[3-(1-{1-[4-(3-fenielimidaso[1,2-a]-

piridin-2-iel)bensiel]piperidin-4-iel}-1H-1,2,3-triasol-4-iel)feniel]propionamied. Na die 

suksesvolle sintese van hierdie verbinding, het evaluering bevind dat beide die omkeerbare en 

onomkeerbare onderdrukkers Akt bind in die geteikende allosteriese bindingsholte tussen die 

kinase- en plekstrinhomologie (PH)-domeine. Daar is ook gevind dat die onomkeerbare 

onderdrukker beide die teikensisteïenresidue, Cys296 en Cys310, teiken. Die evaluering het 

verder, soos verwag, gedui dat die onomkeerbare onderdrukker 'n sterker onderdrukker van 

Akt is as sy omkeerbare eweknie. 

Die tweede doel van hierdie projek was om onderdrukking van Akt verder te ondersoek, met 

die ontwerp en sintese van 'n klein reeks van nuwe teikenverbindings, ten einde hul vir hul 

vermoëns as onomkeerbare onderdrukkers van Akt, en dus potensiële antikankermiddels, te 

evalueer. Hierdie reeks bevat 'n aantal verbindings met klein veranderinge vanaf die voorheen 

gesintetiseerde onomkeerbare onderdrukker van Akt en ook hibriedverbindings tussen die 

voorheen gesintetiseerde onomkeerbare onderdrukker van Akt en 'n onderdrukker van ons 

kollegas, N-(2-okso-3-{1-[4-(5-okso-3-feniel-5,6-dihidro-1,6-naftiridin-2-iel)bensiel]-
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piperidin-4-iel}-2,3-dihidro-1H-benso[d]imidasol-5-iel)akrielamied, ook genoem borussertib. 

Hierdie reeks van verbindings is suksesvol gesintetiseer en geëvalueer vir die vorming van ‘n 

kovalente binding met Akt, vir hul onderdrukkende aktiwiteit teen Akt en vir 

teenprolifererende aktiwiteit teen 'n aantal kankersellyne. 

Drie verbindings van hierdie reeks is geïdentifiseer as tipe VI-onderdrukkers van wilde-tipe 

Akt1, wat kovalent aan wilde-tipe Akt1 bind en ook die aktiwiteit daarvan onderdruk. Hierdie 

verbindings is N-(6-chloro-2-okso-3-{1-[4-(3-fenielimidaso[1,2-a]piridin-2-iel)bensiel]-

piperidin-4-iel}-2,3-dihidro-1H-benso[d]imidasol-5-iel)akrielamied, N-(2-okso-3-{1-[4-(3-

fenielimidaso[1,2-a]piridin-2-iel)bensiel]piperidin-4-iel}-2,3-dihidro-1H-benso[d]imidasol-5-

iel)akrielamied en N-[3-(1-{1-[4-(5-okso-3-feniel-5,6-dihidro-1,6-naftiridin-2-iel)bensiel]-

piperidin-4-iel}-1H-1,2,3-triasol-4-iel)pheniel]akrielamied. Van hierdie verbindings, toon 

laasgenoemde die beste algehele tempo van kovalente bindingsvorming met wilde-tipe Akt1 

asook die beste onderdrukkende aktiwiteit teen Akt en teenprolifererende aktiwiteit in die 

biochemiese en sellulêre toetse onderskeidelik. Hierdie verbinding het dieselfde oostelike 

gedeelte as die voorheen gesintetiseerde onomkeerbare onderdrukker en sy westelike gedeelte 

is dié van die sterk onderdrukker van Akt van ons medewerkers, borussertib. 

Ten einde is die omkeerbare eweknie van 'n voorheen gesintetiseerde onomkeerbare 

onderdrukker van Akt suksesvol gesintetiseer en gekarakteriseer en 'n klein reeks van nuwe 

potensiële onomkeerbare onderdrukkers van Akt is ook ontwerp, gesintetiseer en 

gekarakteriseer. Hierdie verbindings is almal geëvalueer vir hul onderdrukking van Akt en die 

inligting wat verkry is, het bygedra tot die verdere ontwikkeling van die struktuur-

aktiwiteitsverhoudingkennis van hierdie klas onderdrukkers. Daar word gehoop dat dit 

aangewend sal word vir die ontwerp van toekomstige generasies van onomkeerbare 

onderdrukkers van Akt met verbeterde eienskappe.  
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Chapter 1 Cancer and kinase inhibitors 

1.1 Cancer 

1.1.1 What is cancer? 

Cancer is defined as “a group of diseases characterised by uncontrolled growth and spread of 

abnormal cells”.1 Collectively, the different possible types and subtypes of cancer affect most 

organs and tissues in the body.2 In 2000, two biologists, Hanahan and Weinberg, first described 

the acquired capabilities that allow normal human cells to transform into malignant cancers.3 

They listed six traits, or hallmarks, that cells require for successful tumorigenesis, namely self-

sufficiency in growth signals, insensitivity to growth-inhibitory (antigrowth) signals, evasion 

of programmed cell death (apoptosis), limitless replicative potential, sustained angiogenesis 

and tissue invasion and metastasis.3 These traits were found to be integral components of most 

forms of cancer.4 

Hanahan and Weinberg later updated their findings in a more recent review, with two new 

hallmarks added, that is reprogramming of energy metabolism and evading immune 

destruction.4 They have also identified two factors that allow for the acquisition of hallmark 

traits, thereby promoting tumorigenesis. These so-called “enabling characteristics” are 

genomic instability in cancer cells, which generates random mutations, and the inflammatory 

state of premalignant lesions that is driven by cells of the immune system, some states of which 

serve to promote tumour progression, called “tumour-promoting inflammation”.4 It was also 

stated that one cannot look at cancer cells in isolation, with the environment around them also 

being an important consideration.4 These cells around the cancer cells help create a “tumour 

microenvironment” which further assist the potential cancer cells in the process of 

tumorigenesis.4 

The cancer hallmarks were updated in a 2017 review by Fouad and Aanei.5 They summarised 

the current knowledge of cancer cells neatly into seven hallmarks, namely selective growth and 

proliferative advantage, altered stress response favouring overall survival, vascularization, 

invasion and metastasis, metabolic rewiring, an abetting microenvironment and immune 

modulation.5 The new hallmarks encompass properties from the cancer cells themselves as well 

as their environment, therefore including the enabling characteristics and “tumour 

microenvironment” discussed by Hanahan and Weinberg, but not included in their original 
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hallmarks.4,5 These hallmarks provide a comprehensive description of the physiological 

changes cells undergo when their anticancer mechanism is breached and it was further shown 

that tumour cell genomes are consistently altered at multiple sites; however, this does not 

explain why these changes occur, causing cancer.3,5 

1.1.2 Causes of cancer 

There has been a number of differing opinions about the main cause(s) of cancer. In their 

review in 2008, Aggarwal and co-workers stated that cancer is caused by multiple mutations.6 

These mutations can differ according to origin, either arising from internal factors (such as 

inherited mutations, hormones and immune conditions) or external factors, namely 

environmental or lifestyle factors.6 It is said that inherited genetic defects only contribute to 5 

to 10% of all cancer cases, while the rest are attributed to environmental and lifestyle factors, 

also called extrinsic factors.6,7 These extrinsic factors include tobacco use, alcohol 

consumption, diet, obesity, infections, environmental pollutants, sun exposure, physical 

inactivity and stress.6 

In 2015, Tomasetti and Vogelstein stated that, apart from the 5 to 10% of cancer cases attributed 

to have a heritable component, only a third of cancers are caused by extrinsic factors.8 They 

believed that cancer is predominantly caused by random, chance mutations arising during DNA 

replication in normal, noncancerous stem cells, something which they termed “bad luck”.8 This 

statement has since been refuted by a number of articles stating that environmental and lifestyle 

factors play the biggest role in causing cancer.7,9,10 

As Davey Smith and co-workers explained, random mutations cannot account for the change 

in cancer rates over time and the differences in the rates between different countries.10 For 

example, in 1914, lung cancer accounted for less than 1% of all cancer cases in the USA, but 

it saw a steady rise with tobacco use, increasing by orders of magnitude over the following 

decades.10 It is also currently the most common cancer worldwide, with 12.9% of the total new 

cases, and 19.4% of the total deaths, in 2012.11 The primary cause of lung cancer (and therefore 

the cause of its increase in numbers) has been unequivocally ascribed to tobacco use, and not 

merely random mutations.6,10,12 From such and other investigations, it has been deduced that 

the vast majority of cancers are caused by extrinsic factors (not all of which are yet known) 

and not merely by chance.7,10 
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1.1.3 Cancer statistics 

Worldwide, the toll of cancer on humanity is on the increase.11,13 It is a leading cause of death 

and disease globally, with GLOBOCAN 2012 reporting an estimated 8.2 million deaths and 

14.1 million new cases in 2012.11,13 This is a notable increase from the 7.6 million deaths and 

12.7 million new cases in 2008, as reported by GLOBOCAN 2008.14 It is predicted that if 

recent trends in the major cancers continue, 2030 will see a substantial increase of 68% new 

cancer cases compared to 2012. This translates to 23.6 million new cases yearly by 2030.13  

There is therefore a persistent need for better and more effective diagnosis and treatment 

options for cancer.12 

1.1.4 Treating cancer 

For many years, the primary methods for treating cancer have been surgery, radiation and 

chemotherapy, or a combination of the three.15 While surgery and radiation are good targeted 

treatments, therapy that can reach every organ in the body is also required. To this end, 

chemotherapy, biological molecules (such as hormones), gene therapy and immune-mediated 

therapies are also used against cancer.15–17 Combination therapy is seen as the most promising 

strategy for improving survival, with a combination of therapies being routinely used to 

maximise the antitumor effect while keeping toxicity to normal tissues to a minimum.15,17 

The interest of this project lies at chemotherapy. One of the challenges with chemotherapy is 

that for most types of cancer, the genetic diversity in the different types of human tumours 

leads to only a subset of patients being responsive to any given agent.16 Ideally, genomic and 

molecular assays should be used to identify the subsets of patients that are most likely to 

respond to certain drugs.18 This means that a number of different drug options should be 

available in the anticancer armamentarium in order to target this genetically diverse disease. 

1.2 Chemotherapy 

1.2.1 The history of chemotherapy 

The term chemotherapy was first used by the German chemist Paul Ehrlich.15 He worked on 

many projects during his lifetime, including the search to find a “magic bullet” to kill microbial 

pathogens.19 Ehrlich and his colleagues notably developed a cure for syphilis (Treponema 

pallidum) which was used from 1910 until 1940, after which it was replaced by penicillin.19,20 
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At the time, Ehrlich and others believed cancer to be caused by organisms resembling the 

spirochete of syphilis.21 

Schweizer wrote about Ehrlich’s work in 1910, defining chemotherapy as “the science dealing 

with the treatment of internal parasitic diseases by means of preparations synthesised with the 

object of combining the maximum power of efficiency in the destruction of the greatest variety 

of protozoa with the minimum poisonous action upon the patient’s tissues”.21 Chemotherapy 

therefore initially broadly indicated the use of chemicals to treat disease, and not specifically 

cancer, but Schweizer did profess his hope that cancer would also be found responsive to 

chemotherapy treatment.15,21 This definition also describes the central objective of 

chemotherapy, namely treatment with maximum efficacy and minimum toxicity. 

From the early 1900s, a researcher from the Yale University School of Medicine, Strong,  

conducted extensive studies of the effects of oil of gaultheria on spontaneous carcinoma of the 

mammary gland in mice.22 Oil of gaultheria is an essential oil from the wintergreen shrub, 

Gaultheria procumbens.23 Strong found that administration of this oil delayed the onset of 

spontaneous carcinoma in mice (compared to the control group) and that when a carcinoma did 

appear, the treated mice lived longer than their control counterparts.22 Fractional distillation of 

the oil and subsequent further investigation allowed for the identification of heptyl aldehyde 

(heptanal) as the active ingredient.24 He found that administration of heptyl aldehyde increased 

survival time in mice and also slowed tumour growth, with a few cases even showing complete 

regression.24,25 This work, published in 1938, opened the door for chemotherapy as a potential 

treatment for cancer.24 

Not long after, in the early 1940s, nitrogen mustard, closely related to sulphur mustard gas, 

was used to successfully, albeit temporarily, treat a patient with non-Hodgkin’s lymphoma.15,16 

This was the first time that chemotherapy was shown to induce tumour regression in humans 

and since then, cancer drug development has expanded into a multi-billion industry with major 

international industrial effort.16 

The first chemotherapeutic agents developed were termed cytotoxic drugs and are mainly 

categorised by their targets, i.e. antimetabolites, alkylating agents, mitotic inhibitors and 

topoisomerase I and II inhibitors.16,26 Unfortunately, while possessing potency, these drugs 

frequently lacked selectivity for tumour cells over normal cells, commonly demonstrating acute 

and long-term toxicity, thus affecting virtually every organ of the body; hence the term 
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“cytotoxic” being applied to this set of therapeutics.16,26 The main aim for chemotherapy 

research was therefore to achieve tumour selectivity and to limit toxicity.27 

With the progression of cancer research, a better understanding of cell biology was gained in 

the 1980s, leading to the development of targeted-therapy to aid in the reduction of toxicity 

from chemotherapeutic agents.16,26 With targeted-therapy, researchers target cancer-specific 

molecules and signalling pathways, such as the so-called hallmarks of cancer cells.2,16,27 

Targeting these processes is seen as a more specific and effective way of halting cancer 

progression, with the targets including growth factors, signalling molecules, cell-cycle proteins 

(such as kinases), modulators of apoptosis and molecules that promote angiogenesis.16,26 

1.2.2 Kinases as targets for chemotherapy 

One group of the targeted-therapy agents are the inhibitors of the cell-cycle proteins called 

kinases. Kinases are enzymes that transfer a phosphate group from adenosine triphosphate 

(ATP) to a protein, while their counterparts, termed phosphatases, remove a phosphate group 

from a protein, thereby respectively switching proteins on and off.28 Together, they are the key 

components in intracellular signalling, involved in nearly every aspect of cell biology, 

including metabolism, transcription, cell-cycle progression, cytoskeletal rearrangement and 

cell movement, proliferation, apoptosis and differentiation.26,29,30 There are 518 known human 

kinases with a high degree of conservation amongst them, especially in their ATP binding 

pockets.31,32 Based on where they phosphorylate their substrates, kinases are put into either one 

of two classes, namely serine/threonine kinases (which phosphorylate on serine and threonine 

residues) and tyrosine kinases (which phosphorylate on tyrosine residues).26 

The first cellular oncogene was discovered in 1976 and it was later found that this gene, src, 

encodes for a tyrosine kinase.33 Subsequent studies of kinase mutations have shown genetically 

inherited variants of specific kinases to be associated with cancer initiation, promotion, 

progression and recurrence, with deregulated kinases triggering cancer cell proliferation and 

hyperactive kinases increasing anti-apoptotic effects.28 Dysregulation of kinases have also been 

found in a number of other human disorders including diabetes and autoimmune, 

cardiovascular, inflammatory and neurological disorders.29 Kinases therefore make for an 

attractive target group and it has been said that the study of kinase inhibitors account for a 

quarter of all current drug discovery research and development efforts.28 

A number of kinase inhibitors were discovered from the 1980s, with the first U.S. Food and 

Drug Administration (FDA) approved small molecule kinase inhibitor, to be rationally 
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developed by targeting a kinase specifically, approved for clinical use in 2001.26 This was the 

Abelson non-receptor tyrosine kinase (ABL) inhibitor, imatinib 1.1 (Figure 1.1), used in 

treating chronic myeloid leukaemia (CML).16,26 ABL is constitutively active in most patients 

with CML, making it an attractive target.30 Apart from small molecule inhibitors, monoclonal 

antibodies and nucleic acid aptamers have also been used to target and inhibit kinases, but this 

is beyond the scope of this introduction.26,28,34  

 

Figure 1.1 

Imatinib, a kinase inhibitor used in treating CML.29 

As of end 2017, there were 39 FDA approved small molecule kinase inhibitors, with 33 of 

these approved for cancer treatment.28,35,36 There are also around 150 other kinase inhibitor-

based potential drug candidates in clinical trials.28 

1.2.3 Considerations for kinase inhibition 

As with other chemotherapeutic agents, the requirements for kinase inhibitor drugs are that, 

along with being potent, they must also be metabolically stable, well-absorbed after oral 

administration and show a favourable toxicity profile at biologically effective doses.16 This is 

shown in the ADMET (absorption, distribution, metabolism, excretion, and toxicity) profile 

and is important as it, in part, determines the usability of a compound.37 With the right software, 

these properties can be predicted with reasonable reliability.38 

For orally available drugs, Lipinski’s rule of five is another good general guideline, aiding the 

design of candidates with favourable absorption and permeation properties.39 The rule states 

that poor absorption and permeation is more likely when there are more than five hydrogen 

bond donors, more than ten hydrogen bond acceptors, the molecular weight is greater than 

500 g/mol and the calculated Log P (a measure of lipophilicity where P is the ratio of octanol 

to aqueous solubility) is greater than five.39 
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A consideration specific to the kinase inhibitors is the aforementioned structural conservation 

between kinases, especially in the ATP binding pocket. This can make it a tall order for 

inhibitors to possess adequate selectivity, predominantly only inhibiting one out of the at least 

518 structurally related kinases. 

Despite these hurdles, kinase inhibitors currently used as chemotherapeutic agents 

(imatinib 1.1 amongst them) succeed in their goal as a targeted-therapy, producing a more 

favourable outcome compared to conventional cytotoxic therapies and thus improving clinical 

efficacy.28 This is because they successfully discriminate between normal cells and rapidly 

proliferating cancer cells, thereby being less cytotoxic to normal cells than to tumour cells.28 

Kinase inhibitors are also useful in combination therapy, such as when used with cytotoxic 

chemotherapy or radiation therapy.28 

That being said, kinase targets have to be chosen carefully as while it may be favourable to 

inhibit a kinase that is dysregulated in one organ (that is in a disease state), it may prove harmful 

to other systems in the body where that kinase is not dysregulated (and is still serving essential 

functions).40 One such example is inhibition of the human epidermal growth factor receptor 2 

(HER2) kinase in breast cancer patients which leads to severe cardiac dysfunction in some 

women, pointing to it serving a critical role in the survival of heart muscle cells.40 

Unfortunately, inhibition of kinases is not immune to the phenomenon of resistance, also seen 

in other treatments, with resistance seen as the major limitation to this therapy.16,26,28 Resistance 

can be attained through a number of different mechanisms, including mutations or 

amplification of the target enzyme, overexpression of drug transporters or mutations in cell-

death pathways.16 These resistance mechanisms have been shown to enable tumour cells to 

circumvent single anticancer agents and it has been found that combinations of 

chemotherapeutic drugs, each having a different target site, was the most effective way to 

prevent or circumvent drug resistance.16 It was also found that a combination of drugs were 

more effective than single agents used in isolation, with an observed synergy between the 

anticancer agents.16 

There is therefore an ongoing need for improved kinase inhibitors. 
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1.3 Kinase inhibitors 

1.3.1 Classification of kinase inhibitors 

Kinase inhibitors can be categorised according to the structure of their drug-enzyme 

complexes, i.e. where and how the inhibitors bind to their target kinases.28 The literature has 

some differences of opinion in these definitions so, for the purpose of this introduction, the 

classification method favoured by Roskoski (as specified in his review in the journal 

Pharmacological Research) will get preference where such conflicts are encountered.28,29 

The main kinase inhibitor types are types I, II, III, IV, V and VI (Figure 1.2), and while there 

is a further type I½ inhibitor (and this type and type II inhibitors can be further divided into 

two subtypes each), discussing them is beyond the scope of this introduction.29 

Inhibitors interact with or bind to their targets either non-covalently (types I to V) or covalently 

(type VI).29 The non-covalent interactions are reversible and include hydrogen bonds, salt 

bridges, hydrophobic interactions and van der Waals forces between the inhibitor and the 

kinase amino acid residues.29 Covalent inhibitors bind with the same interactions as non-

covalent inhibitors, but additionally include a covalent bond between drug and target. 

Type I inhibitors are ATP competitive inhibitors, mimicking the purine ring of the adenine 

moiety of ATP and binding in the ATP binding pocket of the kinase’s active conformation.28 

Their binding effectively blocks ATP and thereby inhibits kinase activity.28 

As with type I inhibitors, type II inhibitors bind to the ATP binding pocket, but in their instance, 

they bind to the inactive form of the kinase.28 These inhibitors also have interactions with an 

adjacent hydrophobic pocket which is only accessible in the kinase’s inactive conformation, a 

so-called allosteric pocket.28,41 

Type III inhibitors are non-ATP competitive and bind to the above-mentioned allosteric pocket 

adjacent to, but distinct from, the ATP binding pocket, causing the kinase to undergo 

conformational changes to render it inactive.26 They are also called allosteric inhibitors.28 

Type IV inhibitors are also allosteric inhibitors, binding to an allosteric pocket remote from, 

and not related to, the ATP binding pocket.28,41 The allosteric site can be anywhere on the 

kinase (with the exception of the pocket adjacent to the ATP binding pocket) and inhibitor 

binding renders the protein inactive.41 
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Figure 1.2 

A pictorial representation of the six different inhibitor types (dark grey) bound to their target kinases (light grey) 

where type I is bound in the ATP binding site (a), type II is bound in the ATP binding site and the adjacent 

allosteric pocket (b), type III is bound to the allosteric pocket adjacent to the ATP binding site, type IV is bound 

to an allosteric sire unrelated to the ATP binding site (c), type V is bound to two discrete binding sites (d) and 

type VI is covalently bound to the kinase.41,42 

Type V inhibitors are bivalent molecules, consisting of two connected inhibitory fragments, 

each targeting a different binding site of one kinase.29,43 Their binding can occur in any two 

sites on the kinase, encompassing the possibilities of the previous inhibitor types.43 They 

typically consist of an ATP competitive (type I or II) fragment tethered to an allosteric inhibitor 

fragment.43,44 

The final type, type VI inhibitors, form covalent adducts with their protein kinase targets.29 

These inhibitors commonly consist of two fragments, namely a heterocyclic core structure from 

a known reversible (type I to V) inhibitor, called the driving group, and an electrophilic 

functional group, the warhead (Scheme 1.1).45 The crucial covalent bond is formed between a 

nucleophilic amino acid residue from the target kinase and the electrophilic warhead, optimally 

positioned on the driving group for just such an interaction.28,46 Poorly conserved, non-catalytic 

nucleophiles are targeted, most commonly cysteine, but also, to a lesser degree, lysine and 

aspartic acid.41,47,48 Weakly electrophilic warheads are used, with the α,β-unsaturated carbonyl 

functional groups, acrylamide and substituted acrylamides, most commonly seen.49 
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Type VI inhibitors typically bind over two steps (Scheme 1.1 and Equation 1.1).49 First, the 

driving portion binds to the kinase, in one of the sites described for inhibitor types I to V, to 

form a kinase-inhibitor complex (E•I).28 This reversible phase places the warhead in the 

optimum position for covalent bond formation. The second part of binding is then when the 

warhead binds covalently to the kinase (E-I).28,41 

 

Scheme 1.1 

A schematic representation of type VI inhibitor binding where the warhead, an acrylamide moiety, targets a 

cysteine amino acid residue.45 

Equation 1.1 

A general mechanism describing covalent inhibition, where E is the kinase (enzyme), I is the type VI inhibitor, 

E•I is the initial non-covalent complex and E-I is the final covalent complex.49,50 

 

Equation 1.1 describes the mechanism of inhibition for this type of inhibitor, where the 

inhibitor inhibition constant (KI) is the concentration of inhibitor required for half of the 

maximum potential rate of covalent bond formation.49,50 The final covalent complex, E-I, does 

not form if rate constant k2 = 0. It is then simply a reversible inhibitor from one of the previous 

classes. If rate constant k-2 = 0, then the inhibitor is termed an irreversible inhibitor.49 Between 

these two extremes are the reversible covalent inhibitors, with finite values for both k2 and k-2. 
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With these compounds, covalent bond formation increases the degree of inhibition and renders 

the inhibitor more potent, but without permanent modification of the target kinase.49 

1.3.2 Rationale for inhibitor type chosen 

Drug-target interactions are commonly quantified by equilibrium binding parameters such as 

the equilibrium dissociation constant (Kd) and the half-maximal inhibitory concentration 

(IC50).
29,51 Kd is the ratio between the dissociation (koff) and association constants (kon).

29 The 

lower koff, the longer the drug-target interaction, or residence time.29 This is sought after as the 

longer the inhibitor is bound to the kinase, the longer its inhibitory effect is exerted on the 

kinase.51 With a long enough drug-target residence, the drug has the potential of remaining 

inhibitory at a time after the unbound drug has been eliminated from the cell, thereby having 

an inhibitory effect beyond its exposure to the system.29 The IC50 is the concentration of drug 

that inhibits the targeted process by 50%.29 A low IC50 is also preferred as the lower the IC50, 

the lower the drug concentration needed to have the desirable inhibitory effect on the target. 

As previously mentioned, the high degree of active site residue conservation amongst kinases 

makes selectivity a major consideration with the design of kinase inhibitors. The ATP binding 

pocket is especially conserved and this leaves type I inhibitors with an inclination towards 

selectivity problems and a resultant potential for off-target side-effects.28,52 Despite this 

potential drawback, many type I drugs have been selective and active enough to be approved 

by the FDA for use as chemotherapeutic agents.28 

The other group of ATP competitive inhibitors, type II inhibitors, target the inactive form of 

the kinase, which has less structural conservation in the binding pocket than the active kinase.52 

They also form interactions with the additional, and less conserved, allosteric pocket, so while 

there is considerable overlap of selectivity between type I and II inhibitors, these differences 

render type II inhibitors to be generally more selective than type I inhibitors.28,41 

The non-ATP competitive allosteric inhibitors (type III to V) usually exhibit a higher degree 

of selectivity than their ATP competitive counterparts.28,41 This is as there is less conservation 

of residues between kinases in allosteric sites, and such inhibitors therefore have higher 

specificity than those binding to the ATP binding site.26 Non-ATP competitive inhibitors also 

do not have to compete with the high intracellular concentrations of ATP in the cell (as would 

type I and II inhibitors).41,53 They are therefore often seen as superior to ATP competitive 

inhibitors, with the potential to overcome limited selectivity, off-target side-effects and even 

drug resistance.26,28 
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Despite these advantages, the majority of FDA approved kinase inhibitors available today are 

ATP competitive (type I and II), with only a few being non-ATP competitive.28 Nevertheless, 

both groups are of importance, with the combined use of compounds with different 

mechanisms of action (such as ATP competitive and non-ATP competitive inhibitors) 

enhancing the primary antitumor response and decreasing the amount of emerging resistance 

compared to continued single agent exposure.41,54 

Since type V inhibitors bind to two regions of the target, they have the potential for more 

interactions with the target kinase.43 This can lead to enhanced potency and selectivity 

compared to the other, single-site inhibitor types.43,44 Unfortunately, while they are 

strategically designed for an increased potency and selectivity, they usually have higher 

molecular weights than the other inhibitor types and are therefore not as cell permeable, 

complicating their use in cells.41 

Type VI inhibitors have a number of potential advantages over that of the other, reversible 

inhibitor types. Firstly, inhibitors that rely on covalent bonding dramatically favour the bound 

form and have been shown to lead to higher potencies.49 Selectivity of these inhibitors rely on 

both stages of kinase-inhibitor formation and both the driving portion and electrophilic 

warhead must therefore be selective for the target kinase.49 They can consequently have 

improved selectivity, when compared to type I to V inhibitors, provided the targeted 

nucleophilic residue is not conserved across all kinases.49 

Selectivity is also one of its potential downfalls and it is crucial that covalent bond formation 

is confined to the protein kinase of interest as it could lead to loss of selectivity and emergence 

of toxicity if the warhead binds indiscriminately to other, non-targeted cysteine residues.47 This 

is effected by choosing a weakly electrophilic warhead that will only covalently bind once 

driving group binding positions it at the proper distance and orientation relative to its target.49 

The reactivity of the electrophile must be low enough so that no appreciable covalent bond 

formation will occur between it and other thiol-containing molecules.49 Acrylamide and 

substituted acrylamides have been shown to be good candidates, imparting both potency and 

selectivity to type VI inhibitors, and are the most commonly used warheads.48,49 

There are currently five FDA approved type VI inhibitors, namely afatinib 1.2, ibrutinib 1.3, 

osimertinib 1.4,  neratinib 1.5 and acalabrutinib 1.6 (Figure 1.3), with all showing good potency 

and selectivity and low toxicity.28,35,55,56 Ibrutinib 1.3 and osimertinib 1.4 have acrylamide 

warheads, afatinib 1.2 and neratinib 1.5 have substituted acrylamides and acalabrutinib 1.6 has 
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a substituted propiolamide warhead. It was found that acalabrutinib 1.6, with its substituted 

propiolamide, displayed lower reactivity than acrylamide-containing compounds, such as 

ibrutinib 1.3, and it is speculated that it helps minimise inhibition of off-target cysteine kinases 

as it is more selective than the acrylamide-containing compounds.55 This may therefore be a 

warhead seen more often in the future. 

 

Figure 1.3 

The current type VI inhibitors approved by the FDA.35,42,56 

With covalent bond formation, type VI inhibitors have an extended drug-target interaction.28 

This imparts a number of advantages. One, with near-infinite residence time in the target, 

recovery from inhibition only occurs when the cell restores the kinase levels by re-synthesis of 

the target protein.47,49,51 Inhibition can therefore be considered “mechanistically irreversible” 

if the kinetic half-life of the covalent complex is long compared to re-synthesis of the target.49 

Two, off-target side-effects are reduced as the inhibitor is not free to have an adverse effect 
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elsewhere in the cell.28 Three, the drug has an inhibitory effect beyond its exposure to the 

system; therefore, provided there is adequate time for the target kinase to be maximally 

occupied, swift clearance from the system is a benefit and not a limitation, allowing for 

potentially fewer off-target related adverse effects.29,47 This may also allow for less frequent 

drug dosing and lower drug doses, and therefore a lowered drug burden for the patient.42,49 

Lastly, true irreversible inhibitors with (k-2 = 0) operate under non-equilibrium binding kinetics 

(Equation 1.1) and this reduces competition with cellular levels of ATP (this is of significance 

if they have type I or II origins).42 

Additionally, covalent inhibition has the potential to help combat therapy-induced resistance 

development, with afatinib 1.2, ibrutinib 1.3, neratinib 1.5 and others shown to overcome drug 

resistance acquired against earlier inhibitors.28,42,49 Many oncogenic mutations have also been 

found to introduce a novel cysteine, making for attractive potential targets for selective therapy 

targeting mutant cancer cells.57 

As mentioned before, type VI inhibitors can potentially cause toxicity issues when covalently 

binding to non-targeted biomolecules, resulting in tissue injury or activation of the immune 

system, leading to immune-mediated drug hypersensitivity.42,49 There is also the possibility 

that the drug-target adduct itself can potentially cause such an immune response.58 Further 

factors to be considered with type VI inhibitors include that their covalent, near infinite, 

inhibition mechanism is unsuitable for targets which require short residence time, transient 

inhibition or partial inhibition.42 Furthermore, as discussed above, recovery from covalent 

inhibition only occurs when the cell restores the kinase levels by re-synthesis of the target 

protein. These inhibitors are therefore unsuitable for targets with a rapid turnover as their 

inhibitory effect will not last long enough if the turnover rate is too speedy, replacing the 

inhibited kinase with new kinase molecules before a useful inhibitory effect is observed.42 

With these advantages and disadvantages in mind, it was decided to enter into the design, 

synthesis and evaluation of a type V inhibitor with an electrophilic warhead attached. The aim 

was therefore to synthesise a covalent type VI inhibitor with a bivalent driving portion, 

effectively combining the superior potency of the type VI inhibitor with the selectivity of the 

type V inhibitor. First, the appropriate kinase target was required. 
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Chapter 2 Akt and its inhibitors 

2.1 Akt kinase 

2.1.1 An introduction to Akt 

Akt (or protein kinase B, PKB) is serine/threonine kinase from the AGC subfamily of the 

protein kinase superfamily.1 It is part of the PI3K/Akt/mTOR signalling pathway which plays 

an important role in regulating various essential cellular processes, including proliferation, 

growth, apoptosis and cytoskeletal rearrangement.2,3 Akt itself has a wide range of substrates, 

and hence, functions, and is involved in helping regulate a number of the above-mentioned 

processes, including proliferation, growth, cellular survival, glucose metabolism, angiogenesis 

and migration.1,3,4 

Other members of this pathway include phosphatidylinositol 3-kinase (PI3K) and the 

phosphatidylinositols (PtdIns), PtdIns(4,5)P2 (PIP2), PtdIns(3,4,5)P3 (PIP3) and PtdIns(3,4)P2.
3 

PI3K phosphorylates PIP2 to generate PIP3, which is needed for Akt activation.5,6 This is 

followed by generation of PtdIns(3,4)P2, which is also involved in Akt activation.7 

Akt has three mammalian isoforms, Akt1, Akt2 and Akt3, in turn expressed by the distinct 

genes, Akt1, Akt2 and Akt3.8–10 These three isoforms share a conserved structure, each 

consisting of an amino-terminal pleckstrin homology (PH) domain, a central catalytic kinase 

domain and a short carboxy-terminal regulatory tail, which includes a hydrophobic motif.3,5,11 

In humans, Akt2 and Akt3 have respectively 81 and 83% amino acid homology with Akt1.5 

The kinase domain and hydrophobic motif are especially conserved, with 85 to 90% amino 

acid homology between the three Akt isoforms.12  

Despite their relatively high homology, Akt null mutations have revealed these proteins to have 

isoform-specific functions. Akt1 is the predominantly expressed isoform in most tissues, 

affecting cell survival and organismal size and growth, with Akt1 knockout mice being viable, 

but overall smaller than their wild-type littermates.13 Additionally, some organs display an 

increase in spontaneous apoptosis and signs of premature ageing in the absence of Akt1.13 Akt2 

is enriched in insulin-responsive metabolic tissues, and is essential in the maintenance of 

normal glucose homeostasis, with Akt2 knockout mice born without visible defects, but 

developing hyperglycaemia.14,15 Akt3 is most prevalent in the brain and controls the size and 
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number of brain cells, with Akt3 null mice displaying overall normal body size, but with a 

selective reduction in brain size when compared to their wild-type littermates.9,14 

Despite the differences in their functions, all three isoforms are activated in a similar two-step 

process.16 First, PIP3, or PtdIns(3,4)P2, interacts with the PH domain of Akt, transporting Akt 

to the plasma membrane and inducing a conformational change.5,17 In this altered 

conformation, Akt can be phosphorylated at two regulatory sites, a threonine residue in the 

kinase domain and a serine residue in the carboxy-terminal tail.5 For Akt1, these residues are 

Thr308 and Ser473 and the equivalent positions for Akt2 and Akt3 are Thr309 and Ser474 and 

Thr305 and Ser472, respectively.8,16–18 These regulatory threonine and serine residues are most 

commonly phosphorylated by the kinases phosphoinositide-dependent kinase 1 (PDK1) and 

mammalian target of rapamycin complex 2 (mTORC2), respectively.5,19,20 mTORC2 was 

formerly arbitrarily named phosphoinositide-dependent kinase 2 (PDK2), until its eventual 

identification in 2005.8,20 While phosphorylation at one of these two residues is sufficient for 

kinase activity, maximal activation is only reached once both residues are phosphorylated.21 

This is called synergistic activation.21 Once activated, Akt detaches from the plasma 

membrane, allowing it to phosphorylate its numerous substrates.17 Akt activity is modulated 

by phosphatases which dephosphorylate, and therefore deactivate, the kinase.22 Its activity is 

further regulated by the phosphatase and tensin homolog deleted on chromosome 10 (PTEN) 

protein, which antagonises PI3K activity by dephosphorylating PIP3, thus reducing Akt 

activation.23,24 Mutations of the gene for PTEN, which lead to loss of PTEN function, results 

in elevated levels of PIP3, and thus increased Akt activation, potentially leading to 

tumerigenesis.23,24 Additionally, PI3K inhibition can prevent Akt activation by suppressing 

PIP3 generation.21 

2.1.2 Akt and its relation to cancer 

Several components of the PI3K/Akt/mTOR pathway have been found to be dysregulated in a 

variety of human cancers, with these aberrations being amongst the most common in cancer.3,25 

Akt is no exception, with its active form found to activate pathways leading to oncogenic 

transformation of cells.26 Activated Akt has also been linked to reduced patient survival and 

was shown to confer resistance to conventional cancer therapies, such as radiation.27 A few 

examples of the involvement of this kinase in cancer include elevated Akt1 activity in prostate, 

ovarian and breast cancers, elevated levels of Akt2 in breast cancer, overexpression of Akt2 

and overactivation of overall Akt in thyroid cancer and overexpression of Akt in pancreatic 
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ductal adenocarcinoma.28–31 Abnormal Akt activity is not only limited to cancer, with Akt 

dysfunction linked to a range of other diseases, including developmental and overgrowth 

syndromes, cardiovascular disease, insulin resistance and type 2 diabetes, inflammatory and 

autoimmune disorders and neurological disorders.14 

In 2017, Brown and Banerji used a database for cancer genomics data, the cBioPortal for 

Cancer Genomics, to determine and report the incidence of amplification for the genes 

encoding for the three Akt isoforms.32,33 It was found that amplification of Akt1 expression is 

found in 20% of neuroendocrine prostate cancers, 10% of pancreatic cancers and 3 to 5% of 

breast and serious ovarian cancers.33 Akt2 amplification is the most common of the three 

isoforms, found in up to 16% of pancreatic cancers, 16% of uterine cancers, 13% of breast 

cancers and 5 to 10% of ovarian, lung and bladder cancers.33 Akt3 expression amplification is 

the least common, with most cases occurring in breast cancers and neuroendocrine prostate 

cancers.33 The incidence of mutations in these genes were also investigated, with Akt1 being 

the most commonly mutated, occurring in approximately 1% of all cancers.33 While the Akt 

mutation incidence is very low, over half of human tumours have been found to display 

hyperactivation of Akt, indicating that Akt mutations itself account for only a fraction of these 

cases.14 Indeed, the majority of Akt hyperactivation cases are attributed to gene mutations of 

other members of the pathway, such as PI3K and PTEN.34 

It was suggested in a 2005 Oncogene article that Akt inhibition could induce apoptosis of 

tumour cells or sensitise them to undergo apoptosis in response to other cytotoxic agents, 

thereby impeding the proliferation of the tumour cells and making components of this pathway 

attractive targets for anticancer therapy.27 One such example is where deletion of Akt1 and 

Akt2, either alone or jointly, was found to increase radiation sensitivity of colon cancer cells, 

supporting its potential use in combination with radiotherapy in treating colorectal cancer, and 

possibly other cancer types.35 

Two fairly recent studies of murine models for lung cancer suggest that Akt1 and Akt2 activity 

can have opposite effects on lung tumorigenesis, with loss of Akt1 showing suppression of lung 

tumour development and loss of Akt2 enhancing its development.36,37 Akt3 loss marginally 

accelerated lung tumorigenesis, but it was deemed statistically insignificant.37 They speculated 

that independent inhibition of Akt1 and Akt2 should correspondingly suppress and encourage 

lung tumour growth.36 This effect was indeed observed in a study of bladder cancer cell lines, 

where Akt1 inhibition decreased cell viability and Akt2 inhibition led to a slight increase in 

cell viability.38 Furthermore, when a selective Akt1 inhibitor and an inhibitor targeting all three 
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Akt isoforms, called a pan-Akt inhibitor, were tested against two human lung cancer cell lines, 

the selective Akt1 inhibitor was found to be the more potent inhibitor of cancer cell 

survival.34,36 Pan-Akt inhibitors were also shown to be capable of increasing liver injury and 

inflammation and of influencing glucose homeostasis and insulin levels.39 Non-selective Akt 

inhibitors may therefore have a more detrimental than beneficial effect, especially in cancer 

types where opposition between Akt1 and Akt2 appears, and the use of therapy with isoform-

specific inhibitors, where only the dysregulated isoform is targeted, may thus be more effective, 

and safe, than targeting all three isoforms.37,39 

An encouraging observation was made in one of the above-mentioned Akt1 knockout studies, 

wherein researchers noted that deletion of Akt1 did not have as large a phenotypic impact as 

originally expected.13 They concluded that this may suggest that reduced levels of Akt activity 

can be tolerated and that small molecule Akt inhibitors could therefore potentially be used in 

the treatment of cancers where it is constitutively activated.13 The expectation is that, if their 

inhibition is required, inhibition of the other isoforms could be similarly tolerated. A potential 

drawback of selectively inhibiting one isoform would be a compensatory response leading to 

the hyperactivation of the other Akt isoforms, but fortunately, one of the studies with murine 

models for lung cancer found that although present, such a response is slight, with only some 

compensatory increase in expression of the remaining Akt isoforms.37,39 

Several further studies, including clinical trials, have investigated the potential of Akt 

inhibition for the treatment of cancer patients. 

2.1.3 Promising results of Akt inhibition 

In 2016, Prêtre and Wicki published a review wherein they discussed the performance of Akt  

and other AGC kinase inhibitors in clinical trials.40 Therein they stated that while Akt inhibitors 

have shown limited efficacy as single agents, they have had a clear impact on cancer cell 

proliferation and survival, sensitising cancer cells to DNA damage by other therapies and thus 

promoting their use in combination therapy.40 Another such review, by Kalinsky and co-

workers, further supported the use of Akt inhibitors in combination therapy, specifying that the 

dose-limiting toxicities they display at higher doses limit their use in monotherapy.12 Similarly, 

in a 2016 review of Akt inhibitors in cancer treatment, Margina and co-workers promoted their 

use in combination therapy, given that Akt inhibitors improve the therapeutic outcome of 

traditional anticancer drugs.41 Akt inhibitors are therefore widely considered as most suited for 

use in combination therapies, partnered with ionising radiation, other targeted therapies or 

Stellenbosch University https://scholar.sun.ac.za



  Chapter 2 Akt and its inhibitors 

22 

 

additional chemotherapeutic agents that work in synergy with these Akt inhibitors, in order to 

provide a clinical benefit at a tolerable dose and thereby improving patient outcome.12,40–42 This 

knowledge is from numerous studies, both in vitro and in vivo, in animal studies and clinical 

trials, that have supported the continued investigation of Akt inhibitors, showing them to work 

synergistically with selected therapies, displaying an enhanced antitumour effect when used 

together, compared to when either is used independently. This effect was noted with both ATP 

competitive43–51 and allosteric52–65 Akt inhibitors. Additionally, increased Akt activation was 

found to mediate resistance to other therapies, with subsequent Akt inhibition, either as 

monotherapy or combination therapy, sensitising the previously resistant cells to the therapy 

originally used.45,48,53,59,60,66–69 

In their review, Prêtre and Wicki also stated that, along with use in combination therapy, it 

would also be beneficial if patients were selected according to their level of Akt activation.40  

In a 2017 review, Manning and Toker reported that Akt inhibitors, both ATP competitive and 

allosteric, have shown limited efficacy in the clinic.14 They gave poor patient selection as a 

possible contributing factor, with patients with hyperactivated Akt not necessarily selected for 

in these trials.14 One such example is a phase 1 clinical trial where the combination of an Akt 

inhibitor and an antioestrogen compound showed no significant antitumour effect above that 

of the antioestrogen compound’s effect.70 This, despite the combination showing promise in 

laboratory studies.70 Arteaga and co-workers reviewed this study and postulated that poor 

patient selection could account for this lack of antitumour effect, concluding that genotype-

specific trails will be necessary to give Akt inhibitors the best chance of clinical success.71 

There are other such studies where Akt inhibitor effect was dependant on Akt mutation or the 

activation of a specific network and, in their review, Margina and co-workers have named a 

few likely biomarkers that may prove to aid in patient selection for clinical trials, and thus, 

potentially accelerate the introduction of Akt inhibitors in clinical practice.41,72,73 

Akt inhibition has also been reported to lead to improved cancer cell recognition by the host 

immune system, potentially leading to the revival of the host immune response.74 This is of 

particular interest as cancer immunotherapy strategies, aimed at reviving functional tumour 

immunosurveillance, have become an effective approach in anticancer therapy, especially 

when used in combination with other targeted therapies.74,75 

While these results are encouraging, there are no Akt inhibitor drugs on the market as of yet, 

with the best candidates still undergoing clinical trials. 
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2.1.4 Akt inhibitors in clinical development 

The small molecule Akt inhibitors currently in clinical trials mainly fall into two categories, 

first, the more commonly seen type I and II ATP competitive inhibitors (Figure 2.1) and 

second, allosteric inhibitors (Figure 2.2).33 Since the allosteric inhibitors target a less conserved 

site compared to the ATP competitive inhibitors, they are more likely to have isoform 

specificity, with higher activity against one or two of the Akt isoforms compared to the other 

isoform(s).34 As of mid-2018, a number of compounds have been, or are still, in clinical trials, 

either on their own as monotherapy or as part of combination therapy.33 

 

Figure 2.1 

The ATP competitive Akt inhibitors in past and present clinical development.44,45,76–79 LY2780301 is absent as 

its chemical structure is undisclosed. 

The ATP competitive inhibitors target the ATP binding site in the kinase domain and are 

afuresertib (GSK2110183) 2.1, uprosertib (GSK2141795) 2.2, GSK690693 2.3, capivasertib 

(AZD5363) 2.4, ipatasertib (GDC-0068) 2.5 and LY2780301 (Figure 2.1).12,33 The ATP 

competitive inhibitors in clinical trials are all pan-Akt inhibitors.34 It has also been said that 

these inhibitors are most likely to inhibit other members of the ACG kinase family, such as the 
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more closely related kinases, namely protein kinase A (PKA), protein kinase C (PKC) and 

serum- and glucocorticoid-inducible kinase (SGK).80 

The allosteric Akt inhibitors are miransertib (ARQ 092) 2.6, ARQ 751 2.7, BAY1125976 2.8, 

MK-2206 2.9 and TAS-117 2.10 (Figure 2.2).33,81 ARQ 092 2.6 and ARQ 751 2.7 are pan-Akt 

inhibitors, BAY1125976 2.8 is selective for Akt1 and Akt2, with very little activity against 

Akt3 and MK-2206 2.9 and TAS-117 2.10 are predominantly selective for Akt1 and Akt2, with 

lowered activity against Akt3.53,56,59,82 Encouragingly, the allosteric Akt inhibitors have been 

found to selectively sensitise tumour cells, and not normal cells, to apoptotic stimuli, thereby 

indicating a potential window for anticancer therapy with enhanced clinical efficacy, where the 

adverse effects on normal cellular processes are minimised.27,42 

 

Figure 2.2 

The allosteric Akt inhibitors in past and present clinical development.52,53,56,59,82,83 The full chemical structure of 

ARQ 751 2.7 is undisclosed. MK-2206 2.9 is administered as its hydrochloric acid salt.59 

A co-crystal structure of an allosteric Akt inhibitor bound to Akt1 (to be discussed in more 

detail later) revealed the binding site of these inhibitors to be at the combined interface of the 

kinase and PH domains.84 This targeting of two distinct regions of Akt make these allosteric 

inhibitors type V inhibitors (as described in Chapter 1). These Akt inhibitors act by preventing 
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plasma membrane translocation and by stabilising the inactive conformation of Akt, effectively 

also preventing phosphorylation at both its threonine and serine regulatory residues.80,84,85 

A study comparing two ATP competitive inhibitors, GSK690693 2.3 and GDC-0068 2.5, with 

an allosteric inhibitor, MK-2206 2.9, found that the allosteric inhibitor was superior in terms 

of inducing cell death.86 This was despite MK-2206 2.9 having less complete inhibition of Akt 

substrate phosphorylation at the measured drug concentrations, hinting at allosteric Akt 

inhibitors being more suited to inducing cell death than their ATP competitive inhibitor 

counterparts.86 That being said, there is an application for both types of inhibitors since some 

Akt mutations affect the kinase and PH domain interface and allosteric inhibitor binding 

requires both these domains, and their interface, to remain intact.80,87 Allosteric inhibitors are 

therefore less able to inhibit mutants that disrupt this interface than wild-type Akt or mutants 

with an intact kinase and PH domain interface.87 Fortunately, the former mutants retain 

sensitivity to ATP competitive inhibitors and these inhibitors are therefore vital where Akt 

mutations change the allosteric binding site.87 This just further highlights the importance of 

choosing the most appropriate form of therapy for each individual cancer case. 

In addition to the ATP competitive and type V allosteric inhibitors discussed above, there are 

two additional clinical trial candidates that target the Akt PH domain, namely perifosine 2.11 

and triciribine phosphate (TCN-P) 2.12 (Figure 2.3).33,88,89 The alkylphospholipid 

perifosine 2.11 inhibits membrane translocation, and thereby Akt phosphorylation and 

activation.88 Triciribine, a tricyclic nucleoside, is converted into the active drug metabolite 

triciribine phosphate 2.12 which, like perifosine, inhibits Akt activation by preventing 

membrane translocation.89,90 

 

Figure 2.3 

Perifosine 2.11 and triciribine phosphate (TCN-P) 2.12.88,89 

While the compounds listed here primarily target Akt, there are also Akt inhibitors that bind 

additional targets.91–93 These inhibitors include two ATP competitive inhibitors, one selectively 
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targeting Akt1 (A-674563), and the other Akt2 (CCT128930).94–96 Both inhibitors also target 

other kinases, hence their exclusion from this introduction.94,95  

2.2 Towards Akt inhibitors 

2.2.1 The 2,3‑diphenylquinoxalines and their analogues 

This section contains a brief review on small molecule allosteric Akt inhibitors, with the main 

focus on the research trail which served as inspiration for this project. The other classes of 

allosteric inhibitors will only be mentioned briefly, while ATP competitive and non-small 

molecule inhibitors will not be discussed. A number of previous reviews on Akt inhibitors 

served as a general guideline for writing this section.41,97–99 The grouping used for the different 

allosteric Akt inhibitor classes is from the aforementioned review by Margina and co-

workers.41 

The research trail relevant to this project is that of the 2,3-diphenylquinoxalines and their 

subsequent analogues, from research primarily undertaken by Merck, starting in 2005 with a 

lead compound from a high-throughput screening assay for Akt kinase activity.41,80,99  Their 

primary aim was to develop a potent Akt inhibitor which was not only specific for Akt over 

other kinases, but was also isoform selective. This Merck body of research was published over 

several years in a series of papers and it is this work that led to the eventual discovery of the 

drug candidate MK-2206 2.9 (Figure 2.2).59,100 

At the onset of this research, Barnett and co-workers from Merck screened approximately 

270 000 compounds for their ability to inhibit the three Akt isoforms, and as a result, identified 

two isoform selective inhibitors (Figure 2.4).80 Triazolopyridazine 2.13 displayed selectivity 

for Akt1 (Table 2.1), while 2,3‑diphenylquinoxaline 2.14 inhibited both Akt1 and Akt2, with 

neither displaying significant activity against Akt3 or other closely related kinases.80 

During this research, the same enzyme and cellular assays were followed for all of the 

compounds, with the results reported here in a number of tables (starting at Table 2.1). Enzyme 

Akt IC50 represents the biochemical inhibition of peptide phosphorylation and the cellular Akt 

IC50 was measured with C33A (cervical carcinoma) or LNCaP (prostate cancer) cells.80,101 The 

caspase assay measured the ability of Akt inhibitors to sensitise cancer cells to tumour-

necrosis-factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis, with increased 

caspase-3 levels indicating an increase in apoptosis.80,102 
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Figure 2.4 

The first two allosteric Akt inhibitors reported by Merck.80 

Table 2.1 

Akt inhibition of compounds 2.13 to 2.20. The values reported are from their respective papers.80,103 The cellular 

IC50 values for compound 2.20 were determined with C33A cells. 

Compound # 
Enzyme IC50 (nM) Cell IC50 (nM) 

Akt1 Akt2 Akt3 Akt1 Akt2 Akt3 

2.13 4 600 >250 000 >250 000 - - - 

2.14 2 700 21 000 >250 000 - - - 

2.15 290 2 090 >50 000 - - - 

2.16 760 24 000 >50 000 - - - 

2.17 21 200 325 21 870 - - - 

2.18 1 003 1 179 33 100 - - - 

2.19 >50 000 18 000 >50 000 - - - 

2.20 58 210 2 119 305 2 086 >25 000 

 

Compounds 2.13 and 2.14 did not inhibit forms of Akt that lacked the PH domain, suggesting 

that they had one or more direct interactions with the PH domain and/or bound to a site that is 

only formed in the presence of this domain.80 They further found that these inhibitors were 

reversible and non-competitive with respect to ATP and peptide substrate.80 Taken together, 

these properties pointed to an allosteric mode of inhibition.80 Inhibitor binding was proposed 

to promote and stabilise the formation of an inactive Akt conformation, effectively blocking 

phosphorylation of the regulatory threonine and serine residues and thus rendering it incapable 

of being activated.80 Cellular assays showed these compounds to be cell active and to maintain 

the isoform specificity displayed in vitro, with inhibitor binding not only leading to reduced 

levels of active Akt in cells, but also blocking the phosphorylation of known Akt substrates.80 

Stellenbosch University https://scholar.sun.ac.za



  Chapter 2 Akt and its inhibitors 

28 

 

Additionally, inhibition of both Akt1 and Akt2 by 2,3‑diphenylquinoxaline 2.14 was found to 

promote TRAIL-induced apoptosis in cancer cells.80 Selective inhibition of only Akt1 by 

triazolopyridazine 2.13 did not have this effect.80 

To explore the structure-activity relationship (SAR) of these novel inhibitors, Lindsley and co-

workers synthesised a library of 2,3‑diphenylquinoxaline derivatives, simultaneously replacing 

the primary amine in inhibitor 2.14 with various functionalised amines and removing the gem-

dimethyl moiety.103 The active analogues showed the same type of inhibition as seen with 

inhibitors 2.13 and 2.14 and this was observed for all subsequent Akt inhibitors in this series, 

indicating a consistent binding mode.103 One of these inhibitors, compound 2.15 (Figure 2.5), 

possessed a G protein-coupled receptor (GPCR) privileged structure, the piperidinyl 

benzimidazolone functionality.103,104 It displayed increased potency relative to the previous two 

Akt inhibitors (Table 2.1) and retained both isoform and kinase selectivity, indicating the gem-

dimethyl moiety was not essential for these properties.103 Unfortunately, this compound had 

poor solubility and was cell impermeable, lacking cellular activity.103 

 

Figure 2.5 

2,3‑Diphenylquinoxaline derivative 2.15, with the piperidinyl benzimidazolone functionality.103 

A subsequent synthetic library possessed the piperidinyl benzimidazolone structure with a 

5,6‑diphenyl‑pyrazin‑2(1H)‑one derivative replacing the 2,3‑diphenylquinoxaline western 

scaffold of compound 2.15.103 This library displayed variable inhibition profiles, with 

inhibitors selective for either Akt1 or Akt2 or both these isoforms, demonstrating that Akt2 

could also be targeted selectively.103 Of these compounds, pyrazinone 2.16 (Figure 2.6, Table 

2.1), was the most potent against Akt1, while pyrazinone 2.17 was the most potent against 

Akt2.103 Interestingly, their regioisomers had very different activities, with pyrazinone 2.18 

active against both Akt1 and Akt2 and pyrazinone 2.19 uniformly inactive.103 
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Figure 2.6 

Four of the reported pyrazinone Akt inhibitors.103 

Lindsley and co-workers designed and synthesised a further third library with varying 

functionalised and tricyclic quinoxalines on the western side, producing the promising 

imidazoquinoxaline inhibitor 2.20 (Figure 2.7).103   

 

Figure 2.7 

The dual Akt1/2 inhibitor, called Inhibitor VIII.103 

Inhibitor 2.20 was selective for Akt1 and Akt2 (Table 2.1), with improved potency, solubility 

and cell permeability compared to the other library compounds.103 It was also cell active, 

inhibiting the phosphorylation of both Akt1 and Akt2, but not Akt3.103 Furthermore, it 

sensitised cancer cells to TRAIL-induced apoptosis and promoted apoptosis when used with 

other chemotherapeutic agents.103 A co-crystal structure of this compound, also known as 

Inhibitor VIII, was obtained with Akt1 in 2010.84 This allowed for the confirmation of the 

allosteric binding pocket that this class of inhibitors occupy (to be discussed in more detail in 

the following section).84 

With isoform selective Akt inhibitors now available, Jones and co-workers studied the effect 

that inhibition of the different Akt isoforms had on the apoptotic response of tumour cells to a 
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variety of chemotherapeutic agents.105 To this end, they utilised dual Akt1/2 inhibitors 2.14 

and 2.20, and Akt1 and Akt2 selective inhibitors 2.16 and 2.17.105 The isoform specificity these 

compounds displayed in the enzyme assays was also observed in the cellular assays (Table 

2.2), each only blocking phosphorylation of its respective target(s) and not of the other 

isoform(s), nor any of the other closely related kinases.105 

Table 2.2 

Akt inhibition of compounds 2.14, 2.16, 2.17 and 2.20. For best comparison, the values reported here are all 

from Jones and co-workers.105 All cellular IC50 values were determined with C33A cells. 

Compound # 
Enzyme IC50 (nM) Cell IC50 (nM) 

Akt1 Akt2 Akt3 Akt1 Akt2 Akt3 

2.14 1 600 12 500 >50 000 10 000 20 000 >50 000 

2.16 760 23 340 >50 000 1 140 >10 000 >10 000 

2.17 19 120 330 21 870 >10 000 4 150 >10 000 

2.20 60 210 2 120 310 2 090 >10 000 

 

The ability of these inhibitors to induce apoptosis in cancer cells was tested in combination 

with a variety of other agents.105 Firstly, the combined use of dual Akt1/2 inhibitor 2.20 with 

TRAIL had a dramatic increase in apoptosis compared with the use of either inhibitor 2.20 or 

TRAIL as a single agent.105 A similar effect was observed with the simultaneous use of both 

isoform selective Akt inhibitors 2.16 and 2.17 with TRAIL, while using only inhibitor 2.16 

or 2.17 with TRAIL resulted in a much smaller increase in apoptosis.105 Next, the Akt inhibitors 

were tested alone and in combination with other chemotherapeutic agents, or radiation.105 The 

Akt inhibitors showed little or no induction of apoptosis when used on their own, but for the 

majority of cell lines used, dual inhibition of Akt1 and Akt2 with inhibitor 2.20 acted 

cooperatively with the chemotherapeutic agents and radiation, leading to increased induction 

of apoptosis.105 Once again, inhibition of only Akt1 or Akt2, with inhibitors 2.16 or 2.17, 

showed less cooperativity than dual inhibition with inhibitor 2.20 did.105 These results 

suggested that dual inhibition of Akt1 and Akt2 is required for a maximal chemotherapeutic 

response.105 

Of further interest is that inhibition of Akt1 and Akt2 selectively sensitised tumour cells, but 

not normal cells, to apoptotic stimuli, indicating these inhibitors’ selectivity for tumour cells.105 

They also found that the remaining isoform, Akt3, was unable to protect these cells from 

apoptosis as it could not compensate for the loss of Akt1 and Akt2 signalling, not even when 
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overexpressed.105 This suggests that inhibition of Akt1 and Akt2 is sufficient for induction of 

apoptosis, allowing Akt3 activity to be unaffected and thus avoiding potential toxicity to the 

central nervous system where Akt3 is the dominant isoform.105 Overall, the results from this 

study points to dual Akt1/2 inhibitors having promise as part of combination therapy.105 

Unfortunately, inhibitors 2.14, 2.16, 2.17 and 2.20 displayed poor physical properties and thus 

poor cellular potency, illustrating the need for inhibitors with improved physical properties and 

cellular potency.106 Zhao and co-workers decided to address this by incorporating a more basic 

nitrogen in the core ring system, aiming to increase both polarity and solubility.106 Moving 

from the earlier quinoxaline core to a quinoline one, they synthesised quinoline 

regioisomers 2.21 and 2.22 (Figure 2.8).106 Biochemical evaluation revealed the nitrogen 

position to be important, with regioisomer 2.21 displaying potency similar to inhibitor 2.15 

(Table 2.3), but regioisomer 2.22 displaying much reduced potency.106 

 

Figure 2.8 

Regioisomeric quinoline inhibitors of Akt.106 

Whilst these two compounds had improved physical properties, their molecular mass was still 

high.106 To address this, Zhao and co-workers changed the quinoline core to a pyridine-based 

one, synthesising a library of tetrazolylpyridines with a variety of eastern amine moieties.106 

Apart from decreasing the overall molecular weight, this change further increased the basicity 

of the compounds, potentially improving their solubility. Tetrazolylpyridine 2.23 (Figure 2.9, 

Table 2.3) displayed excellent aqueous solubility at pH 4.5 and interestingly, displayed 

reversed isoform potency compared to most of the previous inhibitors, inhibiting Akt2 more 

potently than Akt1.106 Unfortunately, it was not cell permeable, displaying no Akt inhibition in 

the cellular assay.106 They speculated that this was due to the zwitterionic character of the 

compound and modified it to remove this property, synthesising the methylated 

tetrazolylpyridine 2.24 (Figure 2.9).106 However, while successful in making it cell permeable, 

it also led to a significant drop in potency against both Akt1 and Akt2 (Table 2.3).106 
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Figure 2.9 

Tetrazolylpyridine Akt inhibitors.106 

Table 2.3 

Akt inhibition of compounds 2.21 to 2.27. The values reported are from their respective papers.102,106,107 The 

cellular IC50 values were determined with C33A cells for compound 2.25 and with LNCaP cells for 

compounds 2.26 and 2.27. 

Compound # 
Enzyme IC50 (nM) Cell IC50 (nM) 

Akt1 Akt2 Akt3 Akt1 Akt2 Akt3 

2.21 365 1 205 >50 000 - - - 

2.22 3 136 33 660 >50 000 - - - 

2.23 273 157 >50 000 - - - 

2.24 1 772 613 >50 000 - - - 

2.25 126 22 - 621 416 - 

2.26 & 2.27 560 390 7 800 526 730 >10 000 

2.26 458 359 7 400 368 617 8 000 

2.27 138 212 7 200 253 276 >10 000 

 

Even though the tetrazolylpyridines had improved physical properties compared to the previous 

compounds, further optimisation was required.102,106 To this end, Hartnett and co-workers used 

tetrazolylpyridine 2.23 as a starting point and synthesised two new compound libraries.102 For 

the first library they replaced the tetrazole moiety of compound 2.23 with aminothiadiazole, 

varying the heterocycles on the eastern side, and with the second library they replaced the 

aminothiadiazole moiety with a variety of non-acidic heterocycles.102 From these two libraries, 

aminothiadiazole-containing inhibitor 2.25 (Figure 2.10, Table 2.3) was the best candidate, 

displaying good potency, both enzymatically and in cells.102 It further displayed good caspase-3 

induction activity and a favourable pharmacokinetic profile in dogs.102 
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Figure 2.10 

Aminothiadiazole-containing Akt inhibitor 2.25, by Hartnett and co-workers.102 

While one of the most promising inhibitor candidates thus far, the modest cellular activity of 

dual Akt1/2 inhibitor 2.20 limited its use in further in vivo experiments.106 Zhao and co-workers 

consequently used this compound as inspiration to design and synthesise novel potential Akt 

inhibitors, aiming for improved physical properties and cellular activity.107 They removed the 

terminal western imidazole and replaced it with varying amide substituents, synthesising each 

candidate as a mixture of the two regioisomers and evaluating these as is.107 The mixture of 

regioisomers 2.26 and 2.27 (Figure 2.11, Table 2.3) showed a minimal potency shift between 

the in vitro and cell-based assays and were therefore separated and tested individually, with 

regioisomer 2.27 identified as the more potent Akt inhibitor.107 This compound displayed 

significantly increased caspase-3 activation with a variety of chemotherapeutic agents, 

including TRAIL, against a number of tumour cell lines.107 It led to a similar increase in 

caspase-3 activity as compound 2.20, but at a 3-fold lower dose, highlighting its improved 

aqueous solubility and cellular activity despite similar in vitro enzyme inhibition profiles.107 A 

mouse study was done to test for tolerability of compound 2.27 and, while it showed inhibition 

of Akt1 and Akt2 phosphorylation, it also induced significant behavioural effects in rodents, 

thus preventing further in vivo experiments from being conducted.107 

Wu and co-workers likewise modified the quinoxaline template of compound 2.20 in the 

pursuit of improved physical properties and potency.101 To this end, they synthesised a number 

of analogues with varied heterocyclic cores (Figure 2.12), namely tetrasubstituted 

aminopyridines or alkoxypyridines 2.28, pyrazolopyridines 2.29, furopyridines 2.30 and 

pyridopyrimidines 2.31.101 
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Figure 2.11 

Regioisomeric quinoxaline Akt inhibitors 2.26 and 2.27.107 

 

Figure 2.12 

General structures for the four types of potential Akt inhibitors synthesised by Wu and co-workers.101 R was 

greatly varied, including hydrogen, alkyl, alcohol and amine groups. 

Of these, the best candidate was the pyridopyrimidine core 2.31, where R was a hydrogen.101 

Building on this, they synthesised a small pyridopyrimidine library with varying eastern 

portions, with compounds 2.32 and 2.33 (Figure 2.13, Table 2.4) showing especially good 

enzymatic potency against Akt1 and Akt2.101 Unfortunately, both these compounds displayed 

a significant loss in potency in the cellular assay.101 
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Figure 2.13 

The two most promising pyridopyrimidine Akt inhibitors by Wu and co-workers.101 

Table 2.4 

Akt inhibition of compounds 2.32 to 2.41. The Akt inhibition values reported are from their respective 

papers.101,108–110 All cellular IC50 values were determined with C33A cells, except for compounds 2.36 to 2.39, 

which were not stated. The hERG affinity values are those reported by Siu and co-workers.111 

Compound # 
Enzyme IC50 (nM) Cell IC50 (nM) 

hERG (nM) 
Akt1 Akt2 Akt1 Akt2 

2.32 18 ± 3 239 ± 18 277 1 811 - 

2.33 14 ± 0.1 99 ± 8 295 468 - 

2.34 3.8 ± 1 26 ± 5 9.3 ± 2.6 589 ± 8 - 

2.35 6.0 ± 0.3 94.4 ± 2.6 20.3 ± 10.1 899 ± 202 - 

2.36 34 83 132 613 - 

2.37 45 220 83 1 077 - 

2.38 5.6 70 30 1 476 - 

2.39 3.5 42 16 266 2 500 

2.40 9 27 36 52 - 

2.41 4 4 10 39 2 100 

 

In a subsequent paper, Wu and co-workers set out to improve the cellular potency of these 

pyridopyrimidine compounds by optimising their physical properties.108 The strategy was to 

simultaneously decrease the molecular weight and, where possible, introduce polar 

functionality.108 For the first library, the pyridopyrimidine substituent was moved and changed 

to a methyl sulphide while the eastern portion was varied, incorporating a number of acyclic 

amines and 4-substituted piperidines.108 Pyridyltriazole 2.34 (Figure 2.14) had excellent 

enzymatic activity against both Akt1 and Akt2 and good cellular activity against Akt1, but not 

Akt2 (Table 2.4).108 This compound was derivatised with a number of different substituents on 

the pyridopyrimidine.108 These compounds were more polar and displayed better physical 
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properties and no significant decrease in activity, with the potency of methylamine 2.35 

comparable to that of compound 2.34 (Figure 2.14, Table 2.4).108 Both compounds 2.34 

and 2.35 displayed increased TRAIL-induced apoptosis compared to the previously-

synthesised compound 2.33.108 

 

Figure 2.14 

Two potent pyridyltriazole-containing Akt inhibitors from Wu and co-workers.108 

Even though a number of potent Akt inhibitors had been identified, compounds with the 

optimal physical properties to enable them to effectively inhibit Akt in vivo, at reasonable 

plasma levels, were still lacking.109 Bilodeau and co-workers endeavoured to synthesise just 

such compounds, targeting those with balanced in vitro activity, good cellular potency and 

optimised physical properties.109 

Their starting point was one of the first dual Akt1/2 inhibitors, 2,3‑diphenylquinoxaline 

derivative 2.15, and the strategy was once again to keep the molecular weight in check and to 

introduce polar functionality where suitable.109 They investigated alternate piperidines on the 

eastern portion of the inhibitor and also varied the western quinoxaline core, hoping to increase 

the polarity and improve on solubility by using alternative core structures such as the more 

basic naphthyridine cores.109 

Initially, Bilodeau and co-workers used a 1,8-naphthyridine core on the western side and a 

pyrazolylpiperidine motif on the eastern side, varying the terminal aromatic portion.109 Of 

these, the best candidate was 4-pyridone 2.36 (Figure 2.15, Table 2.4).109 They found that 

replacing the pyrazole with a 1,2,4-triazole (as also seen in compounds 2.34 and 2.35) to give 

compound 2.37 (Figure 2.15) did not significantly change potency, but led to increased 

TRAIL-induced apoptosis (Table 2.4).109 
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Figure 2.15 

Akt inhibitors with a 1,8-naphthyridine core.109 

The purpose of the next library was to explore different naphthyridine isomers on the western 

portion of the molecule, while retaining the pyridyltriazole motif of compound 2.37 on the 

eastern side.109 1,5-Naphthyridine 2.38 (Figure 2.16) displayed improved inhibition of Akt1 in 

cells (Table 2.4), but for an unknown reason, it did not have the same improvement for cellular 

Akt2 inhibition.109 Naphthyridinone 2.39 (Figure 2.16) was more polar than the 

naphthyridines, without a significant increase in molecular weight and exhibited higher 

potency than the naphthyridines (Table 2.4).109 It had good physical properties and displayed 

good pharmacokinetics (absorption, distribution, metabolism, excretion, called ADME) when 

tested in rats.109 It was further evaluated and inhibited the growth of A2780 tumours in mice 

when used as monotherapy.109 

 

Figure 2.16 

Two optimised Akt inhibitors with a naphthyridine core variation.109 

Siu and co-workers wanted to further improve on the previously synthesised Akt inhibitors, 

seeking cellular active and potent dual Akt1/2 inhibitors.110 Their starting point was 

pyridopyrimidine 2.35 which, whilst active, had only modest cellular Akt2 activity.108,110 

While preserving the pyrimidine biphenyl core, they replaced the north western methylamine 

with a variety of different amines, starting with lipophilic substituents and then moving on to 

more hydrophilic ones, including a number of piperazine analogues.110 The latter displayed a 

modest improvement in enzyme activity, but more importantly, improved cellular potency 
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against Akt2.110 Of these compounds, methyl piperazine 2.40 (Figure 2.17) was of particular 

interest, displaying good cellular activity against both target Akt isoforms (Table 2.4).110 

Further investigation found that the basicity of the terminal piperazine nitrogen was crucial for 

cellular activity and that introducing a polar functionality, as aqueous solubilising group, 

conferred better overall potency.110 This could be seen with compound 2.41 (Figure 2.17), 

which had improved enzymatic and cellular potency compared to compound 2.40 (Table 

2.4).110 The researchers suggested that their results indicate that the north western region of the 

inhibitors are exposed to an aqueous environment after enzyme binding and this was later 

confirmed with the co-crystal structure of inhibitor 2.20 with Akt1 (see Section 2.2.3).84,110 It 

was also said that the overall improved solubility of these compounds may contribute to their 

enhanced potency.110 

With the aim of determining the optimal position for the piperazine groups on the 

pyridopyrimidine western portion, Siu and colleagues varied its position in compound 2.40, 

finding it was best as it was in this compound, with the other regioisomers displaying 

dramatically reduced potency.110 This suggested that the substituent position in 

compounds 2.40 and 2.41 allows for maximal contact with the solvent exposed region.110 

 

Figure 2.17 

Further optimised pyridopyrimidine analogues.110 

It was noted that some of the Akt inhibitors, including compounds 2.39 and 2.41, displayed 

off-target activity against the potassium channel, human Ether-a-go-go-Related Gene (hERG) 

(Table 2.4).111 Since off-target hERG binding can potentially lead to cardiac death, Siu and co-

Stellenbosch University https://scholar.sun.ac.za



  Chapter 2 Akt and its inhibitors 

39 

 

workers endeavoured to address this, using a previously successful strategy wherein an increase 

in drug polarity had been shown to lead to decreased hERG activity.111,112 One of the earlier 

inhibitors, naphthyridinone 2.39, was used as a starting point and a small library was 

synthesised, each compound with a different polar group modification on the eastern-most ring, 

chosen to increase compound polarity.111 This library was then evaluated to determine the 

effects of the modifications on hERG binding affinity and Akt actvity.111 Encouragingly, a 

number of these heteroaromatic derivatives, such as pyrimidine 2.42 (Figure 2.18), displayed 

decreased binding to hERG (Table 2.5) without a significant loss in Akt activity.111 This 

suggested that increasing the overall compound polarity was also a valid strategy to reduce the 

hERG activity of Akt inhibitors.111 

 

Figure 2.18 

A pyrimidine-containing analogue of naphthyridinone 2.39 with decreased hERG binding affinity.111 

Table 2.5 

Akt inhibition of compounds 2.42 to 2.46. The values reported are from their respective papers.111,113 The cell 

types used for the cellular IC50 values were not stated. The data of compound 2.39 is included here so its hERG 

activity can be compared to that of compound 2.42. 

Compound # 
Enzyme IC50 (nM) Cell IC50 (nM) 

hERG (nM) 
Akt1 Akt2 Akt1 Akt2 

2.39 3.5 42 16 266 2 500 

2.42 7 44 23 69 >10 000 

2.43 - - 25 40 >10 000 

2.44 - - 13 48 >10 000 

2.45 2.8 9.4 18.1 47.7 5 319 

2.46 4.0 10.0 5.0 41.0 >10 000 

 

Siu and co-workers further wanted to apply this method, for decreasing hERG binding affinity, 

to their previous approach of enhancing inhibitor cellular potency by incorporating water 

solubilising piperazines.110,111 Starting with the pyridopyrimidine core occurring in a number 
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of previous inhibitors, including compounds 2.34, 2.35, 2.40 and 2.41, they chose the 

piperazine subunits from their most potent inhibitors and the aromatic rings which had given 

the lowest affinity for hERG binding, synthesising target compounds using combinations of 

these amines and polar end groups.110,111 The combination of  methyl piperazine solubilising 

group and pyrimidine end group, seen in compound 2.43 (Figure 2.19), appeared to have the 

appropriate polarity to decrease hERG binding without affecting cellular activity (Table 2.5), 

with this compound displaying optimal cellular potency against both Akt1 and Akt2, with 

decreased hERG binding affinity.111 

The second round of combination compounds was approached similarly, but with a 

pyridopyrazine core, investigating whether changing the polarity in this manner could also 

decrease hERG activity.111 From this library, compound 2.44 (Figure 2.19) had favourable 

hERG binding and high cellular potency (Table 2.5), comparable to that of compound 2.43.111 

It was noted that some of the combinations rendered the compounds too polar, negatively 

impacting cellular activity and thus indicating the need to retain an overall balanced polarity.111 

 

Figure 2.19 

The further optimised Akt inhibitors with increased solubility and reduced hERG binding affinity.111 

The majority of inhibitors thus far discussed were more active against Akt1 than Akt2, 

including naphthyridinone 2.39.113 Inhibitor 2.25 was more potent against Akt2 relative to 

Akt1 and this had been ascribed to the aminothiadiazole moiety in the south western corner, 

suggesting that Akt2 activity is more sensitive toward substitution at this position.113 Li and 

co-workers wished to combine these two types of inhibitors to give rise to a tricyclic core which 

could potentially target both Akt1 and Akt2 with similar potencies.113 They synthesised a 
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number of tricyclic core compounds, varying the substituents on the south western corner of 

these compounds.113 Encouragingly, it was found that the introduction of a 7-amino-

[1,2,4]triazolo[3,4-f][1,6]naphthyridine core, as seen in compound 2.45 (Figure 2.20), 

provided a four-fold increase in enzymatic Akt2 activity (Table 2.5), while maintaining similar 

Akt1 activity when compared to naphthyridinone 2.39.113 The improved enzymatic potency 

also translated to greatly enhanced cellular potency.113 A further compound, 

triazolonaphthyridine 2.46 (Figure 2.20), displayed a very low affinity for hERG, with 

improved cellular potency against Akt1 and Akt2 (Table 2.5).113 It was tested in mice and found 

to be well tolerated, with inhibition of both Akt1 and Akt2, showing a clear correlation for 

these inhibitors between their in vitro enzyme and cellular potencies, and their in vivo 

activities.113 

 

Figure 2.20 

Two Akt inhibitors with a [1,2,4]triazolo[3,4-f][1,6]naphthyridine core and the allosteric Akt inhibitor drug 

candidate introduced previously, MK-2206 2.9.113 

This body of research by Merck led to the eventual identification of their clinical trial 

compound, MK-2206 2.9 (Figure 2.20).59,100 This inhibitor has a western portion similar to the 

potent triazolonaphthyridines 2.45 and 2.46, and its eastern portion has an aminocyclobutyl 

moiety, with the cyclobutyl ring comparable to the gem-dimethyl functionality of 2.14. It has 

been shown that inhibitory activity against all three Akt isoforms is increased by replacing the 

gem-dimethyl moiety with a cyclobutyl moiety.83 MK-2206 2.9 has been evaluated in 

numerous clinical trials and it was shown to be a good candidate for combination therapy, being 
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both safe and well-tolerated and working synergistically with a number of other anticancer 

therapies.54,55,58–65,114 Furthermore, it has been shown to help overcome chemo- and 

radioresistance when used as part of combination therapy.59,60,69 Apart from MK-2206 2.9, 

other allosteric inhibitors in clinical trials, compounds 2.6 to 2.8 and 2.10 (Figure 2.2), are also 

related to the 2,3-diphenylquinoxalines and their analogues. 

Apart from this research campaign, Merck also followed a different approach towards novel 

Akt inhibitors, using diversity-oriented synthesis.115 With this method, libraries of complex 

molecules, based on natural product templates, are synthesised.115 This is especially useful for 

the drug discovery field, enabling the design and synthesis of libraries of potential drug 

candidates.116 Towards novel Akt inhibitors, Lindsley and co-workers started with the canthine 

core and synthesised a library of unnatural canthine alkaloid analogues using microwave-

assisted organic synthesis (MAOS).115 They also incorporated known privileged structures, 

including the benzimidazolone functionality seen in the 2,3‑diphenylquinoxaline derivative 

2.15 and other subsequent Akt inhibitors.115 

From the resulting library, analogues 2.47 and 2.48 stood out as potent and selective dual 

Akt1/2 inhibitors (Figure 2.21, Table 2.6).115 Their binding mode resembled that of the 

2,3‑diphenylquinoxaline inhibitors and this, and their similar structures, places them in the 

class of 2,3‑diphenylquinoxalines and their analogues.115 

 

Figure 2.21 

Unnatural canthine alkaloid analogues 2.47 and 2.48.115 The canthine core is shown in purple. 

Table 2.6 

Akt inhibition by unnatural canthine alkaloid analogues 2.47 and 2.48.115 

Compound # 
Enzyme IC50 (nM) 

Akt1 Akt2 Akt3 

2.47 1 340 1 650 >50 000 

2.48 1 470 2 280 >50 000 
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In 2012, another pharmaceutical company, AstraZeneca, published their research towards this 

Akt inhibitor class. 117 As a starting point, Kettle and co-workers performed SAR studies on 

the previous Merck-published 2,3-diphenylquinoxalines and their analogues (Figure 

2.22, A).117 Using this, they designed and synthesised 24 potential Akt inhibitors with a variety 

of different heterocyclic scaffolds (Figure 2.22, B).117 

 

Figure 2.22 

A, SAR analysis by Kettle and co-workers for allosteric inhibition of Akt (i - Mono-, bi- or tricyclic linear fused 

rings or angular tricyclic rings; ii – Critical nitrogen; iii– Substitution tolerated; iv - Varied cyclic amines, large 

size tolerated; v – Unsubstituted phenyl; vi - Nitrogen or carbon) and B, a representation of the potential 

inhibitors synthesised by this research group (i - Fusion “south”; ii - Linear cycles with bridgehead nitrogen; iii - 

Fusion “north”; iv - Can also be a 5-membered ring).117 

For these potential inhibitors, they tested their enzyme and cellular potencies, their 

lipophilicity, the percentage of free compound in rat plasma and their aqueous solubility at a 

pH of 7.4.117 A number of promising inhibitors with favourable biochemical data emerged 

(Figure 2.23, Table 2.7).117 

Imidazopyridine 2.49 displayed a favourable balance of properties and while 

naphthyridine 2.50 was their most potent inhibitor, pyridine analogue 2.51 had the highest 

bioavailability in rat, making it the more attractive candidate for further evaluation.117 This 

highlights the importance for a potential drug to possess overall balanced properties, and not 

just a high potency.117 
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Figure 2.23 

Promising Akt inhibitors with novel heterocyclic scaffolds, synthesised and evaluated by Kettle and co-

workers.117 

Table 2.7 

The results for the biochemical evaluation of compounds 2.49 to 2.51.117 

Compound # 

Enzyme 

Akt1 IC50 

(nM) 

Cell p-Akt1 

LogD† 

Free 

drug % 

in rat 

plasma 

Aqueous 

solubility at 

pH 7.4 

(µM) 

T308 IC50
* 

(nM) 

S473 IC50
* 

(nM) 

2.49 387 182 124 2.8 6.8 1 900 

2.50 117 48 37 2.2 13.0 2 200 

2.51 1 042 422 322 1.3 41.9 270 
*Inhibition of phosphorylation of Akt1 at Thr308 and S473, respectively. †Measurement of lipophilicity 

2.2.2 Other classes of allosteric Akt inhibitors 

Apart from the 2,3‑diphenylquinoxalines and their analogues, there are also five other classes 

of small molecule allosteric Akt inhibitors, namely purine derivatives, alkylphospholipids, 

indole‑3‑carbinol and its analogues, sulfonamide derivatives and thiourea derivatives.41 Not all 

of these inhibitors necessarily bind in the same manner or even the same allosteric pocket as 

the 2,3‑diphenylquinoxalines and their analogues.41 

The purine derivatives all contain a purine moiety and include the tricyclic purine nucleoside 

derivative, triciribine phosphate 2.12.41,89 While the imidazo[4,5-b]pyridine template found in 

inhibitors such as ARQ 092 2.6 and ARQ 751 2.7 are related to purine, these inhibitors better 

resemble the 2,3-diphenylquinoxalines and their analogues, binding in the same allosteric 

pocket as them.41,83 The alkylphospholipids are based on the scaffold of 

lysophosphatidylcholine 2.52 (Figure 2.24).41,118 Akt inhibitor perifosine 2.11 is a member of 

the alkylphospholipids.41 Indole-3-carbinol 2.53 (Figure 2.24) is a natural compound found in 

Brassica vegetables such as broccoli and cabbage.41,119 Analogues of this compound, such as 
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(3-chloroacetyl)-indole 2.54 (Figure 2.24), have displayed both potent and specific inhibition 

of Akt.119 

 

Figure 2.24 

Allosteric Akt inhibitors, lysophosphatidylcholine, indole-3-carbinol and (3-chloroacetyl)-indole.118,119 

The sulfadiazine derivative PH-316 2.55 (Figure 2.25) was the first of the sulfonamide Akt 

inhibitors.41 Further investigation and optimization have led to the identification of 

PHT-427 2.56 (Figure 2.25), an inhibitor successfully encapsulated into nanoparticles, 

improving its drug delivery to, and treatment of, tumour cells.41,120 The two compounds 

PIT-1 2.57 and DM-PIT-1 2.58 (Figure 2.25) are representatives of the thiourea derivatives.41 

 

Figure 2.25 

Sulfonamide derivatives PH-316 and PHT-427, and thiourea derivatives PIT-1 and DM-PIT-1.41,121–123 

Numerous other research articles have also been published on small molecule allosteric Akt 

inhibitors that do not fit into any of these classes, but these will not be discussed here.124–129 
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2.2.3 Akt and allosteric inhibitor co-crystal structures with relevance to 

irreversible inhibition of Akt 

In 2010, Brandhuber and co-workers, from Array BioPharma, published a co-crystal structure 

of Akt1 with the dual Akt1/2 inhibitor 2.20 (Figure 2.26) bound in the interface between the 

kinase and PH domains (Protein Data Bank, PDB, accession code 3O96).84 Two other co-

crystal structures of Akt1, with an allosteric inhibitor bound in the same pocket as 

inhibitor 2.20, have also since been reported, both by the biopharmaceutical company 

ArQule.83,130 Their first co-crystal structure is of Akt1 with inhibitor 2.59 (Figure 2.26), a 

predecessor of clinical trial candidates ARQ 092 2.6 and ARQ 751 2.7 (PDB accession code 

4EJN), while the other is of ARQ 092 2.6 itself bound to Akt1 (PDB accession code 

5KCV).83,130 The focus here will be on the co-crystal structure of Akt1 with inhibitor 2.20 as 

this was used as inspiration for the target compounds of this project. 

 

Figure 2.26 

Dual Akt1/2 inhibitor 2.20 and inhibitor 2.59 which is bound to Akt1 in the co-crystal structure reported by 

Chan and co-workers (PDB accession code 4EJN).130 

In the Array BioPharma crystal structure (Figure 2.27, A), the kinase domain is in its inactive 

conformation, with the PH domain nestled against it, filling part of the space that would be 

occupied by the kinase domain were it in its active conformation.84  The kinase domain is 

thereby sterically prevented from attaining an active conformation and membrane translocation 

is blocked.84,85 Prior to the publication of this co-crystal structure, Calleja, Larijani and co-

workers used a multidisciplinary approach to investigate the intramolecular interactions 

between the Akt domains and the intermolecular interactions between Akt and inhibitor, 

developing a model for Akt1 bound by inhibitor 2.20.85 They alluded to much of which was 

later confirmed by the publication of the co-crystal structure by Brandhuber and co-workers 
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(discussed here), including the specification that allosteric inhibitor binding locks Akt in its 

inactive conformation, thereby preventing activation by phosphorylation.84,85 

Both the kinase and PH domains are required for allosteric inhibition, with inhibitor 2.20 bound 

to Akt1 in an allosteric binding site formed at the combined interface of the PH domain and 

the kinase domain (Figure 2.27, B).84  It should be noted that this allosteric site is more than 

10 Å away from the ATP competitive inhibitor binding site.84 

 

Figure 2.27 

Two schematic representations of Akt1 bound by inhibitor 2.20. In A, the inhibitor (orange skeletal structure) is 

seen nestled between the PH (green ribbon) and kinase (purple space fill structure) domains, whereas B shows a 

side-long view of the inhibitor lying along the kinase domain with the PH domain omitted (PDB accession code 

3O96).84 The Akt1 domain amino acid numbers are from a publication by Tsichlis and co-workers.131 These 

figures were generated using Swiss-PdbViewer.132 

In the co-crystal structure, a π-π ring-stacking interaction can be observed between the aromatic 

imidazoquinoxaline core of inhibitor 2.20 and Trp80 from the PH domain (Figure 2.28, A).84 

There is also a hydrogen bond between the inhibitor and Ser205 from the kinase domain (Figure 

2.28, A).84 As mentioned before (see Section 2.1.4), these interactions make inhibitor 2.20, and 

the others in its class, a type V inhibitor. Additionally, there are a number of hydrophobic and 

polar contacts with some of the neighbouring amino acid residues, from both the kinase and 

PH domains (Figure 2.28, A-C).84 Not all of these interactions are necessarily present when 

inhibitor 2.20 is bound to the other two Akt isoforms, or as strong as the interactions between 

the inhibitor and Akt1.84 
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Figure 2.28 

Schematic representations of different views of inhibitor 2.20 in the allosteric binding site of Akt1 (PDB 

accession code 3O96).84 The different views, A to C, show the amino acid residues the inhibitor has interactions 

with. The labels in grey indicate amino acid residues in the background. The kinase and PH domains are 

illustrated as purple and green transparent ribbons. These figures were generated using Swiss-PdbViewer.132 

Brandhuber and colleagues mapped the amino acid differences between the three isoforms and 

identified two regions of amino acid divergence that could influence inhibitor binding.84 Both 

of these differences are part of the kinase domain, situated in the pocket for the 

imidazoquinoxaline core of inhibitor 2.20.84 

The first deviance is at Ser205, with its corresponding residue in both Akt2 and Akt3 being  

threonine (Thr207 & Thr203).84 With this change, the hydroxyl group likely changes position 

and could also face a different direction, both potentially affecting the ability of the inhibitor 

to hydrogen bond to the residue.84 The additional methyl group may also change the binding 

Ser205

Trp80

Thr82

Ile84

Lys268

Leu264

Tyr272

Arg273

Cys296

Asp274

Arg273

Tyr272

Ile84

Asp292

Thr82

Leu210

Asp292
Cys296

Tyr272
Leu264

Ser205

Lys268

Thr82

Arg273

Trp80

A B

C

Stellenbosch University https://scholar.sun.ac.za



  Chapter 2 Akt and its inhibitors 

49 

 

pocket environment, and thus, the binding interactions.84 This deviance, and the change in 

binding interactions from it, could potentially explain why inhibitor 2.20 is more active against 

Akt1 than the other two isoforms.84 

The second difference involves a three residue turn which, in Akt1, consists of Glu267, Lys268 

and Asn269.84 In Akt2 and Akt3 the turn is one residue shorter and the corresponding residue 

for Lys268 is Arg269, in Akt2, and Lys266, in Akt3.84 In Akt1, Lys268 interacts with 

inhibitor 2.20 and the shorter turn in Akt3 could mean that this interaction is no longer 

possible.84 As with the deviance in Ser205, these changes in the turn (meaning shorter and 

different residues), could also change the binding pocket character and dimensions.84 While 

these differences could complicate the design of pan-inhibitors, they can be beneficial in the 

design of isoform selective Akt inhibitors.84 

Calleja, Larijani and co-workers also had some insight into a contributing factor why the 

allosteric inhibitors are far more selective for Akt1, and to a lesser degree Akt2, over Akt3.85 

Their studies showed that inactive Akt1 has a PH domain-induced cavity in which allosteric 

inhibitor 2.20 binds, whereas the differences in Akt3 mean that its cavity is negligible.85 

Furthermore, Trp79 of Akt3 is also less accessible than its Akt1 counterpart, Trp80, making 

inhibitor binding even less favourable.85 

As discussed in Chapter 1, an inhibitor of type I to V can potentially be converted into a type 

VI inhibitor by modifying it to form a covalent adduct with its target kinase. This is done by 

incorporating an electrophilic warhead in the appropriate position to target a nucleophilic 

amino acid residue, most often a cysteine residue. In the crystal structure reported by 

Brandhuber and colleagues, Cys296 can be seen positioned in close proximity to the aromatic 

ring of the eastern benzimidazolone part of inhibitor 2.20 (Figure 2.28, C).84 Additionally, 

while disordered in that crystal structure, Cys310 can be seen in a similar area as Cys296 in the 

crystal structure reported by Chan and co-workers, with a disulphide bridge present between 

these two residues.84,130 It should be noted that both these residues are present in all three Akt 

isoforms.84 Their close proximity to inhibitor 2.20 makes these cysteine residues attractive 

targets for the design of a potential irreversible inhibitor which binds in the same allosteric site. 

The goal for our previous project was therefore to successfully modify inhibitor 2.20 to make 

an irreversible Akt inhibitor.133 In addition to this, the secondary goal was to improve its 

physical properties, particularly solubility, since it was stated earlier that dual Akt1/2 

inhibitor 2.20 displayed poor physical properties, and thus poor cellular potency.106,133 
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To this end, the original targets compounds were regioisomers 2.60 and 2.61 (Figure 2.29).133 

Inhibitor 2.49, from the work of Kettle and co-workers, served as inspiration for the western 

portion, chosen for its favourable balance of properties, including good potency, solubility and 

oral bioavailability in rats (free drug levels).117,133 It is also reminiscent of the western portion 

of clinical trial candidates ARQ 092 2.6 and ARQ 751 2.7. The eastern benzimidazolone 

moiety is taken from inhibitor 2.20, but with a warhead incorporated to potentially target either 

(or both) of the identified cysteine target residues.133 The unsubstituted acrylamide was selected 

as warhead as it is weakly electrophilic and commonly seen in irreversible inhibitors, including 

the FDA approved drug compounds 1.3 and 1.4 (as shown in Chapter 1). In our opinion, the 

potential positions in which they were most likely to succeed in binding covalently to either of 

the cysteines were as in the two regioisomers 2.60 and 2.61.133 

 

Figure 2.29 

The original target compounds of our previous project.133 

Synthesis of the two target compounds proved exceedingly challenging and the focus of the 

project was shifted to the synthesis of the novel target compounds 2.62 to 2.64 (Figure 2.30).133 

These compounds had the same western scaffold as 2.60 and 2.61, but the inspiration of the 

eastern side was the pyridyltriazole seen in many of the Merck compounds, including the potent 

Akt inhibitor 2.46.133 The triazole moiety was changed from a 1,2,4-triazole to a 1,2,3-triazole, 

easily accessible by copper(I)-catalysed azide alkyne cycloaddition (CuAAC), also known as 

a “click” reaction.133,134 In order to keep the target molecules as simple as possible, the pyridine 

pendant was replaced with a simple phenyl ring and the electrophilic warhead was attached to 

this ring, placed in the ortho, meta and para positions in order to probe for the optimum position 

for covalent bond formation.133 
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Figure 2.30 

The later target compounds of our previous project.133 

The ortho- and meta-acrylamide target compounds 2.62 and 2.63 were successfully 

synthesised and subsequent biochemical evaluation showed both compounds to be active, with 

regioisomer 2.63 irreversibly inhibiting Akt.133,135 The synthesis and evaluation of 

inhibitor 2.63 was published in both a paper and a patent with another compound, 

borussertib 2.65, synthesised and evaluated by our collaborators, the Rauh research group from 

the Technical University of Dortmund (Figure 2.31).135,136 Borussertib 2.65 displays the ideal 

position for the acrylamide warhead, indicating target compound 2.60 to be a more promising 

target than compound 2.61. Borussertib 2.65, and novel related Akt inhibitors, were further 

investigated by the Rauh research group, with the results recently published.137,138 This includes 

co-crystal structures of a number of these allosteric Akt inhibitors, including borussertib 2.65, 

with Akt1.137,138 Since these papers were published after the conclusion of this project, and 

therefore did not influence it, they will not be discussed here. Inhibitors 2.63 and 2.65, and 

their inhibition of Akt, will be discussed in more detail in Chapter 6. 
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Figure 2.31 

The irreversible Akt inhibitor synthesised by our collaborators from the Technical University of Dortmund.137 

Apart from compounds 2.63 and 2.65, lactoquinomycin 2.66 and the phenylalanine-based 

inhibitor 2.67 (Figure 2.32) are also irreversible Akt inhibitors.139,140 With 

lactoquinomycin 2.66, both Cys296 and Cys310 are involved with Akt binding, while with 

Boc-Phe-vinyl ketone 2.67, the covalent inhibitor-kinase adduct is formed through an 

interaction with only Cys310.139,140 

 

Figure 2.32 

Other known irreversible Akt inhibitors.139,140 

These successes warranted further investigation into irreversible Akt inhibition and served as 

inspiration for this project. 

2.2.4 Project aims and initial targets 

The first aim of this project was to synthesise compound 2.68 (Figure 2.33), an altered version 

of compound 2.63, with the acrylamide warhead replaced with a propionamide functionality. 

This made compound 2.68 incapable of irreversible inhibition and any potential activity would 

thus be from reversible inhibition. After biochemical evaluation, the activity of this inhibitor 

was to be compared with that of irreversible inhibitor 2.63 and the difference in potency, if 
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any, would be from the irreversible and reversible binding modes of these inhibitors. This was 

to determine whether irreversible inhibition of Akt increases inhibitor potency, or not.  

As with many of the previous Akt inhibitors, meta-acrylamide regioisomer 2.63 suffered from 

poor solubility in aqueous media, precipitating at high concentrations and making the 

biochemical assays problematic.141 The second aim of this project was therefore to build on the 

success of irreversible inhibitor 2.63 by designing and synthesising compounds with improved 

potency and solubility. Molecular modelling also showed inhibitor 2.63 to barely fit in the 

binding pocket, extending far on the eastern side of the molecule.142 Compound 2.69 (Figure 

2.33) was therefore one of the initial target compounds, with a methylene in place of the 

easternmost pendant phenyl ring. This shortened the inhibitor on the eastern side and was hoped 

to improve its fit. We further wanted to complete the triazole regioisomer series by synthesising 

para-acrylamide regioisomer 2.64, with the goal to compare its activity with the ortho- and 

meta-acrylamide regioisomers 2.62 and 2.63. 

 

Figure 2.33 

Two of the three initial target compounds for this project. The third, target compound 2.64, was shown in a 

previous figure. 

After successful synthesis and biochemical evaluation of the three initial target compounds 

(compounds 2.64, 2.68 and 2.69), the plan was to further explore irreversible inhibition of Akt, 

by either changing the eastern or western portion of the current most promising inhibitors. The 

original target compound 2.60 was also to be pursued, as well as potential hybrid compounds 

between triazole compounds 2.62, 2.63 and 2.64 and borussertib 2.65. These target compounds 

will be introduced at the start of each relevant chapter. 
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Chapter 3 Synthesis of the initial target compounds 

3.1 The three initial target compounds 

As communicated in Chapter 2, the aim of this project was to further investigate allosteric Akt 

inhibitors, starting with the three target compounds introduced at the end of said chapter (shown 

again in Figure 3.1). These compounds were chosen specifically for their potential to aid in the 

SAR studies of allosteric Akt inhibitors, with the results from evaluating these compounds to 

be used to decide on the subsequent target compounds of this project. 

The first target compound was the saturated warhead counterpart of irreversible inhibitor 2.63 

from our previous project, compound 2.68.1 Biochemical evaluation of these two compounds 

could indicate whether irreversible Akt inhibition improves inhibitor potency, or not. Target 

compound 2.69 was chosen for its smaller eastern portion, which modelling showed to fit well 

into the allosteric Akt pocket.2 Lastly, para-acrylamide regioisomer 2.64, together with 

regioisomers 2.62 and 2.63, would complete the series of these three regioisomers, and with all 

three in hand, the best position for the acrylamide warhead could be established. 

 

Figure 3.1 

The initial target compounds of this project. 

3.2 Retrosynthetic analysis of the target compounds 

The original strategy was to use a similar approach as was used for the synthesis of the 

1,2,3-triazole-containing target compounds from our previous project, with compound 2.68 to 

be obtained through a final click reaction between the intermediate compounds, in this case 

azide 3.1 and alkyne 3.2 (Scheme 3.1).1 Synthesis of the three initial target compounds all 

involved azide 3.1, with the other two target compounds obtainable through reacting this azide 

Stellenbosch University https://scholar.sun.ac.za



Chapter 3 Synthesis of the initial target compounds 

67 

 

with their corresponding alkynes (shown later). Our previous project showed the acrylamide 

functionality to survive the click conditions with no discernible reactivity problems, enabling 

this approach to be used for the synthesis of all three initial target compounds.1 

 

Scheme 3.1 

The retrosynthetic strategy for the final step, a click reaction, using target compound 2.68 as a representative 

molecule. Alkyne 3.2 could also be replaced with the relevant acrylamide-containing alkynes to generate target 

compounds 2.64 and 2.69. 

Azide 3.1 could be simplified by disconnecting at the piperidine, with benzaldehyde 3.3 and 

piperidine 3.4 to afford azide 3.1 through reductive amination (Scheme 3.2). 

 

Scheme 3.2 

The retrosynthetic strategy for attaching piperidine 3.4 to benzaldehyde 3.3, through reductive amination, to 

afford the western azide intermediate 3.1. 

The initial strategy was to synthesise benzaldehyde 3.3 in the same manner as during our 

previous project, originally undertaken by postdoctoral fellow Dr Abu Taher (Scheme 3.3).1 

This linear synthesis started with the two commercially available starting materials, 

2-aminopyridine 3.10 and 2,4’-dibromoacetophenone 3.11, combined to afford 
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imidazopyridine 3.9. A cyanation reaction could then convert imidazopyridine 3.9 into the 

nitrile-containing imidazopyridine 3.8. Bromination of this compound 3.8 could then afford 

imidazopyridine 3.6, ready for a Suzuki-Miyaura coupling reaction with phenylboronic 

acid 3.7 to afford phenyl imidazopyridine 3.5. The last reaction was the reduction of the nitrile 

group to afford benzaldehyde 3.3. Further optimisation of this synthetic route was done 

throughout the project, as the opportunity arose, and will be discussed in this chapter. 

 

Scheme 3.3 

The original retrosynthetic analysis for obtaining benzaldehyde 3.3. The reactions are discussed in the text. 

Piperidine intermediate 3.4 could be obtained in two steps from the commercially available 

Boc-protected 4-bromopiperidine 3.13 (Scheme 3.4). In the first reaction, nucleophilic 

substitution with sodium azide would afford the Boc-protected 4-azidopiperidine 3.12, after 

which its deprotection would yield 4-azidopiperidine 3.4. 

 

Scheme 3.4 

The retrosynthetic strategy towards 4-azidopiperidine 3.4. The reactions are discussed in the text. 

The eastern alkyne could be obtained from the reaction of the corresponding amine or aniline 

starting material with either propionyl chloride, for the inactive warhead-like moiety, or 

acryloyl chloride, for the α,β-unsaturated warhead (Scheme 3.5). 

Stellenbosch University https://scholar.sun.ac.za



Chapter 3 Synthesis of the initial target compounds 

69 

 

 

Scheme 3.5 

The retrosynthetic strategy towards N-(3-ethynylphenyl)propionamide 3.2. Using the correct alkyne with 

acryloyl chloride, the same strategy could be used to obtain the acrylamide-containing alkynes. 

With the synthetic strategy in hand, the synthesis could commence. 

3.3 Synthesis towards the western azide intermediate 

3.3.1 2-(4-Bromophenyl)imidazo[1,2-a]pyridine 

 

Scheme 3.6 

The synthesis of imidazopyridine 3.9. 

First up, was the synthesis of 2-(4-bromophenyl)imidazo[1,2-a]pyridine 3.9. Sundberg and co-

workers reported a classic synthesis of imidazo[1,2-a]pyridines from 2-aminopyridine and 

α-bromoacetophenones, including the synthesis of imidazopyridine 3.9.3 Following this 

procedure, 2-aminopyridine 3.10 and 2,4’-dibromoacetophenone 3.11 were heated at 80 °C, 

first in acetone for three hours and then with hydrobromic acid in methanol for one hour 

(Scheme 3.6). After cooling to 0 °C, the resulting white precipitate was washed and dried and 

the title compound 3.9 was obtained in a yield of 95%, with no further purification required. 

This reaction was done a total of four times with an average yield of 90%, comparing well to 

the published yield of 72%.3 

The 1H and 13C NMR spectra of imidazopyridine 3.9 corresponded 

to that published in the literature, taking into account slight 

deviations in chemical shift from the presence of deuterated methanol 

(CD3OD), used as additive to help solubilise the compound in the 

deuterated chloroform.4 Interestingly, H7 was visible as a doublet at 

7.79 ppm in the 1H NMR spectrum, coupling to H11 with a coupling constant of 0.9 Hz. 
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According to the literature, after the initial step, the product is typically the hydrated 

imidazopyridine, requiring the second step, reflux with hydrogen bromide in methanol, for 

aromatization (Scheme 3.7).3,5 Sundberg and co-workers further stated that the product 

precipitated out of solution upon neutralisation.3 In our reactions, hydrobromic acid was used, 

not hydrogen bromide, and the product precipitated out of solution upon cooling, with no 

neutralisation required. The water from the hydrobromic acid could be acting as base, negating 

the need for a further neutralisation step to obtain the product, imidazopyridine 3.9. 

 

Scheme 3.7 

The proposed mechanism for the synthesis of imidazopyridine 3.9. 

3.3.2 4-(Imidazo[1,2-a]pyridin-2-yl)benzonitrile 

3.3.2.1 A: The original cyanation procedure  

 

Scheme 3.8 

The cyanation procedure to afford imidazopyridine 3.8. 

The following step was the synthesis of imidazopyridine 3.8, using the Rosenmund-von Braun 

nitrile synthesis, where an aryl halide reacts with copper cyanide at high temperatures to give 

the corresponding aryl nitrile.6 The reaction conditions were again from Sundberg and 

colleagues, who published a procedure for the cyanation of a number of 
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(2-4'-halophenyl)imidazo[l,2-a]pyridines, including the starting material, 2-(4-bromophenyl)-

imidazo[1,2-a]pyridine 3.9.3 After optimisation, aryl bromide 3.9 and copper cyanide were 

heated in N,N-dimethylformamide by microwave apparatus at 160 °C for 30 minutes and then 

at 200 °C for a further four hours (Scheme 3.8). Cooling, work-up and purification afforded 

title compound 3.8 in a yield of 61%. This reaction was done a total of 19 times with an average 

yield of 51%, comparing well to the published yield of 56%.3 

The 1H and 13C NMR spectra corresponded to that published in the 

literature for title compound 3.8, but with slight chemical shift 

deviations of 0.01 to 0.03 ppm.7 An infrared spectrum was obtained 

as surety that the reaction was successful, with the C≡N stretch 

clearly visible at 2 219 cm-1 (Figure 3.2). 

 

Figure 3.2 

The infrared spectrum for compound 3.8, with the strong C≡N stretch at 2 219 cm-1. 

This reaction was first done by following the literature procedure and then it was optimised, 

with the modifications summarised in Table 3.1. The reaction was originally heated in a sand 

bath, but the reaction temperature could not surpass 165 °C, lower than some literature cases 

of the Rosenmund-von Braun procedure where temperatures can exceed 200 °C.6 These initial 

reactions also had poor conversions and low yields, so it was decided to move from 

conventional heating to microwave heating, aiming to safely increase the temperature, perhaps 
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even to 200 °C. The increase in temperature led to a marked increase in the yields obtained, 

with an average yield of 55%, as opposed to 20% with conventional heating. For the microwave 

heating, the reaction mixture was first heated at a lower temperature (160 or 165 °C) for 30 

minutes and then at the higher temperature (185 to 205 °C) for the remainder of the time. 

Immediate heating at the higher temperature led to high pressures that the microwave apparatus 

could not safely operate at and the initial time at the lower temperature helped reduce some of 

the pressure build-up. Even so, with N,N-dimethylformamide as solvent, the pressure went up 

to 11 bar, and higher. The heating was stopped every time the pressure reached 11 bar, then 

commenced again once the pressure reading was back at 1 bar. This was done to minimise the 

risk of explosion, particularly important for safety with the presence of copper cyanide. On 

average, the pressure reached 11 bar three times during each procedure with 

N,N-dimethylformamide as solvent. 

Table 3.1 

A summary of the different reaction conditions investigated for the synthesis of imidazopyridine 3.8. 

Solvent 
Heating 

method 

Temperature 

range 
Time range 

Number 

of runs 

Average 

percentage yield 

DMF 
Conventional 120 – 165 °C 40 h – 5 d 3 20% 

Microwave 160 – 200 °C 80 min – 8 h 7 55% 

NMP 

Conventional 165 – 180 °C 40 h 1* 31% 

Microwave 
165 – 195 °C 7 – 8 h 4 72% 

57% 
165 – 205 °C 3.5 – 5.5 h 4*† 42% 

*Other CuCN source used for these runs. †Apart from CuCN, 10 mol% CuI was also added for one of these runs. 

While pre-heating at a lower temperature did help with the pressure build-up, high pressure 

was still a concern. The solvent was therefore changed to N-methyl-2-pyrrolidone, which has 

a much higher boiling point of 202 °C, compared to the boiling point of 153 °C for 

N,N-dimethylformamide.8,9 This solvent change led to lower pressures during the reaction, with 

a maximum of 5 bar observed, thus allowing for the reaction to be completed in a single run 

after the initial pre-heating phase. Additionally, the average percentage yield was increased to 

72%. This increase in yield was unfortunately offset by the difficulty to remove water during 

the work-up stage, requiring the combined organic layers to be repeatedly washed with 5% 

aqueous lithium chloride. 

This cyanation reaction was also repeated in another laboratory, at the Technical University of 

Dortmund in Germany, where a different copper cyanide source was used. The available 
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microwave apparatus in this laboratory had a maximum reaction time of three hours per run 

and the average yield was lowered significantly to 42%, lending the question of how the yield 

could be increased without increasing the reaction time. Copper iodide was said to facilitate 

this reaction by converting the aryl bromide into an aryl iodide, which reacts more readily with 

copper cyanide.10,11  A test reaction was done, adding 10 mole percent of copper iodide to the 

reaction mixture. This addition led to a slight increase in yield to 55%, but it was still lower 

than the average yield for those runs with longer reaction times. 

Throughout these optimisations, the reactions were quenched with aqueous ethylenediamine. 

This not only made the work-up procedure safer, with the raised pH preventing hydrogen 

cyanide from forming, but the ethylenediamine also complexed with the copper and copper 

ions, thereby assisting in isolation of the nitrile product in the organic phase.12,13 Even so, the 

product was poorly soluble in the commonly used work-up solvents and large volumes of 

solvent was required for product extraction. Furthermore, both starting material and product 

not only had poor solubility in the general column chromatography solvents, but also had very 

similar retention factors, leading to tailing and overlap of starting material and product during 

purification. Often, multiple runs of column chromatography were required to separate the 

starting material from the product. 

In the write-up stage, we came across a paper with information which could potentially aid in 

the reduction of reaction times. Koelsch and Whitney investigated the Rosenmund-von Braun 

reaction and found that it had an induction period during which little reaction took place, 

followed by a period of rapid reaction.14 They proposed that it was an autocatalytic reaction, 

with the formed aromatic nitrile acting as a catalyst.14 Supporting this, they found that the 

addition of a small amount of p-tolunitrile increased the extent to which the reaction proceeded 

in a given time, allowing for shorter reaction times.14 They further found that the addition of 

copper sulphate had a similar catalytic effect, likewise increasing the percentage conversion in 

a given time.14 They proposed a mechanism (Equation 3.1), where Cu2+ initially reacts with the 

aryl halide, facilitating its reaction with Cu+, and thereby shortening the reaction time.14 

Equation 3.1 

The proposed mechanism for the Rosenmund-von Braun nitrile synthesis.14 

ArX + Cu2+ ⇌ [ArX → Cu]2+
Cu+

→  Cu2+ + [ArX → Cu]+ → CuX + Ar+
CN−

→  ArCN 

In a number of syntheses with different aryl halides, Koelsch and Whitney demonstrated the 

addition of p-tolunitrile and copper sulphate to lead to rapid completion of the reaction in 10 
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to 30 minutes.14 The addition of these agents to our reaction mixture could therefore have 

allowed for a potential reduction in reaction time, perhaps alleviating some of the problems 

with the pressure build-up and minimising potential degradation of the product and possible 

side-reactions from long reaction times at elevated temperatures. 

3.3.2.2 B: The other cyanation procedures attempted 

In addition to this procedure by Sundberg and co-workers, numerous other cyanation 

procedures were also attempted, with no success. These procedures are reported in Chapter 9, 

but none of them showed any product formation, as monitored by thin layer chromatography 

(TLC), and were not further pursued. The decision was made to change tact and veer from the 

above two procedures as described by Sundberg and colleagues. 

3.3.2.3 C: Synthesis of the title compound, circumventing the cyanation reaction 

 

Scheme 3.9 

The improved route to imidazopyridine 3.8, with the previous two steps completed in one reaction. 

Investigation revealed a patent by Bando and Taguchi, wherein imidazopyridine 3.8 can be 

obtained in a single reaction from 2-aminopyridine 3.10 and another commercially available 

α-bromoacetophenone, 2-bromo-4’-cyanoacetophenone 3.16.15 This reaction is similar to the 

first reaction between 2-aminopyridine 3.10 and 2,4’-dibromoacetophenone 3.11 to afford 

imidazopyridine 3.9 (Scheme 3.6), but instead of having a bromine on the 4-position, the nitrile 

functionality is already present. Incorporating the nitrile from the start allows for the 

problematic cyanation reaction to be circumvented, not only saving time and other laboratory 

resources, but also negating the use of the toxic copper cyanide. 

Following the literature procedure, the starting materials, 2-aminopyridine 3.10 and 

2-bromo-4’-cyanoacetophenone 3.16, were heated at 75 °C with sodium bicarbonate in ethanol 

for 17 hours (Scheme 3.9). After cooling and work-up, the title compound 3.8 was obtained in 

a yield of 98%, with no further purification required. This reaction was done a total of eight 

times with an average yield of 93%, comparing very well to the published yield of 87%.15 

Additionally, the 1H NMR spectrum of the compound matched that of its previous synthesis. 
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3.3.3 4-(3-Bromoimidazo[1,2-a]pyridin-2-yl)benzonitrile 

3.3.3.1 A: Bromination with N-bromosuccinimide 

 

Scheme 3.10 

The bromination of 4-(imidazo[1,2-a]pyridine-2-yl)benzonitrile 3.8 using N-bromosuccinimide. 

Next, was the bromination of 4-(imidazo[1,2-a]pyridin-2-yl)benzonitrile 3.8. Initially, the 

procedure previously utilised by Dr Taher was followed. In this procedure, by Marhadour et 

al., 2-phenylimidazo[1,2-a]pyridine was brominated using N-bromosuccinimide, affording the 

product in a yield of 95% (Scheme 3.11).16 According to the literature, the 3-position on 

compound 3.8 is favoured for electrophilic attack, including bromination.17,18 This is where 

bromination was required, so it was reasoned that this procedure should also work for 

substrate 3.8.  

 

Scheme 3.11 

The literature procedure for the bromination of a related compound, 2-phenylimidazo[1,2-a]pyridine.16 

Following this procedure, 4-(imidazo[1,2-a]pyridin-2-yl)benzonitrile 3.8, was stirred with 

N-bromosuccinimide in acetonitrile for ten minutes until complete consumption of the starting 

material, as monitored by TLC (Scheme 3.10). After work-up and purification, the title 

compound 3.6 was obtained in a yield of 66%. This reaction was done a total of six times with 

an average yield of 58%, unfortunately significantly lower than the reported literature yield of 

95% for the bromination of 2-phenylimidazo[1,2-a]pyridine. 
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Characterisation of title compound 3.6 indicated a successful 

bromination reaction. In the 1H and 13C NMR spectra, the signal 

previously seen for H7 was now absent and the signal for C7 had 

shifted upfield. The molecular ion cluster in the high resolution 

mass spectrometry (HRMS) spectrum showed the pattern 

characteristic of the presence of bromine, with two peaks of about equal intensity and 2 amu 

apart (Figure 3.3). This accounted for the two naturally-occurring bromine isotopes with 

similar natural abundance, namely 79Br and 81Br occurring in a nearly equal ratio of 100 to 

97.7.19 

 

Figure 3.3 

The electrospray ionization-high resolution mass spectrometry (ESI-HRMS) spectrum of title compound 3.6, 

displaying the molecular ion cluster of [M+H]+ and [M+2+H]+. 

Unfortunately, purification of the brominated product was challenging, with unidentified green 

material co-eluting with the product, but surprisingly not visible in the 1H and 13C NMR 

spectra. Repeated column chromatography was required to separate the product from the 

impurity, with the resultant product loss partially accountable for the low yield when compared 

to the literature. While less of the impurity was observed when the reaction was done on a 

smaller scale (100 mg starting material used, as opposed to 400 mg), the impurity was still 

present. The N-bromosuccinimide originally used was yellow, so this was purified by 

recrystallisation, following a literature procedure by Armarego and Chai.20 Unfortunately, use 

of the purified N-bromosuccinimide also led to the appearance of the green impurity. 

Marhadour et al. did not include a work-up procedure and it was reasoned that they might have 

had a step included specifically to circumvent this problem with the impurity. A number of 

different work-up procedures were therefore trialled, including washing the organic layer with 

aqueous sodium thiosulfate or delaying the work-up procedure until after preliminary 

purification by column chromatography. Unfortunately, the impurity was often still present in 

trace amounts, even after several rounds of column chromatography. The repeated purifications 
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were time-consuming and a strain on laboratory resources and it was therefore decided to 

investigate a different bromination procedure, aiming for a cleaner reaction, and thus, a more 

straightforward work-up and purification. 

3.3.3.2 B: Bromination with bromine in acetic acid 

 

Scheme 3.12 

The bromination procedure of 4-(imidazo[1,2-a]pyridine-2-yl)benzonitrile 3.8, using bromine in acetic acid. 

The second bromination procedure followed was from the previously mentioned paper by 

Sundberg and co-workers, wherein they described the bromination of a closely related 

compound, 4-(imidazo[1,2-a]pyridine-2-yl)benzaldehyde (Scheme 3.13).3 

 

Scheme 3.13 

The literature procedure for the bromination of related compound, 

4-(imidazo[1,2-a]pyridine-2-yl)benzaldehyde.3 

Following this procedure, 4-(imidazo[1,2-a]pyridine-2-yl)benzonitrile 3.8, was stirred with 

bromine in acetic acid at room temperature for two hours (Scheme 3.12). After work-up, the 

title compound 3.8 was obtained in a yield of 44%. No further purification was required and 

the 1H NMR spectrum matched that of the previous synthesis of this compound. 

Although the yield was lower than the average yield of 58% for the previous bromination 

procedure, product isolation was considerably more efficient. It was, however, decided to 

continue the search for the optimum bromination procedure, preferably with both an increased 

product yield and simple product isolation. 
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3.3.3.3 C: Bromination with bromine in chlorinated solvents 

 

Scheme 3.14 

The final bromination procedure of 4-(imidazo[1,2-a]pyridine-2-yl)benzonitrile 3.8, using bromine in 

dichloromethane. 

The next, and final, bromination procedure was from a literature procedure for the bromination 

of adamantyl imidazopyridines, reported by Yurchenko et al. (Scheme 3.15).21 They discussed 

two different methods of bromination, one done at room temperature in chloroform and the 

other done by boiling the substrate neat in bromine.21 

 

Scheme 3.15 

The literature procedure for the bromination of various adamantyl imidazopyridines, where R1 to R3 are 

combinations of hydrogen and chlorine, bromine or methyl substituents.21 

Following the former of the two methods, 4-(imidazo[1,2-a]pyridin-2-yl)benzonitrile 3.8 and 

bromine were stirred in dichloromethane at 0 °C for 30 minutes (Scheme 3.14). After work-

up, the title compound 3.6 was obtained in a yield of 83%, requiring no further purification. 

This reaction was done a total of 16 times with an average yield of 84%. The 1H NMR spectrum 

matched that of the previous synthesis of this compound. 

A few adjustments were made to optimise this reaction (Table 3.2). The reaction was first done 

in chloroform, as in the literature, with a yield of 79%. The solvent was then changed to 

dichloromethane as it was more readily available in the laboratory and marginally less 

expensive. The yield dropped somewhat, but was still higher than with the previous procedures. 

The green material was again present and still effectively inseparable from the product using 

column chromatography. As a last effort to limit the formation of the impurity, the reaction 
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was started and kept at 0 °C. This change not only increased the yield of the reaction, but the 

green impurity was also no longer observed, greatly simplifying purification. 

Table 3.2 

The reaction conditions explored for the bromination procedure using bromine in a halogenated solvent. 

Solvent Temperature Average percentage yield 

CHCl3 RT 79% 

DCM RT 64% 

DCM 0 °C 88% 

3.3.4 4-(3-Phenylimidazo[1,2-a]pyridin-2-yl)benzonitrile 

 

Scheme 3.16 

The Suzuki-Miyaura reaction that afforded title compound 3.5. 

With the brominated imidazopyridine 3.6 in hand, the Suzuki-Miyaura reaction for the 

synthesis of 4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzonitrile 3.5 could be pursued. The 

Suzuki-Miyaura reaction is a palladium-catalysed cross-coupling reaction of organoboron 

compounds with organic halides or triflates.22 The literature procedure used was by the 

aforementioned Marhadour et al., who performed a Suzuki-Miyaura reaction between 

3-bromo-2-phenylimidazo[1,2-a]pyridine, obtained from the above-mentioned bromination of 

2-phenylimidazo[1,2-a]pyridine, and phenylboronic acid (Scheme 3.17).16 

 

Scheme 3.17 

The literature procedure for the Suzuki-Miyaura cross-coupling reaction between 

3-bromo-2-phenylimidazo[1,2-a]pyridine and phenylboronic acid.16 
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Following this procedure, 4-(3-bromoimidazo[1,2-a]pyridin-2-yl)benzonitrile 3.6 and 

phenylboronic acid 3.7 were heated with potassium carbonate and palladium 

tetrakis(triphenylphosphine) at 110 °C in a 2:1 mixture of 1,4-dioxane and water for 2.5 hours 

(Scheme 3.16). After cooling, work-up and purification, the title compound 3.5 was obtained 

in a yield of 79%. This reaction was done a total of 18 times with an average yield of 78%. 

Characterisation of title compound 3.5 indicated a successful reaction, with the appropriate 

additional peaks from the newly attached phenyl ring visible in the 1H and 13C NMR spectra. 

Apart from using a different substrate as the literature procedure, potassium carbonate was used 

instead of the reported sodium carbonate, due to the availability of anhydrous potassium 

carbonate in the laboratory.16
 

The palladium tetrakis(triphenylphosphine) used was prepared following a procedure as 

described in a patent from Sumitomo Pharmaceuticals.23 Under the advice of Dr Taher, 

dimethyl sulfoxide was used, and not N,N-dimethylformamide as reported in the literature 

procedure.23,24 Dr Taher is thanked for his assistance with the initial synthesis of this catalyst. 

3.3.5 4-(3-Phenylimidazo[1,2-a]pyridin-2-yl)benzaldehyde 

 

Scheme 3.18 

The reduction of compound 3.5 to afford benzaldehyde 3.3. 

Following the successful synthesis of 4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzonitrile 3.5, 

the reduction of its nitrile functionality to afford benzaldehyde 3.3 could be pursued. In the 

literature procedure used, again from the paper by Sundberg and colleagues, a 

4'-cyanophenylethenyl heterocycle is reduced to the 4'-formylphenylethenyl heterocycle in a 

single step (Scheme 3.19).3 
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Scheme 3.19 

The literature procedure used for the reduction of a nitrile functionality to an aldehyde.3 

Following this procedure, 4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzonitrile 3.5 and Raney 

nickel were heated at 90 °C in formic acid for 2.5 hours (Scheme 3.18). Cooling, work-up and 

purification afforded the title compound 3.3 in a reasonable yield of 64%. This reaction was 

done a total of 17 times with an average yield of 66%. 

Characterisation of title compound 3.3 confirmed the successful 

reduction of the nitrile functionality. The newly-formed aldehyde was 

clearly visible in the 1H and 13C NMR spectra, with H16 visible as a 

singlet at 9.97 ppm and C16 appearing similarly downfield at 

192.0 ppm. Additionally, the C=O stretch for the aldehyde was visible 

at 1 686 cm-1 in the infrared spectrum. 

The literature procedure used a 1:1 mass ratio of nitrile starting material to Raney nickel, but 

the Raney nickel used for this procedure was suspended in ethanol, for safety reasons.3 It could 

therefore not be accurately weighed, so a spatula tip of Raney nickel was added at the start of 

the reaction and it was monitored by TLC, with more Raney nickel added as necessary. The 

literature procedure cited by Sundberg and colleagues, by van Es and Staskun, stated that using 

increased amounts of Raney nickel did not affect the yield of the reaction, but that it did shorten 

the reaction time.3,25 The Raney nickel used for this reduction was originally from a colleague, 

and later synthesised using a literature procedure for its preparation, by Pavlic and Adkins, 

with input from said colleague, Mr Luke Hodson.26,27  In addition, Mr Hodson is thanked for 

the use of some of his synthesised Raney nickel. 

In the literature procedure, Sundberg and co-workers neutralised the reaction with aqueous 

sodium hydroxide, whereas for this reaction, aqueous sodium bicarbonate was used.3 The 

neutralisation was a vigorous reaction, best done in an ice bath and over several minutes. 

Fortunately, over reduction of the benzaldehyde, to afford the benzyl alcohol, happened 

infrequently and was only observed in trace amounts. 
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3.3.6 tert-Butyl 4-azidopiperidine-1-carboxylate 

3.3.6.1 A: Nucleophilic substitution in dimethyl sulfoxide 

 

Scheme 3.20 

The nucleophilic substitution procedure done to afford piperidine 3.12. 

With benzaldehyde 3.3 in hand, the synthesis of the piperidine intermediate was pursued. The 

first step was nucleophilic substitution, following a literature procedure for the synthesis of 

tert-butyl 4-azidopiperidine-1-carboxylate 3.12, by Moore and co-workers.28 

Following this procedure, commercially available tert-butyl 4-bromopiperidine-

1-carboxylate 3.13 and sodium azide were heated at 60 °C in dimethyl sulfoxide for 18 hours 

(Scheme 3.20). After cooling, work-up and purification, the title compound 3.12 was obtained 

in a yield of 96%. This reaction was done a total of 13 times over the duration of the project, 

with an average yield of 85%, comparing fairly well to the published yield of 99%. The 1H 

NMR spectrum of compound 3.12 matched our previously published work and it was not 

further characterised.29  

In the literature procedure, N,N-dimethylformamide was used as solvent; however, dimethyl 

sulfoxide was used on recommendation from a visiting research student, Ms Elena Gago 

Benedí.28,30 The percentage yield was lower than that of the literature procedure, but this was 

most likely due to the starting material and product having similar retention factors, with some 

of the product co-eluting with the starting material and leading to loss of compound. The 

recovered starting material, with small amounts of product present, was used when the reaction 

was repeated, minimising loss of material. 

Both starting material and product were poorly ultraviolet (UV) active and difficult to observe 

when dilute. These compounds were therefore exclusively visualised on TLC using ninhydrin 

or p-anisaldehyde stains. 
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3.3.6.2 B: Nucleophilic substitution in acetone and water 

 

Scheme 3.21 

The unsuccessful attempted synthesis of piperidine 3.12. 

In order to potentially avoid using harmful solvents such as dimethyl sulfoxide and 

N,N-dimethylformamide, it was decided to attempt the synthesis of tert-butyl 

4-azidopiperidine-1-carboxylate 3.12 following a procedure which uses a mixture of water and 

acetone as solvent. The literature procedure, by Zhou and colleagues, was for the synthesis of 

azidocyclohexane from bromocyclohexane (Scheme 3.22).31 Following this procedure, starting 

material 3.13 and sodium azide were stirred at room temperature in a 3:1 mixture of acetone 

and water (Scheme 3.21). The reaction was monitored by TLC, but showed no product 

formation after 2.5 hours. The temperature was therefore increased to 40 °C and the mixture 

stirred for a further 15 hours, while being monitored by TLC. Unfortunately, the reaction was 

unsuccessful, with the 1H NMR spectrum corresponding to the literature values for the starting 

material, with only trace amounts of product visible.32 Were this reaction to be repeated, a 

higher reaction temperature would be advised. 

 

Scheme 3.22 

The literature procedure for the synthesis of azidocyclohexane.31  

Interestingly, the signal for H20 was a doublet of doublet of doublet of 

doublets (dddd) in the 1H NMR spectrum of the starting material. The 

correct peak ratios for such a pattern is 1:2:1:2:4:2:1:2:1, but some 

overlap of peaks were present, resulting in a pattern with peak ratios 

1:2:3:4:3:2:1 (Figure 3.4). This multiplicity is surprising because of the expected symmetry for 

this compound; however, the tert-butyloxycarbonyl protecting group is fairly bulky and 

favours the equatorial position, potentially preventing the expected symmetry by locking the 

piperidine ring into one conformation and hindering, or even preventing, ring inversion. In 

addition to this, the peaks for the H19 protons were complex multiplets, suggesting that they 
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were indeed in magnetically different environments, as would be seen if the piperidine ring 

was locked in one conformation. 

 

Figure 3.4 

An expansion of the 1H NMR spectrum for piperidine 3.13, showing the dddd for H20. 

3.3.7 4-Azidopiperidine 

3.3.7.1 A: Gaining the amine through the trifluoroacetic acid salt 

 

Scheme 3.23 

The deprotection of compound 3.12, using trifluoroacetic acid, to afford piperidine intermediate 3.4. 

Next, was the removal of the tert-butyloxycarbonyl protecting group from piperidine 3.12 to 

afford 4-azidopiperidine 3.4. The first procedure followed was one by Zhang et al., where they 

reported the removal of the tert-butyloxycarbonyl protecting group from a number of 

substituted piperidines using trifluoroacetic acid (Scheme 3.24).33 
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Scheme 3.24 

The literature procedure by Zhang et al. for the removal of the tert-butyloxycarbonyl protecting group from a 

number of substituted piperidines.33 

Following this procedure, tert-butyl 4-azidopiperidine-1-carboxylate 3.12 and trifluoroacetic 

acid were stirred at room temperature for 19 hours and monitored by TLC (Scheme 3.23). After 

observation of starting material consumption, potassium carbonate and methanol was added to 

the reaction mixture and it was stirred at room temperature for a further 30 minutes. Work-up 

and purification afforded the title compound 3.4 in a yield of 68%. This reaction was done a 

total of five times with an average yield of 50%. 

The 1H and 13C NMR spectra of this compound confirmed the successful removal 

of the protecting group, with the free H17 amine peak visible as a singlet at 

6.30 ppm in the 1H NMR spectrum and the protecting group signals absent from 

both NMR spectra. The same doublet of doublet of doublet of doublets was 

observed for H20 as with piperidine 3.13, indicating that the azide group may also favour the 

equatorial position, and thus, one specific ring conformation, hindering ring inversion to the 

other conformation. 

In the literature procedure, Zhang et al. neutralised the reaction with saturated aqueous sodium 

bicarbonate; however, during our previous project it was learnt that the product was highly 

soluble in water, preventing the possibility of an aqueous work-up.1,33 The work-up procedure 

was therefore adapted to exclude water, with potassium carbonate in methanol used for 

neutralisation. 

As with piperidines 3.12 and 3.13, 4-azidopiperidine 3.4 was also poorly UV active and 

therefore visualised on TLC using the ninhydrin stain. 
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3.3.7.2 B: Gaining the amine through the hydrochloric acid salt 

 

Scheme 3.25 

The deprotection of compound 3.12 using hydrochloric acid to afford piperidine intermediate 3.4. 

Another procedure was also investigated, one by Getlik et al., where they removed the 

tert-butyloxycarbonyl protecting group from a number of substituted thiazol-2-amines, using 

commercially available hydrochloric acid in 1,4-dioxane (Scheme 3.26).34 

 

Scheme 3.26 

The literature procedure by Getlik et al. for the removal of the tert-butyloxycarbonyl protecting group from a 

number of substituted thiazol-2-amines.34 

Following this procedure, tert-butyl 4-azidopiperidine-1-carboxylate 3.12 and hydrochloric 

acid in 1,4-dioxane were stirred together at room temperature for 21 hours (Scheme 3.25). After 

starting material consumption, according to TLC, potassium carbonate and methanol was 

added to the reaction mixture and it was stirred at room temperature for a further 30 minutes. 

Subsequent work-up and purification afforded the title compound 3.4 in a yield of 50%. The 

1H NMR spectrum matched that of the previous synthesis of title compound 3.4. 

The procedure by Getlik et al. excluded water from its work-up procedure and the 

thiazol-2-amine hydrochloric acid salts were isolated without neutralisation.34 The procedure 

was therefore adapted, using the same method of neutralisation as before, to obtain the neutral 

amine. Additionally, a lower concentration of the hydrochloric acid in 1,4-dioxane was used, 

with the reaction still running to completion. 

Unfortunately, the high polarity of piperidine 3.4 meant its purification by column 

chromatography proved problematic, with complete loss of product occurring a number of 

times. It could be that the neutralisation process did not work as well with this procedure as 

with the deprotection using trifluoroacetic acid, with certain salts formed or remaining solvent 
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interfering with the elution of the product. It was therefore decided to isolate the amine as the 

hydrochloric acid salt, with no neutralisation step. 

3.3.8 4-Azidopiperidin-1-ium chloride 

 

Scheme 3.27 

The deprotection of compound 3.12 using hydrochloric acid to afford the piperidine salt 3.17. 

In order to attain the piperidine as the hydrochloric acid salt, the procedure by Getlik et al. was 

again followed, this time without neutralisation.34 Following this procedure, 

tert-butyl 4-azidopiperidine-1-carboxylate 3.12 and hydrochloric acid in 1,4-dioxane were 

stirred together at room temperature for 24 hours (Scheme 3.27). Subsequent to starting 

material consumption, as monitored by TLC, the solvent was removed in vacuo and the title 

compound was obtained in a yield of 99%. This reaction was done four times with an average 

yield of 99%. The 1H NMR spectrum for piperidine salt 3.17 matched our previously published 

work (Figure 3.5).29 

This procedure was not only more reliable, but the problematic purification was also 

eliminated, circumventing the losses that occurred through neutralisation and purification. It 

was important to store this compound under nitrogen as it was identified as hygroscopic. 

 

Figure 3.5 

The 1H NMR spectrum for compound 3.17, indicating the successful removal of the Boc-protecting group. 
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3.3.9 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-

3-phenylimidazo[1,2-a]pyridine 

3.3.9.1 A: Reductive amination 

 

Scheme 3.28 

A representative of the reductive amination procedure followed to afford western azide intermediate 3.1. 

With fragments 3.3 and 3.4 in hand, the next step was to connect these two fragments to form 

the western azide intermediate 3.1. During our previous project, the reductive amination route 

was attempted without success, but since it had fewer steps than what was eventually used for 

the synthesis of intermediate 3.1, it was decided to pursue it once more.1 

Several reductive amination conditions were tried, using different solvents and additives (Table 

3.3), either suggested by a colleague from the Technical University of Dortmund, Dr Rajesh 

Gontla, or from literature procedures.35–37 

Table 3.3 

The reductive amination conditions attempted for the synthesis of western azide intermediate 3.1. 

Solvent Additive(s) Total time Percentage yield 

MeOH AcOH 3 d 11% 

THF AcOH, Et3N 4 d 22% 

THF AcOH, Et3N 3 d 8% 

DCE - 26 h 10% 
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With one of these procedures, 4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzaldehyde 3.3 and 

4-azidopiperidine 3.4 were stirred in 1,2-dichloroethane at 60 °C for two hours (Scheme 3.28). 

It was then cooled to room temperature and sodium triacetoxyborohydride was added, followed 

by stirring at room temperature for a further 23 hours. Work-up and purification afforded the 

title compound 3.1 in a poor yield of 11%. A similar procedure was followed for all of the 

attempts, with neutral piperidine 3.4 used. 

The 1H NMR spectrum matched our previously published 

work, with the methylene H16 visible at 3.47 ppm in the 

spectrum, replacing the downfield H16 aldehyde peak of 

starting material benzaldehyde 3.3 (Figure 3.6).29 

A study of reductive amination procedures, by 

Abdel-Magid and colleagues, was used as inspiration for a 

number of the reductive amination procedures.36 In this report, sodium triacetoxyborohydride 

was presented as a mild and selective reducing agent for reductive amination and it was 

therefore used for all of the attempted reactions.36 Acetic acid was said to increase the rate of 

the reaction and was consequently also added to the majority of the reactions. The progress of 

these reactions was followed by liquid chromatography mass spectrometry (LC-MS) and all 

had very low starting material conversion, and hence, percentage yields, and primarily long 

reaction times (Table 3.3). Additionally, some of the benzaldehyde 3.3 was reduced, with the 

corresponding benzyl alcohol 3.18 observed in all of these reactions, despite the reported mild 

reducing nature of sodium triacetoxyborohydride. The low yields were exacerbated by a 

problematic purification process as the unreacted starting material, product and benzyl alcohol 

had very similar retention factors and commonly co-eluted. 

 

Figure 3.6 

Part of the 1H NMR spectrum of compound 3.1. Some solvent impurities are visible in this spectrum. 
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Scheme 3.29 

The mechanism for reductive amination in the presence of acid. 

Looking at the mechanism of this reaction (Scheme 3.29), one can identify a number of steps 

where the reaction could be hampered. First, the presence of benzyl alcohol in the reaction 

mixture hints that reduction of the aldehyde competes with the first step (attack of the amine 

onto the benzaldehyde). The first reductive amination step may also not occur readily, either 

from the nature of the benzaldehyde, the amine, or both of these molecules. In the case of the 

benzaldehyde, it has a possible resonance structure that is not open to attack by a nucleophile, 

perhaps interfering with the reaction, or at least the electrophilic nature of the carbonyl carbon 

(Scheme 3.30). The formation of this resonance structure is promoted by the presence of acid, 

suggesting that the first reductive amination reaction step could be further hindered by the 

presence of acid. Too few reactions, with too many varied parameters, were done to either 

support or oppose this suggestion (Table 3.3). An alternative possibility is that the amine itself 

is not nucleophilic enough for the first step of the reductive amination, whether from electronic 

or steric effects, or even both. 

 

Scheme 3.30 

A possible set of resonance structures of benzaldehyde 3.3 in the presence of acid, potentially explaining why it 

could be less amenable to electrophilic attack than is required for the reductive amination to readily proceed. 
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3.3.9.2 B: The Leuckart-Wallach reaction 

 

Scheme 3.31 

The Leuckart-Wallach procedure followed in an attempt to afford western azide intermediate 3.1. 

With the limited success of the reductive amination procedure, it was decided to attempt the 

Leuckart-Wallach reaction. The Leuckart-Wallach reaction is defined as a type of reductive 

amination of an aldehyde or ketone by formamide, ammonium formate or formic acid with 

formamide and is done at elevated temperatures.38  In a literature procedure by Yang and co-

workers, the Leuckart-Wallach reaction was used to connect various aryl and heteroaryl 

aldehydes with a mono-N-substituted piperazine, using formic acid as reducing agent (Scheme 

3.32).39 

 

Scheme 3.32 

The literature procedure, by Yang and co-workers, for the Leuckart-Wallach reaction between various aryl and 

heteroaryl aldehydes and a substituted piperazine hydrochloric acid salt.39 

Following this procedure, 4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzaldehyde 3.3, 

4-azidopiperidine 3.4 and 98% formic acid were stirred at 80 °C in acetonitrile for three days 

(Scheme 3.31). After cooling, work-up and purification, 91% of the starting material 3.3 was 

recovered. The reaction was done a total of four times with an average percentage recovery of 
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starting material 3.3 of 81%. From previous experience, the piperidine 3.4 enters the aqueous 

phase during work-up and cannot be recovered afterwards.1 

Trace amounts of title compound 3.1 were also present, with the 1H NMR spectrum matching 

that of its previous synthesis by reductive amination. Unfortunately, it was challenging to 

purify, with a persistent impurity visible in the 1H NMR spectrum. Investigation of the 1H NMR 

spectrum identified the impurity as a side-product from the reaction between formic acid and 

4-azidopiperidine 3.4, 4-azidopiperidine-1-carbaldehyde 3.19 (Scheme 3.31), with the title 

compound 3.1 and this side-product present in a ratio of 1:1.6. The infrared spectrum helped 

confirm the identification of the side-product, with a peak present at 1 669 cm-1 for the carbonyl 

stretch of the amide functionality. 

While the literature procedure used N,N-dimethylformamide as solvent, acetonitrile was used, 

as advised by colleagues from the Technical University of Dortmund.39,40 As with the reductive 

amination procedure, the neutral piperidine 3.4 was used for these reactions. Even though the 

literature procedure used the amine salt, the neutral amine was not anticipated to impede the 

reaction, especially with an excess of formic acid present. The proposed mechanism for this 

reaction is similar as that of the normal reductive amination procedure (Scheme 3.29), with 

formic acid acting both as acid and reducing agent for the iminium, releasing carbon dioxide 

and the amine product.38 

With this reaction having negligibly low yields, a side-reaction and even longer reaction times 

than the previous reductive amination procedure (with an average of five days), it was decided 

to re-introduce the procedure from our previous project.1 

3.4 Retrosynthesis again 

With the limited success of the reductive amination and Leuckart-Wallach reactions, it was 

back to the drawing board, after a fashion. It was decided to follow the same procedure as with 

our previous project, disconnecting the piperidine from intermediate 3.1 to afford benzyl 

chloride 3.20, instead of benzaldehyde 3.3, and piperidine 3.4 (Scheme 3.33).1 
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Scheme 3.33 

The altered retrosynthetic strategy to afford intermediate 3.1 from benzyl chloride 3.20 and piperidine 3.4. 

Conveniently, the already synthesised benzaldehyde 3.3 could be reduced to benzyl 

alcohol 3.18 and then converted into benzyl chloride 3.20 (Scheme 3.34). 

 

Scheme 3.34 

The retrosynthetic strategy concerning 2-[4-(chloromethyl)phenyl]-3-phenylimidazo[1,2-a]pyridine 3.20. 

3.5 The altered route towards the western azide intermediate 

3.5.1 [4-(3-Phenylimidazo[1,2-a]pyridin-2-yl)phenyl]methanol 

 

Scheme 3.35 

The reduction of benzaldehyde 3.3 to afford benzyl alcohol 3.18. 

In order to pursue this alternate route, benzaldehyde 3.3 first had to be reduced to benzyl 

alcohol 3.18. Feng et al. reported the successful reduction of a number of substituted 
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benzaldehydes into their corresponding benzyl alcohol counterparts, serving as model for the 

reduction of benzaldehyde 3.3 (Scheme 3.36).41 

 

Scheme 3.36 

The literature procedure followed for the reduction of substituted benzaldehydes.41 

Following the procedure by Feng et al., 4-(3-phenylimidazo[1,2-a]pyridin-2-yl)-

benzaldehyde 3.3 and sodium borohydride were stirred in methanol at 0 °C for 30 minutes and 

then at room temperature for a further 25 minutes (Scheme 3.35). After cooling, work-up and 

purification, the title compound was obtained in a yield of 81%. This reaction was done a total 

of ten times with an average yield of 62%, comparing fairly well to the average published yield 

of 80%. 

Characterisation of benzyl alcohol 3.18 indicated a successful 

reaction. The aldehyde peaks were now absent in the 1H and 13C 

NMR spectra, replaced by the H16 and C16 methylene peaks 

indicative of a benzyl alcohol, at 4.65 and 65.0 ppm, respectively 

(Figure 3.7). The alcohol peak was also visible as a broad singlet 

at 2.76 ppm in the 1H NMR spectrum. Additionally, the infrared 

spectrum showed the O-H stretch as a peak at 3 179 cm-1. 

 

Figure 3.7 

The 13C NMR spectrum of compound 3.18, with its C16 methylene peak at 65.0 ppm. 

Lest the exothermic nature of this reaction led to a significant increase in temperature, care 

needed to be taken with the addition of sodium borohydride when doing this reaction at a larger 

scale of 1 g or upwards. Slow addition at 0 °C was required, keeping the temperature increase 

to a minimum. 
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3.5.22-[4-(Chloromethyl)phenyl]-3-phenylimidazo[1,2-a]pyridine 

 

Scheme 3.37 

The conversion of benzyl alcohol 3.18 into benzyl chloride 3.20 with the Appel reaction. 

With benzyl alcohol 3.18 in hand, the next step was to convert it into benzyl chloride 3.20. For 

this, the literature procedure by Jiang and co-workers was followed, who reported the synthesis 

of 1-(chloromethyl)-3,5-dimethoxybenzene from its benzyl alcohol counterpart, using the 

Appel reaction (Scheme 3.38).42,43 

 

Scheme 3.38 

The literature procedure for the Appel reaction used to synthesise benzyl chloride 3.20.42  

Following this procedure, triphenylphosphine in carbon tetrachloride was added to 

[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)phenyl]methanol 3.18 in N,N-dimethylformamide at 

90 °C and heated at this temperature for 26 hours (Scheme 3.37). After cooling, work-up and 

purification, the title compound 3.20 was obtained in a yield of 79%. This reaction was done a 

total of seven times with an average yield of 71%. 

Characterisation of title compound 3.20 confirmed a successful 

reaction, with the benzyl alcohol signal now absent in the 1H NMR 

spectrum. The C-Cl stretch was present at 677 cm-1 in the infrared 

spectrum and, additionally, the molecular ion cluster in the HRMS 

spectrum showed the pattern distinctive of the presence of a 

chlorine atom. These two peaks were 2 amu apart, with their 

intensities in a ratio of 3:1, accounting for the natural abundance of the two most predominant 

chlorine isotopes, namely 35Cl and 37Cl, which occur in a ratio of 100 to 32.5 (Figure 3.8).19 
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Figure 3.8 

The ESI-HRMS spectrum of title compound 3.20, displaying the molecular ion cluster of [M+H]+ and 

[M+2+H]+. 

The literature procedure used only carbon tetrachloride as solvent, but N,N-dimethylformamide 

was added to this reaction to aid in the solubilising of the starting material. These two solvents 

were used in the same ratio as in a paper with a similar procedure, but wherein the benzyl 

chloride intermediate was taken directly to the benzyl azide through the addition of sodium 

azide.44 

This reaction was very sensitive to the order of addition, with no product formed in cases where 

the addition order was altered, such as when all the reagents were added at the same time, or 

when carbon tetrachloride was added last. It was found best to first dissolve the 

triphenylphosphine in the carbon tetrachloride and to then add it to the starting material already 

dissolved in the N,N-dimethylformamide. A reason for the importance of order of addition can 

be seen in the mechanism, where the first step is the carbon tetrachloride-mediated activation 

of the triphenylphosphine into chlorotriphenylphosphonium, which can then react with the 

alcohol (Scheme 3.39).43  

 

Scheme 3.39 

The proposed mechanism for the Appel reaction.43 
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In some Appel procedures, the nucleophile can be added to the reaction mixture, but it was 

opted to do these two reactions in two separate steps, as the Appel conditions are close to that 

of the Staudinger reduction of azide to amine.45 This reaction was successfully done in one step 

in our previous project, but instead of risking unnecessary product loss, it was decided to isolate 

the benzyl chloride before converting it into the western azide intermediate.1 

3.5.3 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-

3-phenylimidazo[1,2-a]pyridine 

3.5.3.1 C: Nucleophilic substitution from the alkyl chloride 

 

Scheme 3.40 

The nucleophilic substitution reaction to afford azide 3.1. 

With the benzyl chloride in hand, the synthesis of western azide intermediate 3.1 could be 

attempted again. For this, a literature procedure by Coudert and co-workers was followed, 

wherein they described the successful nucleophilic substitution of a secondary amine with 

benzyl chloride to afford N-benzyl-N-(4-formylphenyl)methanesulfonamide (Scheme 3.41).46 

 

Scheme 3.41 

The literature procedure for nucleophilic substitution, by Coudert and co-workers, followed for the synthesis of 

title compound 3.1.46 

Following this procedure, benzyl chloride 3.20, piperidine 3.4 and triethylamine were heated 

at 60 °C in N,N-dimethylformamide for 23 hours (Scheme 3.40). After cooling, work-up and 

purification, the title compound 3.1 was obtained in a yield of 63%. This reaction was done a 

total of four times with an average yield of 67%. The 1H NMR spectrum matched that of its 

previous synthesis by reductive amination (Section 3.3.9.1). 
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Even with the additional steps, this route was superior to the reductive amination route, our 

previously most efficient route. The highest yield for the reductive amination procedure was 

22% (with an average of 13%), whereas the overall yield for the three steps replacing it, was 

29%. Nevertheless, this came at a price, as more reactions use more time and laboratory 

resources. 

3.5.3.2 D: Reaction of the benzyl alcohol and amine 

 

Scheme 3.42 

The attempted synthesis of intermediate 3.1. This was the only procedure for the synthesis of intermediate 3.1 

where the hydrochloric acid salt 3.17 was used. 

While successful, the route through benzyl chloride 3.20 had a low overall yield, moving us to 

attempt one last route in an effort to increase the yield. The plan was to add the benzyl 

alcohol 3.18 and amine salt 3.17 together, with the hope that the acid present would protonate 

the alcohol and lead to elimination, leaving the compound open for nucleophilic attack by the 

piperidine amine, in a fashion reminiscent of nucleophilic attack on a 1,4-quinone methide 

(Scheme 3.43).47 

 

Scheme 3.43 

The proposed quinone methide-like reaction mechanism to afford intermediate 3.1. 
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In the first attempt, tetrahydrofuran was used as solvent and the reaction was heated at 50 °C 

for 20 hours, with no product formation and 91% recovery of starting material 3.18 (Scheme 

3.42). It was decided to add additional acid to the reaction mixture. For this 4.0 molar 

hydrochloric acid in 1,4-dioxane was used and the reaction mixture was heated at 110 °C for 

24 hours, once again with no product formation. Without potentially wasting more of the 

valuable starting materials, it was decided to cut our losses and remain with the route using 

benzyl chloride 2.20. 

3.6 Synthesis of the saturated warhead-containing target compound 

With intermediate 3.1 in hand, the synthesis of the alkyne intermediates, and their 

corresponding target compounds, could be pursued. 

3.6.1 N-(3-Ethynylphenyl)propionamide 

 

Scheme 3.44 

The procedure followed to afford alkyne 3.2. 

First, was the synthesis of alkyne 3.2, required for the synthesis of the saturated warhead 

version of irreversible inhibitor 2.63 from our previous project, compound 2.68. 

For this, the same literature procedure was used as during our previous project, wherein Zhou 

et al. reported the synthesis of a number of pteridin-7(8H)-one-based irreversible inhibitors 

designed to target a kinase (Scheme 3.45).48 Their procedure was used with a library of 

analogues, for the synthesis of acrylamides and substituted acrylamides as well as 

propionamides, making it ideal for use in our project.48 The yields listed in this work vary 

greatly, ranging from 30% to 87% with an average yield of 70%.48 

Following this procedure, 3-ethynylaniline 3.14, propionyl chloride 3.15 and triethylamine 

were stirred at room temperature in dichloromethane for 17 hours (Scheme 3.44). After work-

up and purification, the title compound 3.2 was obtained in a quantitative yield. 
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Scheme 3.45 

A representative of the literature procedure for the synthesis of acrylamides, propionamides and substituted 

acrylamides.48 

Characterisation of compound 3.2 indicated a successful reaction, 

with the propionamide H34 and H35 signals present in the aliphatic 

region of the 1H NMR spectrum and the amide, H32, visible at 

7.68 ppm as a broad singlet. 

3.6.2 N-[3-(1-{1-[4-(3-Phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-

1H-1,2,3-triazol-4-yl)phenyl]propionamide 

 

Scheme 3.46 

The click reaction done to afford target compound 2.68. 

With both intermediates in hand, the synthesis of target compound 2.68 could commence, using 

the aforementioned click chemistry, copper(I)-catalysed azide alkyne cycloaddition (CuAAC). 

CuAAC is known to afford the required 1,4-disubstituted 1,2,3-triazole, whereas the related 
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procedure, ruthenium(II)-catalysed azide alkyne cycloaddition (RuAAC), affords the 

1,5-disubstituted 1,2,3-triazole (Scheme 3.47).49,50 

 

Scheme 3.47 

A representation of generic CuAAC and RuAAC reactions, responsible for the regiospecific synthesis of  

1,4- and 1,5-disubstituted 1,2,3-triazoles, respectively.49 

For this reaction, the same procedure was followed as during our previous project, that of 

Bernard et al., wherein they report a copper click reaction with a nevirapine analogue, using 

copper(I) iodide as copper source (Scheme 3.48).1,51 On suggestion of a colleague, the 

2,6-lutidine and water was omitted from the reaction.52 

 

Scheme 3.48 

The literature procedure for the click reaction that was utilised for target compound synthesis.51 

Following this procedure, western azide intermediate 3.1, alkyne 3.2, 

N,N-diisopropylethylamine and copper(I) iodide were heated at 25 °C in acetonitrile for 

21 hours (Scheme 3.46). Cooling, work-up and purification afforded the title compound 2.68 

in a yield of 29%. 

Characterisation of compound 2.68 

indicated a successful reaction, with 

the triazole H25 singlet visible at 

7.86 ppm in the 1H NMR spectrum. 

Deuterated methanol (CD3OD) was 

used as additive to help solubilise the 

compound in the deuterated chloroform for NMR spectroscopic analysis. Furthermore, the 

azide N=N=N stretch and acetylene C-H stretch peaks, present in the infrared spectra of the 

starting materials, were now absent, further supporting a successful click reaction. In our 
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previous project, 2D NMR spectroscopic analysis was used to confirm that these conditions 

gave the 1,4-disubstituted triazole, and not the 1,5-disubstituted triazole, and the analysis was 

not repeated.1 

Many researchers have studied the possible mechanism of CuAAC with one of the more 

recently proposed mechanisms by Bertrand and co-workers.53–56 These researchers 

successfully isolated and identified some of the key intermediates of the reaction, suggesting 

that both the mono- and bis-copper pathways are active in the CuAAC reaction, with the latter 

the kinetically favoured pathway (Scheme 3.49).56 

 

Scheme 3.49 

The proposed mechanisms of CuAAC, with the bis-copper pathway the kinetically favoured one.56 

Title compound 2.68 was biochemically evaluated and its potency was compared with that of 

its irreversible inhibitor counterpart, compound 2.63. It was found that title compound 2.68 had 

a lower potency than its irreversible analogue, suggesting that irreversible Akt binding can 

increase inhibitor potency. The results from evaluating these compounds, and another 

irreversible-reversible pair of compounds, were published by our collaborators and these 

results will be discussed in detail in Chapter 6.29 

With the successful synthesis of the first target compound of this project, synthesis of the other 

two original target compounds could also be pursued, much in the same manner. 
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3.7 Synthesis of the shortened target compound 

3.7.1 N-(Prop-2-yn-1-yl)acrylamide 

 

Scheme 3.50 

The procedure followed for the synthesis of acrylamide 3.23. 

Following the procedure described for propionamide 3.2, but this time using 

propargylamine 3.21 and acryloyl chloride, the title compound 3.23 was obtained in a yield of 

79% (Scheme 3.50). This reaction was done twice, with an average yield of 70%. 

The 1H and 13C NMR spectra of title compound 3.23 matched those 

published in the literature.57 The characteristic set of doublet of doublets 

were visible in the 1H NMR spectrum for the acrylamide protons, with 

the two protons from H30 appearing as two separate peaks (Figure 3.9). 

 

Figure 3.9 

A section of the 1H NMR spectrum of title compound 3.23, displaying the three doublet of doublets for H29 and 

the two H30 protons. The amide H27 peak was also visible as a broad singlet at 5.78 ppm. 

This reaction was also done using other bases, N,N-diisopropylethylamine and 

4-dimethylaminopyridine, with yields of 99% and 42%, respectively. While 

N,N-diisopropylethylamine afforded a greater product yield, it was decided to continue using 

triethylamine as base, owing to its availability in the laboratory and its lower cost. 
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3.7.2 N-[(1-{1-[4-(3-Phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-

1H-1,2,3-triazol-4-yl)methyl]acrylamide 

 

Scheme 3.51 

The click reaction done to afford title compound 2.69, with presumed degradation product 3.24. 

With the successful synthesis of alkyne 3.23, the synthesis of 2.69 could be attempted, once 

again with copper click chemistry. This time around, a different click procedure was tested, 

aiming for an increased yield, utilising copper(II) sulphate pentahydrate and sodium 

ascorbate.58 This procedure was also used during our previous project.1 The sodium ascorbate 

reduces the copper(II) sulphate pentahydrate to give copper(I), the active catalyst.58 The 

literature procedure followed was by Sharpless and co-workers, wherein they describe a click 

reaction between benzyl azide and a number of alkynes, affording the 1,2,3-triazoles in yields 

in excess of 90% (Scheme 3.52).  

 

Scheme 3.52 

A representative of the click reaction using copper(II) sulphate pentahydrate, reported by Sharpless and co-

workers.58 

Following this procedure, western azide intermediate 3.1, N-(prop-2-yn-1-yl)acrylamide 3.23, 

copper(II) sulphate pentahydrate and sodium ascorbate were heated at 60 °C in a one to one 

mixture of water and tert-butanol for 22 hours (Scheme 3.51). After cooling, work-up and 

purification, the title compound 2.69 was obtained in an undetermined yield. 
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Characterisation of compound 2.69 

confirmed a successful click reaction. As 

seen before, the signal for H20 in the 1H 

NMR spectrum was a doublet of doublet 

of doublet of doublets (dddd). This time, 

the peaks heights were in the predicted 

ratio of 1:2:1:2:4:2:1:2:1. This will also be seen in a number of the spectra of compounds in 

following chapters, but will not be mentioned again. Deuterated methanol (CD3OD) was used 

as additive to help solubilise the compound in the deuterated chloroform. The pseudomolecular 

ion peak of [M+H]+ was visible in the HRMS spectrum and the sodium adduct could also be 

seen, at 540.2490 amu (Figure 3.10). The purity of the sample was given as 88.7% by LC-MS.  

 

Figure 3.10 

The ESI-HRMS spectrum of title compound 2.69, displaying both the pseudomolecular ion peak of [M+H]+ at 

518.2674 amu and the sodium adduct [M+Na] + at 540.2490 amu. 

After column chromatography, an impurity was spotted and identified as fragment 3.24 

(Scheme 3.51). Further column chromatography did not remove the impurity and there was 

less material afterwards, indicating potential sample degradation on the column. This explains 

the relatively poor purity of the target compound. No further column chromatography was 

done, lest it degrade further, and the biochemical evaluation was done on the title 

compound 2.69 as is, with the aim of attempting further purification if evaluation identified it 

as a potent inhibitor of Akt. 

Unfortunately, biochemical evaluation showed this compound to only be a reversible Akt 

inhibitor and to be far less active against Akt than irreversible inhibitor 2.63. This was the last 

compound that was evaluated during the duration of the project, with the evaluation of the 

remainder of the compounds only done after the synthetic work of this project was completed. 

The results from the biochemical evaluation will therefore be discussed in detail in Chapter 6, 

as it did not influence the compounds targeted. 
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3.8 Synthesis of the para-acrylamide regioisomer target compound 

3.8.1 N-(4-Ethynylphenyl)acrylamide 

 

Scheme 3.53 

The procedure followed for the synthesis of acrylamide 3.26. 

Following the procedure described for propionamide 3.2, but using 4-ethynylaniline 3.25 and 

acryloyl chloride, the title compound 3.26 was obtained (Scheme 3.53). The reaction was done 

twice, with an average yield of 63%. Characterisation of compound 3.26 indicated a successful 

reaction. 

3.8.2 N-[4-(1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-

1H-1,2,3-triazol-4-yl)phenyl]acrylamide 

 

Scheme 3.54 

The click reaction done to afford title compound 2.64. 

In order to determine the procedure most appropriate for our scaffolds, both the click 

procedures used above were tested for the synthesis of target compound 2.64. Following these 

procedures described before, title compound 2.64 was obtained in yields of 85% and 22%, 

respectively, identifying the copper(I) iodide procedure as the better of the two procedures for 

our scaffolds (Scheme 3.54). 
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The characterisation of 

compound 2.64 indicated a 

successful reaction. The NMR 

spectra were run in deuterated 

dimethyl sulfoxide, and not 

chloroform as with the other target 

compounds, meaning the signals were significantly shifted from those of the previous two 

target compounds. Along with the pseudomolecular ion peak of [M+H]+, the [M+2H]2+ peak 

was also visible in the HRMS spectrum (Figure 3.11). The actual monoisotopic mass of this 

ion was 581.2880 amu, but the peak appeared at 290.6440 amu, being halved by the double 

positive charge. This doubly charged peak was also seen for a number of other compounds in 

the following chapters, most commonly for the target compounds. The purity of the sample 

was given as 95.4% by LC-MS. 

 

Figure 3.11 

The ESI-HRMS spectrum of title compound 2.64, displaying both the pseudomolecular ion peak of [M+H]+ at 

580.2819 amu and the doubly charged ion peak of [M+2H]2+ at 290.6440 amu. 

Not only was the yield higher with the copper(I) iodide click procedure, but purification from 

this procedure was also more straightforward than when using copper(II) sulphate 

pentahydrate, where multiple rounds of column chromatography was often required to obtain 

the pure product. It was therefore decided to use the copper(I) iodide click conditions moving 

forward. 

With the successful synthesis of these three initial target compounds (and their evaluation to 

be discussed in further detail in Chapter 6), the focus could move onto other target compounds. 
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Chapter 4 Synthesis of the methylated target compounds 

4.1 Introducing the target compounds 

From the successful synthesis and biochemical evaluation of target compounds 2.68 and 2.69, 

it was learnt that the irreversible nature of inhibitor 2.63 (Figure 4.1) improved its potency over 

that of its reversible counterpart. It was also found that the original scaffold, and not the shorter 

compound 2.69, was the more potent Akt inhibitor. The aim was therefore to improve on 

inhibitor 2.63 by improving either its potency, or of its other properties, specifically solubility. 

This compound displayed poor aqueous solubility in the biochemical assays and poor drug 

solubility has been identified as a major concern in modern drug discovery and development, 

making it crucial to attempt to address this with our compounds.1,2 

 

Figure 4.1 

The irreversible Akt inhibitor synthesised during our previous project.3 

The aim was to improve the potency and solubility of inhibitor 2.63 without substantially 

changing the structure and without introducing large solubilising groups which would 

significantly increase the overall molecular weight. This inhibitor already had a molecular 

weight exceeding 500 g/mol, which, according to Lipinski’s rule of five (introduced in 

Chapter 1), could be detrimental to absorption and permeation. 

Keeping these criteria in mind, it was decided to utilise the methyl effect. The methyl effect 

involves replacing a hydrogen atom with a methyl group and is seen as a very useful structural 

modification, commonly introduced in the rational design of bioactive compounds and drugs 

in an effort to improve the biological activity and physical properties of a molecule.4–6 

Successfully introducing a methyl group on a drug candidate can lengthen or decrease its half-

life, influence selectivity against off-targets or have a favourable effect on its solubility, binding 

affinity or potency, to name a few.4,5 
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In one such example with biphenyl amide inhibitors of p38α mitogen-activated protein kinase 

(MAPK) (Figure 4.2), the inhibitor with a methyl substituent ortho to an aryl ring displayed at 

least a 200-fold increase in potency when compared to the same inhibitor with a hydrogen in 

that position.6,7 From a co-crystal structure of this methylated inhibitor with the kinase, it was 

seen that the added methyl group extends into a pocket that is both hydrophobic and lipophilic.7 

The methyl appears to be the optimal size to fill the cavity and to be beneficial to inhibitor 

binding.6,7 A computational study of the methyl effect in this system also indicated that the 

introduction of the ortho-methyl increases the interphenyl dihedral angle (Figure 4.2, indicated 

in purple), making the unbound inhibitor more like the bound inhibitor.6 The increase in 

potency of the methylated p38α MAPK inhibitor is therefore attributed to both the methyl 

group’s occupation of a suitable pocket and the better conformational preorganisation of the 

unbound inhibitor.6 A methyl substitution ortho to an aryl ring can therefore potentially  

increase inhibitor potency, either by placing the methyl in a hydrophobic region of the protein, 

or by inducing a favourable conformational change for binding, or both.6 Whether this 

additional methyl, with its potential conformational change, would be favourable in our system 

remained to be seen, but it was seen as an option worth investigating. 

 

Figure 4.2 

A representation of two biphenyl amide inhibitors of p38α MAPK, where R is either a hydrogen atom or a 

methyl. For R = H, the IC50 is greater than 16 000 nM and for R = Me, the IC50 is75 nM.6,7 The dihedral angle is 

indicated in purple. 

As stated before, the aim was also to improve the solubility of our inhibitors. One method for 

improving aqueous solubility is by disrupting crystal packing.8 Crystal packing is, in turn, 

influenced by molecular planarity and symmetry, with disruption of molecular planarity 

expected to decrease the efficiency of crystal packing, and hence, increase solubility.8 Ishikawa 

and Hashimoto investigated the effect of disruption of molecular planarity and symmetry on 

solubility, evaluating the effects of various substituents in different positions, including the 

ortho-methyl in biaryl systems.8 As stated above, introduction of the ortho-methyl increases 
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the interphenyl dihedral angle, consequently decreasing planarity. Encouragingly, Ishikawa 

and Hashimoto found that the disruption of planarity can indeed lead to improved aqueous 

solubility, suggesting that the introduction of an ortho-methyl could improve not only potency, 

but also solubility.8 

In another study, Lovering and co-workers found that an increase in saturation, measured by 

the fraction of sp3-hybridised carbons, is associated with higher solubility and a lower melting 

point.9 An increased fraction of sp3-hybridised carbons can imply a decrease in molecular 

planarity and thus a lowered melting point could be used as a possible indication of a decrease 

in molecular planarity, and consequently, an increase in solubility.8,9 Meta-acrylamide Akt 

inhibitor 2.63 had an approximate melting point of 180 °C, whereas ortho-acrylamide Akt 

inhibitor 2.62 (Figure 4.3) had a significantly lower melting point range of 114 – 116 °C, 

potentially pointing to its ortho-acrylamide having disrupted molecular planarity and increased 

solubility, when compared to meta-acrylamide Akt inhibitor 2.63.3 Interestingly, this was 

supported by inhibitor 2.62 not having the same extent of solubility issues in assays as inhibitor 

2.63.1 No physical melting point was determined for para-acrylamide inhibitor 2.64, with its 

decomposition point observed at approximately 215 °C. 

 

Figure 4.3 

Ortho-acrylamide Akt inhibitor 2.62, synthesised during our previous project.3 

Briefly put, the introduction of an ortho-methyl in a biaryl system could therefore potentially 

increase both inhibitor activity and aqueous solubility, with melting point as a possible 

indication of the relative solubility of related compounds. It was decided to investigate this, 

introducing an ortho-methyl on the western biaryl portion of the original Akt inhibitor scaffold, 

with the three regioisomers 4.1, 4.2 and 4.3 (Figure 4.4) as target compounds to be synthesised 

and evaluated. The purpose of having all three regioisomers as target compounds, was to 

irrevocably confirm that the optimum position of the acrylamide warhead is meta to the triazole 

ring. 
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As stated above, incorporating an ortho-methyl in a biaryl system is good for potentially 

disrupting planarity and improving solubility; however, it was decided to also include target 

compound 4.4 (Figure 4.4), where the methyl was meta on the western biaryl portion of the 

scaffold, in case that this was the better position for targeting a potential hydrophobic pocket. 

To conserve resources, this was the only target compound with a meta-methyl, where the 

acrylamide warhead is in the same position as in irreversible Akt inhibitor 2.63. The 

corresponding regioisomer for compound 4.4 could also be synthesised if biochemical 

evaluation of compounds 4.1 to 4.3 showed either the ortho- or para-acrylamide regioisomer 

to be more active than the meta-acrylamide regioisomer. Nevertheless, there was slim chance 

of this, as modelling has indicated the acrylamide in the meta position to be optimal for 

targeting the region occupied by the two target cysteine residues, Cys296 and Cys310.10  

 

Figure 4.4 

The four target compounds with an ortho- or meta-methyl introduced to the western biaryl portion of the 

scaffold. 

As was mentioned before, an appropriately introduced methyl could also influence selectivity 

against off-targets. An example of this is where introduction of a single methyl on a MER 

tyrosine kinase (MERTK) inhibitor (Figure 4.5) decreased off-target activity, providing more 

than 30-fold selectivity for MERTK over a related kinase, albeit with a 5-fold drop in potency 
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against MERTK.5,11 This methyl group remained in the further library compounds and was still 

present in their most promising inhibitor.11 

 

Figure 4.5 

A representation of two MERTK inhibitors, where R is either a hydrogen atom or a methyl. For R = H, the 

MERTK IC50 is 0.74 nM and for R = Me, the MERTK IC50 = 3.5 ± 0.7 nM.11 Their IC50 values for the related 

kinase is 0.80 nM and 109 ± 64 nM, respectively.11 

Molecular modelling by the Koch research group, at the Technical University of Dortmund, 

suggested that selectivity for Akt1 could be achieved by introducing a methyl on the 

imidazopyridine part of Akt inhibitor 2.63, as seen on target compound 4.5 (Figure 4.6).12 

Molecular modelling suggested that the imidazopyridine part of this target compound occupies 

the same space as the imidazoquinoxaline core of inhibitor 2.20 (Figure 4.7, A).10 From the co-

crystal structure of Akt1 with inhibitor 2.20 (PDB accession code 3O96), it can be seen that 

Ser205 is close to the imidazoquinoxaline core of inhibitor 2.20, and thus potentially close to 

the proposed methyl of target compound 4.5 (Figure 4.7, B).12,13 It was shown that Akt2 and 

Akt3 has the more sterically demanding Thr207 in this position (Figure 4.7, C), potentially 

affording selectivity for Akt1 by these isoforms not having adequate space to accommodate 

the presence of the methyl in bound inhibitor.12,13 Once again, only the meta-acrylamide 

regioisomer was targeted, with the option to synthesise the other regioisomers if the need arose. 

 

Figure 4.6 

The final target compound for this chapter, target compound 4.5. 
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Figure 4.7 

A, the dual Akt1/2 inhibitor introduced earlier, inhibitor 2.20. B, a schematic representation of inhibitor 2.20 in 

the allosteric binding site of Akt1, with Ser205 shown close to the western imidazoquinoxaline core of the 

inhibitor (PDB accession code 3O96).13 The kinase and PH domains are illustrated as purple and green 

transparent ribbons. This figure was generated using Swiss-PdbViewer.14 C, skeleton structures for the serine 

and threonine side-chains, indicating the potentially higher steric demand of the threonine side-chain, present in 

both Akt2 and Akt3. 

With these five target compounds identified, the synthetic planning and subsequent synthesis 

could commence. 

4.2 Synthetic planning for the first four target compounds 

These first four target compounds were all related to the initial target compounds from Chapter 

3, enabling us to use their basic synthetic route, with only a few modifications necessary to 

allow for the synthesis of the new target compounds. Scheme 4.1 below shows the synthetic 

plan for attaining target compound 4.2, with the changes needed for synthesis of the other target 

compounds discussed here. Synthesis started with imidazopyridine 3.6, obtained as discussed 

in Chapter 3, which could undergo a Suzuki-Miyaura reaction with o-tolylboronic acid 4.6 (and 

not phenylboronic acid as in Chapter 3) to afford benzonitrile 4.7. Benzonitrile 4.7 could then 

undergo the same procedures as in Chapter 3, to afford benzyl chloride 4.8. Nucleophilic 

Ser205

B

A

C
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substitution between benzyl chloride 4.8 and piperidine salt 3.17, also synthesised as shown in 

Chapter 3, would then afford o-tolyl western azide intermediate 4.9. Acrylamide-containing 

alkyne 4.10 could be synthesised from 3-ethynylaniline and acryloyl chloride, in the same 

manner as the acrylamide-containing alkynes in Chapter 3. The final reaction was then the 

copper-mediated click reaction between o-tolyl western azide intermediate 4.9 and 

alkyne 4.10, to afford target compound 4.2. Varying the acrylamide-containing alkynes would 

allow for the synthesis of the other regioisomers, target compounds 4.1 and 4.3, and using 

m-tolylboronic acid for the Suzuki-Miyaura reaction would lead to meta-methyl target 

compound 4.4. 

 

Scheme 4.1 

The planned synthesis of target compound 4.2, showing the key steps. Using a number of alternative 

compounds, this route would also allow for the synthesis of target compounds 4.1, 4.3 and 4.4. 

Since these reactions had all been successfully done on similar substrates, this work will only 

be briefly described, with the previously done optimisations enabling most of these reactions 

to run smoothly. 
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4.3 Synthesis of the o-tolyl-containing western azide intermediate 

4.3.1 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-3-(o-tolyl)-

imidazo[1,2-a]pyridine 

 

Scheme 4.2 

The synthesis of o-tolyl-containing western azide intermediate 4.9. 

Synthesis of title compound 4.9 (Scheme 4.2) was similar to the synthesis of western azide 

intermediate 3.1 and will therefore only be discussed briefly. 

Following the Suzuki-Miyaura procedure described for benzonitrile 3.5 (Section 3.3.4), the 

previously synthesised brominated imidazopyridine 3.6 and commercially available 

o-tolylboronic acid 4.6 were reacted to afford benzonitrile 4.7 in a yield of 83%. This reaction 

was done twice with an average yield of 80%, similar to the average yield of 78% for the 
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previous Suzuki-Miyaura procedure done to afford benzonitrile 3.5. Characterisation of 

benzonitrile 4.7 indicated a successful reaction. 

Next, was the Raney nickel-mediated reduction of benzonitrile 4.7, to afford 

benzaldehyde 4.11, following the same reduction as used for the synthesis of benzaldehyde 3.3 

(Section 3.3.5). Benzaldehyde 4.11 was obtained in a yield of 88%, a significant increase from 

the average yield of 64% for the previous reduction, with its characterisation indicating a 

successful reaction. 

With benzaldehyde 4.11 in hand, it could be reduced to benzyl alcohol 4.12. This was done 

following the reduction procedure to afford benzyl alcohol 3.18 (Section 3.5.1) and the product 

was obtained in a yield of 90%, comparing very well with the yield of 81% for the reference 

procedure. 

The Appel reaction for the synthesis of benzyl chloride 3.20 (Section 3.5.2) was then utilised 

to convert benzyl alcohol 4.12 into benzyl chloride 4.8. Following a successful reaction, benzyl 

chloride 4.8 was obtained in a yield of 90%, again comparing well to the yield of 79% for 

benzyl chloride 3.20 synthesis. 

Next, was the nucleophilic substitution reaction between benzyl chloride 4.8 and piperidine 

salt 3.17 to afford o-tolyl-containing western azide intermediate 4.9. For this reaction, 

procedure C for the synthesis of western azide intermediate 3.1 (Section 3.5.3.1) was followed, 

affording the title compound 4.9 in a yield of 79% and comparing favourably to the yield of 

63% for the reference procedure. 

Characterisation of title compound 4.9 confirmed its 

successful synthesis, with the piperidine peaks present in 

both the 1H and 13C NMR spectra. In the 13C NMR 

spectrum, the carbon peak at 127.1 ppm was suspected to 

overlap with another peak, as would later also be seen in 

the spectrum of target compound 4.2. Finally, the azide 

N=N=N stretch was visible at a wavelength of 2 088 cm-1 in the infrared spectrum. 

With the intermediate in hand, the final steps towards target compound synthesis could be 

pursued. 
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4.4 Synthesis of the o-tolyl-containing ortho regioisomer target compound 

4.4.1 N-(2-Ethynylphenyl)acrylamide 

 

Scheme 4.3 

The synthetic procedure used to afford acrylamide 4.14. 

In preparation for the synthesis of target compound 4.1, acrylamide 4.14 was synthesised from 

2-ethynylaniline 4.13 and acryloyl chloride (Scheme 4.3), using the same procedure as was 

used for the previously synthesised propionamide 3.2 (Section 3.6.1). The title compound 4.14 

was obtained in a good yield of 94%. 

The 1H and 13C NMR spectra of acrylamide 4.14 matched that of our 

previous work.3 Trace amounts of a second set of H34 and H35 peaks were 

visible in the 1H NMR spectrum in a ratio of 1:23 with the main set of peaks 

for H34 and H35 (Figure 4.8). The coupling constants between these two sets 

of peaks differed, with the coupling constants of the original set 16.9, 10.2 

and 1.2 Hz, and the coupling constants of the trace impurity 7.0 and 2.4 Hz. 

These two sets of peaks point to the presence of the two possible amide rotamers from the 

rotation of the acrylamide moiety at the C-N amide bond (Scheme 4.4). 

 

Scheme 4.4 

The two possible amide rotamers for acrylamide 4.14, potentially explaining the extra set of peaks visible in the 

1H NMR spectrum. 
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Figure 4.8 

The 1H NMR spectrum for acrylamide 4.14, showing the two sets of peaks for H34 and H35, with A, B and C and 

D, E and F occurring in a ratio of 23:1. 

4.4.2 N-{2-[1-(1-{4-[3-(o-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzyl}piperidin-4-yl)-

1H-1,2,3-triazol-4-yl]phenyl}acrylamide 

 

Scheme 4.5 

The click reaction done to afford the first target compound 4.1. 

With western azide intermediate 4.9 and acrylamide 4.14 in hand, target compound 4.1 could 

be synthesised. Following the procedure for the synthesis of target compound 2.68 (Section 

3.6.2), title compound 4.1 was obtained in a reasonable yield of 66% (Scheme 4.5). 
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Characterisation of title compound 4.1 

confirmed a successful click reaction. Again, 

two sets of peaks were visible in the 1H NMR 

spectrum for the H34 and H35 protons, 

occurring in a ratio of 1:7 (Figure 4.9). This 

time, the two sets of peaks had the same 

coupling constants. These peaks again 

pointed to the presence of the two possible amide rotamers at the acrylamide warhead. For the 

second set of peaks, one of the H35 peaks was not visible, with this peak suspected to overlap 

with the H35 peak at 5.75 ppm and its integration supporting this. The purity of the sample was 

given as 98.8% by LC-MS. 

 

Figure 4.9 

The 1H NMR spectrum for title compound 4.1, showing the two sets of peaks for H34 and H35, with A, B and C 

and D and E occurring in  a ratio of 7:1. One H35 peak for the second set was not visible, thought to overlap with 

the H35 dd of the first set at 5.75 ppm (multiplet C). 

The melting point range of compound 4.1 was determined as 128 – 130 °C, similar to its non-

methylated counterpart, inhibitor 2.62, which had a melting point range of 114 – 116 °C. It was 

thought that the ortho acrylamide on the eastern side of the molecule already disrupted 

planarity and that further disruption of planarity on the western side of the molecule perhaps 

did not have an observable influence on the melting point of compound 4.1. 
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4.5 Synthesis of the o-tolyl-containing meta regioisomer target compound 

4.5.1 N-(3-Ethynylphenyl)acrylamide 

 

Scheme 4.6 

The synthetic procedure used to afford acrylamide 4.10. 

Similar to the synthesis of acrylamide 4.14, acrylamide 4.10 was synthesised and obtained in a 

yield of 84% (Scheme 4.6). The 1H and 13C NMR spectra of this compound matched that of 

our previous work.3 

4.5.2 N-{3-[1-(1-{4-[3-(o-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzyl}piperidin-4-yl)-

1H-1,2,3-triazol-4-yl]phenyl}acrylamide 

 

Scheme 4.7 

The click procedure followed to afford target compound 4.2 

Once again, using the same procedure as for our previous target compounds, title compound 4.2 

was synthesised using western azide intermediate 4.9 and acrylamide 4.10 in a click reaction 

(Scheme 4.7). Title compound 4.2 was obtained in a poor yield of 29%. A second round of 

column chromatography was required to purify the compound satisfactorily, with subsequent 

loss of product during this purification partially explaining the resulting low yield. 

Stellenbosch University https://scholar.sun.ac.za



Chapter 4 Synthesis of the methylated target compounds 

125 

 

Characterisation of title 

compound 4.2 indicated a successful 

final reaction. Extensive 2D NMR 

spectroscopic analysis was done with 

this target compound in order to assign 

all proton and carbon peaks, with the 

long-range proton coupling to the carbon peaks shown in Table 4.1 as confirmation of the 

correct assignment. The long-range coupling observed between C16 and H18 and C18 and H16 

supported the successful fusion of the two fragments during the earlier nucleophilic substitution 

reaction, while the coupling observed between C25 and H20 indicated successful fusion of the 

western and eastern fragments during the click reaction. The purity of the sample was given as 

99.9% by LC-MS. 

Table 4.1 

The results from interpreting the heteronuclear multiple bond correlation (HMBC) NMR spectrum of title 

compound 4.2. The 13C NMR signals for C2 and C12 overlap, appearing as a single peak at 129.1 ppm. 

C# C shift (ppm) HMBC (C to H) C# C shift (ppm) HMBC (C to H) 

1 137.6 H3 & H16 16 62.5 H2 & H18 

2 129.1 H2 & H16 18 52.2 H16 & H19 

3 127.3 H2 & H3 19 32.8 H16, H18 & H20 

4 133.2 H2 20 58.5 H18 & H19 

6 141.9 H3 24 147.2 H25, H27 & H31 

7 120.4 H13b 25 117.8 H20, H31 

8 123.5 H9 & H10 26 138.7 H30 

9 112.6 H8 & H11 27 117.2 H31 

10 124.9 H8 & H9 28 131.5 H30 

11 117.5 H9 29 119.7 H27 & H31 

11a 144.8 H8, H10 & H11 30 129.7 - 

12 129.1 H13b, H14 & H36 31 121.7 H27 & H29 

13 131.9 H14 33 164.0 H34 & H35 

13b 139.2 H14b & H36 34 131.4 H35 

14 131.1 H36 35 127.8 H34 

14b 129.9 H15 36 19.5 H14 

15 127.1 H14    
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The melting point range of this compound was determined as 124 – 126 °C, significantly lower 

than the approximate melting point of 180 °C of its non-methylated counterpart, inhibitor 2.63. 

This could indicate a successful disruption of planarity, and thus, a corresponding increase in 

solubility. 

4.6 Synthesis of the o-tolyl-containing para regioisomer target compound 

4.6.1 N-{4-[1-(1-{4-[3-(o-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzyl}piperidin-4-yl)-

1H-1,2,3-triazol-4-yl]phenyl}acrylamide 

 

Scheme 4.8 

The click reaction done to afford target compound 4.3. 

The same procedure as before was used for the synthesis of this title compound, reacting 

western azide intermediate 4.9 and the previously synthesised acrylamide 3.26 to afford title 

compound 4.3 in good yield of 71% (Scheme 4.8).  

Characterisation of title compound 4.3 confirmed a successful click reaction, with the purity of 

the sample given as 92.4% by LC-MS. 

The melting point range of this compound was determined as 169 – 170 ºC, significantly higher 

than the melting point ranges of regioisomers 4.1 and 4.2 (128 – 130 °C and 124 – 126 °C, 

respectively), suggesting the possibility of a lower solubility. This was echoed by the difficulty 

to dissolve it in deuterated chloroform for NMR spectroscopy. It is thought that the symmetry, 

and potential planarity, on the eastern side of the molecule might be a contributing factor. 

Unfortunately, the melting point of the non-methylated counterpart of title compound 4.3, 
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inhibitor 2.64, was not available as only its aforementioned decomposition point (of 

approximately 215 °C) was determined, with the compound decomposing without melting 

first. 

4.7 Synthesis of m-tolyl-containing western azide intermediate 

4.7.1 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-3-(m-tolyl)-

imidazo[1,2-a]pyridine 

 

Scheme 4.9 

The synthesis of m-tolyl-containing western azide intermediate 4.20. The same reactions were used as with the 

synthesis of o-tolyl-containing western azide intermediate 4.9. 
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The synthesis of m-tolyl-containing western azide intermediate 4.20 was similar to the 

synthesis of o-tolyl-containing western azide intermediate 4.9 and will therefore not be 

discussed (Scheme 4.9). With the successful synthesis of this intermediate 4.20, the synthesis 

of the next target compound, compound 4.4, could proceed. 

4.8 Synthesis of the m-tolyl-containing meta regioisomer target compound 

4.8.1 N-{3-[1-(1-{4-[3-(m-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzyl}piperidin-4-yl)-

1H-1,2,3-triazol-4-yl]phenyl}acrylamide 

 

Scheme 4.10 

The click reaction done to afford target compound 4.4. 

Title compound 4.4 was synthesised using m-tolyl-containing western azide intermediate 4.20 

and the previously synthesised acrylamide 4.10, utilising the same click procedure as was used 

for the synthesis of the previous target compounds (Scheme 4.10). This target compound was 

obtained in a poor yield of 31%. 

Characterisation of title compound 4.4 confirmed its successful synthesis and the purity of the 

sample was given as 93.0% by LC-MS. 

The melting point range of this compound was determined as 130 – 132 °C. While this was 

lower than the approximate melting point of 180 °C for its non-methylated counterpart, 

inhibitor 2.63, it was somewhat higher than the melting point range of 124 – 126 °C of its o-

tolyl-containing counterpart, inhibitor 4.2. This suggests that the meta-methyl may disrupt 
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planarity to some degree, but corresponds with the research discussed above that found the 

ortho-methyl to be ideal for disruption of planarity, and potentially increasing solubility. 

4.9 Synthetic planning for methyl-imidazopyridine target compound 

The plan for the synthesis of final target compound 4.5 (Scheme 4.11) was similar to the 

synthesis of the previous target compounds, both in this chapter and Chapter 3, with the major 

change being the use of the commercially available methylated aminopyridine, 

5-methylpyridin-2-amine 4.21, as starting material in the place of the previously used 

2-aminopyridine 3.10. 

 

Scheme 4.11 

The planned synthesis of target compound 4.5, showing the key steps, with the major difference being the use of 

methyl-aminopyridine 4.21 as starting material in the place of the previously used unsubstituted 

2-aminopyridine 3.10. 
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4.10 Synthesis of methyl-imidazopyridine western azide intermediate 

4.10.1 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-6-methyl-

3-phenylimidazo[1,2-a]pyridine 

 

Scheme 4.12 

The synthesis of the methyl-imidazopyridine western azide intermediate 4.24. 
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The synthesis of intermediate 4.24 (Scheme 4.12) was very similar to those of the previous 

western azide intermediates and will thus not be discussed. The reactions all went as planned, 

running smoothly and with good to excellent yields. With methyl-imidazopyridine western 

azide intermediate 4.24 in hand, the synthesis of final target compound 4.5 could commence. 

4.11 Synthesis of the methyl-imidazopyridine target compound 

4.11.1 N-[3-(1-{1-[4-(6-Methyl-3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl]-1H-1,2,3-triazol-4-yl)phenyl]acrylamide 

 

Scheme 4.13 

The click reaction procedure used to afford target compound 4.5. 

Using the same click procedure as was used for the synthesis of the previous target compounds, 

target compound 4.5 was obtained in a 40% yield from methyl-imidazopyridine western azide 

intermediate 4.24 and acrylamide 4.10 (Scheme 4.13). 

Characterisation of title compound 4.5 confirmed its successful synthesis and the purity of the 

sample was given as approximately 98% by LC-MS. 

The melting point range of this compound was determined as 217 – 219 °C, significantly higher 

than any of the other related target compounds, including its non-methylated counterpart, 

inhibitor 2.63, which had a melting point of approximately 180 °C. Since this methyl was not 

installed to disrupt planarity, it is unsurprising that the melting point range of compound 4.5 is 

higher than that of its o-tolyl and m-tolyl counterparts (124 – 126 °C and 130 – 132 °C, 

respectively). However, it is unclear why the addition of the small methyl group significantly 

increased its melting point compared to that of inhibitor 2.63. 
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With the successful synthesis of all five target compounds (and their evaluation to be discussed 

in further detail in Chapter 6), we could move onto the final set of target compounds, this time 

involving eastern scaffold deviations. 
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Chapter 5 Synthesis of the hybrid target compounds 

5.1 Introducing the target compounds 

As discussed in Chapter 2, two of the original target compounds from our previous project 

were compounds 2.60 and 2.61 (Figure 5.1). With irreversible Akt inhibitor borussertib 2.65 

targeting both target cysteine residues, regioisomer 2.60 was identified as the more promising 

potential irreversible inhibitor of the two.1 Compound 2.60 was unfortunately not synthesised 

during that project, but one of the later target compounds that was successfully synthesised 

during that project, was the previously introduced irreversible Akt inhibitor 2.63 (Figure 5.2).1 

As can be seen in Figure 5.2, compound 2.60 has the same western portion as the majority of 

our target compounds, such as inhibitor 2.63 and those synthesised at the start of this project, 

and discussed in Chapter 3. Its eastern portion, however, is the same as borussertib 2.65 of our 

collaborators.2 This hybrid target compound was therefore seen as a valuable target compound 

for SAR studies, with biochemical evaluation of these compounds potentially enabling the 

identification of which inhibitor portions impart the best activity against Akt. A sensible 

additional target compound was consequently a hybrid of the opposite combination of western 

and eastern portions, target compound 5.1 (Figure 5.2), consisting of the western portion from 

borussertib 2.65 and the eastern portion from inhibitor 2.63. 

 

Figure 5.1 

The original target compounds of our previous project, regioisomers 2.60 and 2.61.1 The acrylamide warheads 

were placed in the potential positions in which they were thought to be most likely to succeed in binding 

covalently to either Cys296 or Cys310. Regioisomer 2.60 was identified as the more promising of the two 

regioisomers and its synthesis was further pursued in this project. 
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Figure 5.2 

The target compound from our previous project, compound 2.60, in green and the novel target compound 5.1, in 

orange, with the two ‘parent’ inhibitors 2.63 and 2.65 coloured both green and orange to illustrate how target 

compounds 2.60 and 5.1 derive from them. 

Since the western scaffold had changed with target compound 5.1, it was reasoned that, 

although unlikely, the acrylamide warhead might have a new optimum position for targeting 

Cys296 and Cys310. In addition to meta-acrylamide regioisomer 5.1, the ortho and para 

regioisomers 5.2 and 5.3 were therefore also included as target compounds (Figure 5.3).  

 

Figure 5.3 

The ortho- and para-acrylamide regioisomers of target compound 5.1, target compounds to allow for the 

potential of a new optimum acrylamide position with the change in western scaffold. 
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5.2 Synthetic planning for the first target compound 

Our previous project included many failed attempts at the synthesis of target compound 2.60, 

with most routes involving the synthesis of the benzimidazolone moiety from simpler starting 

materials.1 For this project, it was decided to follow the synthetic procedure for borussertib 2.65 

that was published by our collaborators in 2015, inserting our own western intermediate in 

place of their own.2 This approach is shown in Scheme 5.1.  

 

Scheme 5.1 

The planned synthesis of target compound 2.60, following the published synthetic procedure towards 

borussertib 2.65.2 In the literature procedure, the western portion was incorporated as the benzaldehyde, but 

from previous experience with our western intermediate (as discussed in Chapter 3), it was decided to attach it 

as the benzyl chloride.2 
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The planned synthesis started with commercially available benzimidazolone 5.4, which could 

undergo nitration to afford the nitrated benzimidazolone salt 5.5. The next step was the 

simultaneous reduction and hydrodehalogenation of benzimidazolone 5.5, reducing its nitro 

functionality and removing its chloride to afford benzimidazolone 5.6. This was followed by 

the selective Boc-protection of benzimidazolone 5.6. This step was to ensure that the following 

reaction, nucleophilic substitution, occurred only at the piperidine amine. This aliphatic amine 

is more nucleophilic than the aniline functionality, but as it is a sterically hindered secondary 

amine, it was better to protect the aniline, thereby preventing it from taking part in the reaction. 

The selectively Boc-protected 5.7 could then undergo nucleophilic substitution, with benzyl 

chloride 3.20, to afford compound 5.8. Removal of the tert-butyloxycarbonyl protecting group 

would then afford compound 5.9 and subsequent attachment of the acrylamide warhead would 

give target compound 2.60. 

Another possible synthetic route would be to fuse the western and eastern portions in the last 

step, similar to what was done with the target compounds in Chapters 3 and 4, but this time 

with nucleophilic substitution, and not a copper-mediated click reaction (Scheme 5.2). 

 

Scheme 5.2 

An alternate synthetic route towards target compound 2.60. The initial three steps to gain the Boc-protected 

benzimidazolone is omitted. 
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This was deemed as a less favourable route, as previous work by a colleague had shown the 

acrylamide to not remain intact during Boc-deprotection conditions, suggesting that the 

penultimate step could be problematic.3 Additionally, it was not known whether the acrylamide 

functionality would tolerate the nucleophilic substitution conditions of the last step. This route 

had the same number of total steps as the route first introduced and the only real gain would 

have been that it had fewer steps on the fused entity. Unfortunately, there were too many 

potential pitfalls and it was decided to follow the collaborator-introduced route shown in 

Scheme 5.1. 

5.3 Synthesis towards the first target compound 

5.3.1 4-(5-Chloro-6-nitro-2-oxo-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-

piperidin-1-ium nitrate 

 

Scheme 5.3 

The nitration procedure to afford benzimidazolone salt 5.5. 

The first reaction was the nitration of commercially available benzimidazolone 5.4 to afford 

the title compound benzimidazolone 5.5. As stated, the same method as our collaborators, 

Weisner et al., was followed, who followed a procedure by James and Turner.2,4 James and 

Turner reported on the nitration of a number of substrates, using only nitric acid, different from 

the more common procedure which uses nitric acid alongside sulphuric acid.4,5 The sulphuric 

acid protonates the nitric acid, affording the nitronium ion through loss of water. In the absence 

of sulphuric acid, the formation of the nitronium ion is expected to proceed at a slower rate, 

thus slowing the whole reaction. This could perhaps be a way to control the reaction, preventing 

overnitration. 

Following the literature procedure by Weisner et al., 5-chloro-1-(piperidine-4-yl)-

1,3-dihydro-2H-benzo[d]imidazol-2-one 5.4, and 55% nitric acid were stirred at 60 °C in 

toluene for 2.5 hours (Scheme 5.3). After cooling and work-up, filtration of the resulting 
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precipitate provided the pure title compound 5.5, isolated in a yield of 96%. The reaction was 

done three times using toluene as solvent, with an average yield of 95%. It was also done a 

further three times with 1,2-dichlorobenzene as solvent, with an average yield of 97%. 

Characterisation of benzimidazolone 5.5 indicated a successful 

nitration reaction. Only two aromatic proton peaks were present in 

its 1H NMR spectrum, the singlets for H24 and H27. The 

pseudomolecular ion peak in the HRMS spectrum was visible at 

297.0754 amu, for [M+H]+, without the nitrate ion of the salt 

(Figure 5.4). This peak also confirmed that the chloride was still 

present, with the aforementioned 3:1 peak ratio that is indicative of the presence of one chlorine 

atom. 

 

Figure 5.4 

The ESI-HRMS spectrum of title compound 5.5, with the pseudomolecular ion peak at 297.0754 amu and the 

characteristic molecular ion cluster for the presence of one chlorine atom. 

In the literature procedure, the neutral amine was isolated after neutralisation; however, this 

compound was readily soluble in water and poorly soluble in the organic solvents commonly 

used for extraction.2 Neutralisation with saturated aqueous sodium bicarbonate and subsequent 

extraction with ethyl acetate therefore proved ineffective at isolation of the bulk of the material 

and it was decided to isolate the product as the nitrate salt, forgoing the neutralisation step. In 

this manner, the salt 5.5 was isolated in an average yield of 96%, a good yield when compared 

to the literature yield of 64% for isolation of the neutral amine.2 

Due to the original unavailability of 1,2-dichlorobenzene, used by Weisner et al., toluene was 

first used as solvent.2 The average reaction yield for these two different solvents differ by only 

2%, tipping the balance in favour of the cheaper and more readily available toluene. The 

conditions were mild enough that the risk of nitrating toluene to 2,4,6-trinitrotoluene was seen 

as minimal, especially as 2,4,6-trinitrotoluene synthesis requires the presence of sulphuric 
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acid.6 Both James and Turner and Weisner et al. used 70% nitric acid; however, due to its 

availability in the laboratory, 55% nitric acid was used, with the yield seemingly unaffected by 

this change.2,4,7 

5.3.2 6-Amino-1-(piperidin-4-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one 

 

Scheme 5.4 

The reduction and hydrodehalogenation of benzimidazolone 5.5 to afford title compound 5.6. 

After the successful nitration reaction to afford benzimidazolone salt 5.5, the next step was to 

reduce the nitro functionality and remove the chloride to give benzimidazolone 5.6. Again, the 

literature procedure from Weisner et al. was followed.2 The researchers utilised a procedure by 

Selvam and co-workers, who reported on the selective reduction of numerous functionalities, 

including the simultaneous reduction and hydrodehalogenation of nitro aryl halides to 

anilines.2,8 Our colleagues made a few changes to this literature procedure, using 

10% palladium on activated charcoal in place of the palladium-based mesoporous silicate 

molecular sieve catalyst used by Selvam and co-workers.2,8 They also used ethanol instead of 

methanol and added the reagents step-wise, and not simultaneously as Selvam and co-workers 

reported doing.2,8 

Following the procedure from Weisner et al., 4-(5-chloro-6-nitro-2-oxo-2,3-dihydro-1H-

benzo[d]imidazol-1-yl)piperidin-1-ium nitrate 5.5 was stirred with 10% palladium on 

activated charcoal at 80 °C in ethanol for two hours (Scheme 5.4). It was subsequently cooled 

to room temperature, after which ammonium formate was added, followed by stirring at 80 °C 

for a further seven hours. After cooling, work-up and purification, the title compound 5.6 was 

obtained in a yield of 79%, comparing well to the literature yield of 

62%.2 

Characterisation of title compound 5.6 indicated the successful 

reduction of the nitro functionality and removal of the chloride. There 

were now three aromatic proton peaks present in the 1H NMR spectrum, 
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for H24, H25 and H27. The nitro stretch peaks were also no longer present in the infrared 

spectrum and the pseudomolecular ion peak in the HRMS spectrum, formerly split in the 

pattern indicative of the presence of chlorine, was now a single peak. 

Selvam and co-workers reported that, depending on the nature of the substrate, the reaction 

could take up to a few hours and it was found that our procedure needed longer reaction times 

than the one hour reaction time reported by Weisner et al.2,8 The increase in time required could 

be because the benzimidazolone nitric acid salt 5.5 was used as starting material, and not its 

neutral counterpart as Weisner et al. reported using. 

In a number of reaction runs, the title compound 5.6 was still impure after the short silica plug 

used for purification. Unfortunately, its high polarity (Rf = 0.03, 15% MeOH/DCM) and low 

solubility in column solvents meant purification by routine column chromatography was not a 

viable option. An average yield could therefore not be reported. It was also suspected that 

unreacted ammonium formate was still present after a number of these reactions, but an 

aqueous wash was out of the question due to the high solubility of the compound in water. The 

reaction was repeated using proportionately less ammonium formate compared to starting 

material, but this was unsuccessful, with no product formation observed. 

5.3.3 tert-Butyl [2-oxo-3-(piperidin-4-yl)-2,3-dihydro-1H-benzo[d]imidazol-5-yl]-

carbamate 

5.3.3.1 A: The first attempts at Boc-protection 

 

Scheme 5.5 

The unsuccessful selective Boc-protection of benzimidazolone 5.6. 

The next step was the selective Boc-protection of benzimidazolone 5.6 to afford Boc-protected 

compound 5.7, again following the procedure developed by our collaborators.2 Weisner et al. 

followed a method reported by Zacharie and colleagues, for the selective protection of the less 

reactive aromatic amines in the presence of aliphatic amines.2,9 This method makes use of the 

differences in the pKa values of the involved aromatic amines (anilines, pKa = 4.25) and 
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aliphatic benzylamines (pKa = 9.3), with the reaction done in 10% aqueous acetic acid in 

1,4-dioxane at pH 4.5.9 At this pH, the more acidic and more reactive, aliphatic benzylamine 

is protonated, while the aniline is not, enabling the aniline to take part in the protection reaction. 

The pKa of piperidine is 11.22, meaning it will also be protonated at a pH of 4.5, leaving the 

benzimidazolone aniline to be protected.10 

Following this procedure, 6-amino-1-(piperidin-4-yl)-1,3-dihydro-2H-

benzo[d]imidazol-2-one 5.6 and di-tert-butyl dicarbonate were stirred at room temperature in 

a 1:1 mixture of 10% acetic acid in water and 1,4-dioxane for 18 hours (Scheme 5.5). 

Unfortunately, this reaction was unsuccessful with no product isolated after work-up. 

Due to the high polarity of these compounds, it was challenging to use thin layer 

chromatography to visualise potential product formation. Thus far, these compounds had also 

been more soluble in water than the organic solvents commonly used for extraction. Two 

scenarios were seen as probable; one, no product was formed, or two, product was formed, but 

not observed, nor successfully extracted from the aqueous phase during work-up. This reaction 

was therefore attempted a further number of times (Table 5.1), either by increasing the 

temperature, or by changing the proton source and solvent, or both. The temperature was 

increased to aid in the reaction itself and the change in proton source and solvent was to exclude 

water from the reaction and work-up. When the hydrochloric acid in methanol or 1,4-dioxane 

was used as proton source, universal indicator paper was utilised to ensure that the pH was at 

approximately 5. Unfortunately, these reactions were all unsuccessful, with no product 

formation observed, nor product isolated. 

Table 5.1 

The reaction conditions tested for the selective Boc-protection of benzimidazolone 5.6, unfortunately all 

unsuccessful. 

Proton source Solvent Temp Time 

Aqueous AcOH 1,4-Dioxane RT 18 h 

Aqueous AcOH 1,4-Dioxane 40 °C 2 d 

1.25 M HCl in MeOH MeOH & 1,4-Dioxane, 1:1 RT 3 d 

4 M HCl in 1,4-Dioxane MeOH & 1,4-Dioxane, 1:5 40 °C 6 d 
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5.4 Synthetic planning of an alternate route towards the first target 

compound 

With the unsuccessful Boc-protection of benzimidazolone 5.6, a colleague suggested an 

alternative synthetic route (Scheme 5.6).11 This involved changing the reaction order from the 

original route, now fusing benzyl chloride 3.20 with benzimidazolone 5.5 (and not 

benzimidazolone 5.7) and only then doing the reduction and hydrodehalogenation reaction on 

the resulting compound 5.10. The acrylamide warhead could then be attached to compound 5.9, 

affording target compound 2.60. Following this route eliminated the protection and 

deprotection steps of the original route, thus shortening the route by two steps and 

circumventing the problematic selective Boc-protection reaction. 

 

Scheme 5.6 

The proposed altered route towards target compound 2.60, with the fusion of intermediates 3.20 and 5.5 

occurring before the reduction and hydrodehalogenation of the benzimidazolone scaffold. 
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5.5 The alternate route towards the first target compound 

5.5.1 5-Chloro-6-nitro-1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-1,3-dihydro-2H-benzo[d]imidazol-2-one 

 

Scheme 5.7 

The nucleophilic substitution reaction to afford title compound 5.10. 

As stated, the first step in this route was the nucleophilic substitution reaction between benzyl 

chloride 3.20 and benzimidazolone 5.5. This reaction was done under the same conditions as 

the previous nucleophilic substation reaction in Chapter 3, where benzyl chloride 3.20 and 

piperidine 3.4 were fused to afford western azide intermediate 3.1 (Section 3.5.3.1). Following 

this procedure, benzyl chloride 3.20 and benzimidazolone 5.5 were reacted to afford the title 

compound 5.10 in a yield of 66% (Scheme 5.7). This reaction was done twice, with an average 

yield of 63%. 

Characterisation of compound 5.10 confirmed a 

successful reaction. The NMR spectra of title 

compound 5.10 had a low signal to noise ratio, 

possibly explained by the poor solubility of the 

compound in the deuterated chloroform used for 

NMR spectroscopy. The H16 methylene was seen 

as a singlet at 3.56 ppm in the 1H NMR spectrum (as opposed to a singlet at 4.57 ppm in benzyl 

chloride 3.20) and the presence of the amide was confirmed by a singlet for H23 at 10.81 ppm, 
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confirming that substitution occurred at the piperidine nitrogen. The pseudomolecular ion peak 

in the HRMS spectrum was split in the aforementioned 3:1 peak ratio, confirming the presence 

of chlorine. 

5.5.2 6-Amino-1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-1,3-dihydro-2H-benzo[d]imidazol-2-one 

5.5.2.1 A: The first attempt at its synthesis 

 

Scheme 5.8 

The only partially successful reduction and hydrodehalogenation of compound 5.10. 

With compound 5.10 in hand, its simultaneous reduction and hydrodehalogenation could be 

attempted. Following the procedure previously used for the same reaction on 

benzimidazolone 5.5, compound 5.10 afforded title compound 5.9 in a very poor yield of 5% 

(Scheme 5.8). The partially reacted compound 5.11 was also isolated, with the 3:1 splitting of 

its pseudomolecular ion peak in the HRMS spectrum confirming the presence of the chlorine 

atom. 

This procedure was repeated a number of times, all unfortunately unsuccessful, with no further 

product isolated. For these reactions, the first part was always done at 80 °C, with times 

between 80 and 130 minutes, while the second part was varied between room temperature and 

80 °C, with times from 75 minutes to several hours. The runs with lower temperatures and 

shorter reaction times gave predominantly starting material 5.10, with some partially reacted 

compound 5.11 isolated. One run, kept at 80 °C throughout, afforded compound 5.11 as well 
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as the truncated compound 5.12 (Figure 5.5), indicating that harsher reaction conditions would 

not be tolerated by this scaffold. 

 

Figure 5.5 

Compound 5.12, isolated in one of the failed reactions with compound 5.10. 

5.5.2.2 B: The second attempt at its synthesis 

 

Scheme 5.9 

The unsuccessful attempt at hydrodehalogenation of compound 5.11. 

With the unsuccessful hydrodehalogenation of compound 5.10, it was decided to attempt it on 

compound 5.11. For this, a literature procedure by Ishikawa and co-workers was used, who 

reported a hydrodehalogenation reaction on a number of chlorinated cyclic guanidines (Scheme 

5.10).12 No reaction time was given, but the yields were reported as between 42% and 82%, 

with an average yield of 62%.12 

Following this procedure, benzimidazolone 5.11 was stirred with 10% palladium on activated 

charcoal under hydrogen atmosphere at room temperature in ethanol for six hours (Scheme 

5.9). No conversion of starting material was observed by thin layer chromatography, even after 
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several hours. Filtration and purification afforded 70% recovery of starting material 5.11. The 

reaction was repeated at 40 °C for 19 hours, but again only starting material was isolated. 

 

Scheme 5.10 

A representative of the literature procedure, by Ishikawa and co-workers, for chlorine removal from a number of 

cyclic guanidines, where R can be a variety of substituted amines and chlorine can be in the 6- or 8-position.12 

The literature procedure used methanol, but ethanol was used for our procedure, as in our 

simultaneous reduction and hydrodehalogenation reactions.12 It is unlikely that this change was 

significant enough to prevent the reaction from proceeding. It is, however, unclear why 

hydrodehalogenation worked well on compound 5.5, but not on compound 5.11. 

5.5.3 N-(6-Chloro-2-oxo-3-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-2,3-dihydro-1H-benzo[d]imidazol-5-yl)acrylamide 

 

Scheme 5.11 

The introduction of the acrylamide to compound 5.11, affording compound 5.13. 

While not part of the original target compounds, it was decided to utilise compound 5.11 by 

attaching an acrylamide warhead to its aniline functionality, thereby synthesising 

compound 5.13, a sister compound to target compound 2.60. For this, the same procedure was 
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followed as for the synthesis of propionamide 3.2 in Chapter 3 (Section 3.6.1), but using 

compound 5.11 and acryloyl chloride, resulting in the title compound 5.13, isolated in a good 

yield of 68% (Scheme 5.11). 

The characterisation of title compound 5.13 indicated a successful reaction. The 3:1 peak ratio 

of the pseudomolecular ion peak cluster in the HRMS spectrum indicated that the chlorine was 

still present (Figure 5.6). Interestingly, this peak cluster had a low relative abundance, with the 

[M+H]+ peak at approximately 11%, while the base peak was the doubly charged [M+2H]2+ 

peak from the [M+2H]2+ and [M+2+2H]2+ peak cluster. The [M+2H]2+ peak was at 

302.1175 amu, being halved by the double positive charge of the ion. In the same manner, the 

two peaks in this cluster were only 1 amu apart, with the [M+2+2H]2+ peak at 303.1167 amu. 

The purity of the sample was given as 99.5% by LC-MS. 

 

Figure 5.6 

The ESI-HRMS spectrum of title compound 5.13, displaying the pseudomolecular ion peak cluster of [M+H]+ 

and [M+2+H]+
 and the peak cluster of [M+2H]2+ and [M+2+2H]2+ with a far higher relative abundance. 

5.6 Resuming the original synthesis towards the first target compound 

5.6.1 tert-Butyl [2-oxo-3-(piperidin-4-yl)-2,3-dihydro-1H-benzo[d]imidazol-5-yl]-

carbamate 

5.6.1.1 B: The successful protection procedure 

 

Scheme 5.12 

The successful selective Boc-protection of benzimidazolone 5.6. 
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With the second route unsuccessful at delivering target compound 2.60, it was decided to 

revisit the problematic Boc-protection reaction from Section 5.3.3.1. Following a consultation 

with our colleagues from the Technical University of Dortmund, it was decided to use the same 

reaction conditions as before, while modifying the work-up procedure.2,13 The earlier work-up 

procedure started with a diethyl ether wash, presumably to remove unreacted 

di-tert-butyl dicarbonate. The aqueous layer was then basified with 2 molar sodium hydroxide, 

followed by extraction using dichloromethane. Our colleagues advised that the ether wash be 

omitted and extraction be done with 10% methanol in dichloromethane.13 They stated that the 

compound was highly soluble in water and that extraction should be done several times to 

ensure sufficient extraction of the compound. 

Following this adapted procedure, 6-amino-1-(piperidin-4-yl)-1,3-dihydro-2H-

benzo[d]imidazol-2-one 5.6 was successfully Boc-protected to afford title compound 5.7 in a 

yield of 29% (Scheme 5.12), unfortunately very poor compared to the reported literature yield 

of 79%.2 The above-mentioned solubility of this compound in water could have led to some 

loss of material during work-up. Additionally, it was noted during column chromatography that 

the compound was very slow to elute, spanning many fractions, and with some material also 

likely remaining on the column. 

Very little compound was available and therefore the melting point 

of title compound 5.7 was determined and only its 1H NMR and 

HRMS spectra were acquired. Although the limited 

characterisation supported a successful Boc-protection, it was not 

sufficient to confirm the correct position of the protecting group. 

Furthermore, our 1H NMR spectrum of title compound 5.7 was 

obtained with the compound dissolved in deuterated chloroform, 

whereas the literature 1H NMR spectrum was recorded in deuterated methanol (CD3OD), 

preventing comparison of the two. Fortunately, the 1H NMR spectrum did allude to the 

tert-butyloxycarbonyl protecting group being on the correct functionality, with the signal for 

H27 shifting downfield from starting material to product (6.74 to 7.54 ppm). This is indicative 

of H27 being more deshielded in the product, as would be expected when moving from the 

electron-donating ortho aniline to a less electron-donating protected aniline ortho to it. 

Additionally, the success of the following reaction attested to the successful synthesis of title 

compound 5.7. 
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5.6.2 tert-Butyl (2-oxo-3-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-2,3-dihydro-1H-benzo[d]imidazol-5-yl)carbamate 

 

Scheme 5.13 

The nucleophilic substitution reaction that afforded compound 5.8. 

With the Boc-protected benzimidazolone 5.7 in hand, the nucleophilic substitution reaction, 

between it and benzyl chloride 3.20, could be pursued. This reaction was done utilising the 

same nucleophilic substitution procedure as was used for the synthesis of compound 5.10, and 

others from Chapters 3 and 4. Following this procedure, benzyl chloride 3.20 

and tert-butyl [2-oxo-3-(piperidin-4-yl)-2,3-dihydro-1H-benzo[d]imidazol-5-yl]-

carbamate 5.7 afforded title compound 5.8 in a reasonable yield of 52% (Scheme 5.13). 

Characterisation of compound 5.8 confirmed a 

successful reaction. The singlet for H16 was visible 

at 3.57 ppm in the 1H NMR spectrum, a nearly 

identical chemical shift to the singlet at 3.56 ppm 

for H16 in compound 5.10 (Figure 5.7). This 

suggested that these two protons were in similar 

magnetic environments. This would not be the 

case if nucleophilic substitution occurred at the 

aniline, and not the piperidine, with H16 then neighbouring an aniline nitrogen and not a 

piperidine nitrogen (Scheme 5.14). Not only did this support that nucleophilic substitution 

occurred at the correct position, it also supported that the selective Boc-protection occurred as 

expected, at the aniline. 
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Figure 5.7 

A comparison between the 1H NMR spectra of compounds 5.10 (A) and 5.8 (B), showing the similar methylene 

peak positions (3.56 and 3.57 ppm). The singlet for H35 of compound 5.8 is visible upfield at 1.53 ppm. The 

downfield shift of the water peak from spectrum A to B is potentially from the hydrogen bonding which can 

occur between it and the Boc-protecting group of compound 5.8. 

 

Scheme 5.14 

The alternate nucleophilic substitution reaction, had benzimidazolone 5.6 originally been incorrectly protected 

at the piperidine amine, and not the aniline. 

A

B
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5.6.3 6-Amino-1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-1,3-dihydro-2H-benzo[d]imidazol-2-one 

5.6.3.1 C: The third attempt, from deprotection 

 

Scheme 5.15 

The deprotection of compound 5.8, affording compound 5.9. 

With compound 5.8 in hand, the penultimate step was the removal of the tert-butyloxycarbonyl 

protecting group from its aniline, using the Boc-deprotection procedure B for piperidine 3.12 

in Chapter 3 (Section 3.3.7.2). Following this previously used procedure, the 

tert-butyloxycarbonyl protecting group was removed from tert-butyl 

(2-oxo-3-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-2,3-dihydro-1H-

benzo[d]imidazol-5-yl)carbamate 5.8 to afford title compound 5.9 in an acceptable yield of 

51% (Scheme 5.15). 

There was very little of this precious compound isolated, and an infrared spectrum was 

unfortunately not obtained. The remainder of the characterisation for title compound 5.9, 

including 1H and 13C NMR and HRMS analysis, was deemed as adequate to confirm its 

successful synthesis. 
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5.6.4 N-(2-Oxo-3-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-2,3-dihydro-1H-benzo[d]imidazol-5-yl)acrylamide 

 

Scheme 5.16 

The final step of target compound 2.60 synthesis. 

For the final step, the attachment of the acrylamide warhead, the same procedure was followed 

as for compound 5.13, and others in Chapters 3 and 4. With this procedure, 

6-amino-1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-1,3-dihydro-

2H-benzo[d]imidazol-2-one 5.9 and acryloyl chloride afforded title compound 2.60 in a yield 

of 56% (Scheme 5.16). 

Characterisation of the compound obtained 

indicated the successful synthesis of target 

compound 2.60, with extensive 2D NMR 

spectroscopic analysis done in order to assign its 

proton and carbon peaks. The long-range proton 

coupling to the carbon peaks are shown in Table 5.2 

as confirmation of the correct assignment of proton 

and carbon peaks. The long-range coupling observed between C18 and H16 confirmed the 

successful fusion of the two fragments. The purity of the sample was given as approximately 

98% by LC-MS. 
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Table 5.2 

The results from interpreting the HMBC NMR spectrum of title compound 2.60. 

C# C shift (ppm) HMBC (C to H) C# C shift (ppm) HMBC (C to H) 

1 136.6 H3 & H16 16 62.5 H2 

2 129.6 H2 & H16 18 53.0 H16 

3 128.2 H2 19 28.9 - 

4 133.3 H2 20 50.9 - 

6 142.2 H3 22 155.3 H23 

7 121.2 H8 & H14 23a 129.5 H23 & H24 

8 123.5 H9 & H10 24 109.5 - 

9 112.5 H8, H10 & H11 25 113.9 H27 

10 125.0 H8 26 125.0 H25 & H27 

11 117.6 H8 & H9 27 103.0 H25 & H28 

11a 145.0 H8, H10 & H11 27a 132.3 H24 & H27 

12 129.8 H13 29 164.0 H28, H30 & H31 

13 129.7 H3 30 131.5 H31 

14 130.9 H15 31 127.4 H30 

15 129.1 H14    

 

With the successful synthesis of the previously elusive target compound 2.60, the synthesis of 

the hybrid target compound 5.1, and potentially its regioisomers, compounds 5.2 and 5.3, could 

be pursued. 

5.7 Synthetic planning for the second target compound 

As stated earlier, target compound 5.1 (and its regioisomers) had the same western scaffold as 

Akt inhibitor borussertib 2.65 of our collaborators from the Technical University of 

Dortmund.2 It was therefore endeavoured to work together on its synthesis, with both research 

groups having an interest in the potential of compound 5.1 to further the SAR studies of our 

previously synthesised Akt inhibitors. 

The strategy was to use the aforementioned route published for the synthesis of 

borussertib 2.65, with our collaborators synthesising benzaldehyde 5.14, an intermediate in 

their target compound synthesis, and us synthesising the Boc-protected eastern 

intermediate 5.15 (Scheme 5.17).2 Our collaborators would then fuse these compounds with 
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either reductive amination or the Leuckart-Wallach reaction, both reactions previously used 

successfully on their scaffold.2,13 Subsequent removal of the tert-butyloxycarbonyl protecting 

group and attachment of the acrylamide warhead would then afford the target compound 5.1. 

Target compounds 5.2 and 5.3 could also be synthesised by this route by using the 

corresponding regioisomers of eastern intermediate 5.15. 

 

Scheme 5.17 

The original planned fusing of western aldehyde 5.14, from our collaborators, and our eastern amine 5.15 and 

the subsequent reactions to afford target compound 5.1. Target compounds 5.2 and 5.3 (not shown here) could 

be obtained in a similar manner. 

Our planned synthesis of eastern intermediate 5.15 consisted of two steps (Scheme 5.18). First, 

was the protection of commercially available 3-ethynylaniline 3.14 to afford Boc-protected 

aniline 5.18, followed by a copper-mediated click reaction between this alkyne 5.18 and either 

of the previously synthesised azide piperidines, piperidine 3.4 or piperidine salt 3.17. Scheme 
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5.18 shows the synthesis of the meta-Boc regioisomer intermediate 5.15, but as stated, the plan 

was to synthesise all three regioisomers, with the other two regioisomers to be synthesised by 

using 2- and 4-ethynylaniline instead of 3-ethynylaniline. 

 

Scheme 5.18 

The planned synthesis towards eastern intermediate 5.15. The synthesis would be similar for the synthesis of the 

regioisomers of intermediate 5.15, simply starting with 2- or 4-ethynylaniline instead of 3-ethynylaniline. 

5.8 Synthesis towards the second target compound 

5.8.1 The Boc-protection reaction 

5.8.1.1 A: Triethylamine used as base 

 

Scheme 5.19 

The Boc-protection procedure used for 2- and 4-ethynylaniline. For 2-ethynylaniline, catalytic 

4-dimethylaminopyridine was also added (not shown). A different procedure (discussed in the following 

section) was utilised before this procedure was followed for 3-ethynylaniline. 

The first procedure followed for the Boc-protection reaction was from a patent by Wurster et 

al., who reported on the Boc-protection of 3-ethynylaniline to afford the protected product in 

a yield of 72% (Scheme 5.20).14 
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Scheme 5.20 

The first literature procedure followed for the Boc-protection of the ethynylanilines.14 

Following this procedure, 2- or 4-ethynylaniline, di-tert-butyl dicarbonate and triethylamine 

were stirred at 55 °C in tetrahydrofuran for an average of 50 hours (Scheme 5.19). After 

cooling, work-up and purification, the corresponding Boc-protected anilines 5.19 and 5.20 

were obtained in yields of 17% and 56%, respectively. 

Characterisation of compounds 5.19 and 5.20 confirmed successful protection of their anilines, 

with their 1H and 13C NMR spectra corresponding to those published in the literature.15,16 

For the reaction with 2-ethynylaniline, no consumption of starting material was initially 

observed by thin layer chromatography. Simultaneous use of triethylamine and 

4-dimethylaminopyridine for Boc-protection had previously been reported in the literature and 

catalytic 4-dimethylaminopyridine was therefore added.17 It was unclear whether this addition 

of base assisted the reaction or not, but the low yields of this procedure prompted us to attempt 

another literature procedure before also doing this reaction on the remaining regioisomer, 

3-ethynylaniline. 

5.8.1.2 B: 4-Dimethylaminopyridine used as base 

 

Scheme 5.21 

The Boc-protection procedure used for all three regioisomers of ethynylaniline. 

The next protection procedure attempted was one by Liu and co-workers.18 This literature Boc-

protection procedure of 3-ethynylaniline was done at elevated temperatures, with no base 

added, and the product was obtained in a quantitative yield (Scheme 5.22).18  
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Scheme 5.22 

The second literature procedure followed for the Boc-protection of the ethynylanilines.18 

Following this procedure, 2-, 3- or 4-ethynylaniline and di-tert-butyl dicarbonate were stirred 

at 70 °C in tetrahydrofuran for an average of 17 hours (Scheme 5.21). After this initial heating 

period, the mixture was cooled to room temperature, 4-dimethylaminopyridine was added and 

it was stirred at 70 °C for a further average of 35 hours. Subsequent cooling, work-up and 

purification afforded the corresponding Boc-protected anilines 5.19, 5.18 and 5.20 in yields of 

69%, 32% and 68%, respectively. 

Characterisation of these three compounds indicated their successful protection. The 1H NMR 

spectra of compounds 5.19 and 5.20 corresponded to those from their previous synthesis and 

the 1H and 13C NMR spectra of compound 5.18 corresponded to those published in the 

literature.19 

With the first reaction, using 2-ethynylaniline, starting material was still visible by thin layer 

chromatography after 16 hours at 70 °C. A literature Boc-protection procedure, which uses 

catalytic 4-dimethylaminopyridine in tetrahydrofuran at elevated temperatures, prompted the 

addition of this base to our reaction mixture.20 The reactions with 3- and 4-ethynylaniline were 

done in a similar manner, by heating at 70 °C overnight with di-tert-butyl dicarbonate, 

followed by the addition of 4-dimethylaminopyridine during the next morning when thin layer 

chromatography invariably indicated the presence of starting material. 

The average yield for the protection of all the regioisomers was 60%, an improvement on the 

average yield of 36% for the previous procedure using triethylamine in tetrahydrofuran. 
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5.8.2 The copper-mediated click reaction 

 

Scheme 5.23 

The copper-mediated click reaction which afforded the three eastern intermediate regioisomers. Triethylamine 

was added when piperidine salt 3.17 was used. 

With the Boc-protected anilines in hand, the copper-mediated click reactions could commence, 

utilising the copper(II) sulphate pentahydrate-containing procedure originally used for the 

synthesis of target compound 2.69 (Section 3.7.2). This procedure used water and tert-butanol 

as solvent, whereas the other click procedure, more frequently utilised in this project, used 

acetonitrile. The products from these reactions were expected to be moderately polar, 

prompting us to choose the former procedure with the more polar solvent system. Depending 

on availability, either piperidine 3.4 or piperidine salt 3.17 was used, with triethylamine (1.2 

equivalents) added when piperidine salt 3.17 was used. The original literature procedure of the 

more commonly utilised copper(I) iodide click procedure had base present, therefore the 

addition of triethylamine was not expected to interfere with this click reaction.21 

Following this procedure, the Boc-protected aniline (5.19, 5.18 or 5.20), piperidine 3.4 or 

piperidine salt 3.17, copper(II) sulphate pentahydrate and sodium ascorbate were heated at 

60 °C in a 1:1 mixture of water and tert-butanol for an average of 21 hours (Scheme 5.23). 

Cooling, work-up and purification satisfyingly afforded the corresponding triazole 

products 5.21, 5.15 and 5.22. These three reactions were each done twice, with average yields 

of 80%, 60% and 30%, respectively. 
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Characterisation of these compounds indicated 

successful click reactions for all three regioisomers. 

As this was the first click reaction on this type of 

fragment during this project, a nuclear Overhauser 

effect spectroscopy (NOESY) NMR spectrum was 

obtained for compound 5.22 to confirm the presence of a 1,4-substituted triazole, and not a 

1,5-substituted triazole (Figure 5.8). In this spectrum, H26 could be seen having a spatial 

interaction with H20 (Figure 5.9). The comparable interaction between H25 and H20 is not 

possible with the 1,5-substituted triazole, thereby confirming the correct regioisomer was 

synthesised. 

Depending on their availability, either piperidine 3.4 or piperidine salt 3.17 was used, with the 

yield not noticeably influenced by this interchangeable use of the two piperidine azides. 

As expected, these triazole products were fairly polar. Additionally, multiple runs of column 

chromatography were often required to purify these products, negatively influencing the 

product yields by loss of material during purification. 

 

Figure 5.8 

The 1,5-substituted triazole regioisomer of compound 5.22. This shows that a spatial interaction between H20 

and H25 (the equivalent of H26 from compound 5.22), is highly unlikely. 
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Figure 5.9 

The NOESY NMR spectrum of compound 5.22, with the spatial interaction between H26 and H20 (8.55 ppm, 

2.26 ppm) marked. 

Unfortunately, our collaborator completed his study term in the research group at the Technical 

University of Dortmund before target compound synthesis, as described in Scheme 5.17, could 

be completed. Fortunately, an alternate route towards its synthesis could be set in motion with 

a generous contribution by two other collaborators from the Technical University of Dortmund, 

Mr Steven Smith and Mr Niklas Uhlenbrock. This alternate route towards target compound 

synthesis will be discussed in the following section. 

5.9 Synthetic planning of an alternate route towards the second target 

compound 

One of the early steps for the synthesis of target compound intermediate benzaldehyde 5.14 

required the use of tert-butyllithium, a compound no longer readily available by import.22  Two 

of our collaborators therefore agreed to provide a sample of benzaldehyde 5.14 for use in target 

compound synthesis. With the completion of target compound 5.1 synthesis now our 

responsibility, it was decided to use the same route as was used with the previous target 

compounds of this project, converting the western moiety into the benzyl chloride for 

piperidine attachment by nucleophilic substitution (Scheme 5.24). 
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Scheme 5.24 

The planned synthesis of target compound 5.1. Using their corresponding acrylamide regioisomers, target 

compounds 5.2 and 5.3 could be synthesised in the same manner. 

The strategy was to reduce benzaldehyde 5.14 to benzyl alcohol 5.23, followed by an Appel 

reaction to transform it into benzyl chloride 5.24. Benzyl chloride 5.24 could then be connected 

with piperidine salt 3.17 to afford western azide intermediate 5.25. The final step was the 

copper-mediated click reaction between western azide intermediate 5.25 and alkyne 4.10 to 

afford target compound 5.1. 

The generously provided benzaldehyde 5.14 contained an impurity (approximately 20%) that 

our collaborators were unable to separate from the product.23 After characterisation, the 

impurity was tentatively identified as the partially deprotected intermediate 5.27, a by-product 

from the final reaction providing benzaldehyde 5.14, hydrolysis of the acetal and methoxy 

groups from compound 5.26 (Scheme 5.25).22 The aim was to remove this impurity after 

completion of the first reaction. 
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Scheme 5.25 

The final step towards benzaldehyde 5.14, the hydrolysis of the acetal and methoxy groups.22 

5.10 The alternate route towards the second target compound 

5.10.1 2-[4-(Hydroxymethyl)phenyl]-3-phenyl-1,6-naphthyridin-5(6H)-one 

 

Scheme 5.26 

The reduction of benzaldehyde 5.14 to afford benzyl alcohol 5.23. 

With benzaldehyde 5.14 in hand, the first step was its reduction to benzyl alcohol 5.23. Using 

the procedure for the reduction of benzaldehyde 3.3 to afford benzyl alcohol 3.18 (Section 

3.5.1), 4-(5-oxo-3-phenyl-5,6-dihydro-1,6-naphthyridin-2-yl)benzaldehyde 5.14 was reduced 

to afford title compound 5.23 (Scheme 5.26). This reaction was done three times with an 

average yield of 59%; however, this yield was calculated without accounting for the mass of 

impurity present in the starting material. The exact amount of impurity was unknown, but was 

estimated as 20% and if taken as 20% by weight, the average yield for these reactions would 

be 74%, closer to the average yield of 81% for the benzyl alcohol 3.18 synthesis. 

Characterisation of title compound 5.23 indicated a successful reduction reaction and the 

successful removal of impurity 5.27. It should be noted that a significant amount of deuterated 

methanol (CD3OD) was required as additive to help solubilise the compound in the deuterated 

chloroform for NMR spectroscopic analysis. 
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5.10.22-[4-(Chloromethyl)phenyl]-3-phenyl-1,6-naphthyridin-5(6H)-one 

 

Scheme 5.27 

The Appel procedure that failed to afford benzyl chloride 5.24. 

The next step was the Appel reaction to afford benzyl chloride 5.24. This was done following 

the previously executed Appel procedure described for benzyl chloride 3.20 synthesis (Section 

3.5.2). Following this Appel procedure, 2-[4-(hydroxymethyl)phenyl]-3-phenyl-1,6-

naphthyridin-5(6H)-one 5.23 and triphenylphosphine were heated at 90 °C in a mixture of 

carbon tetrachloride and N,N-dimethylformamide for 15 hours (Scheme 5.27). This reaction 

was attempted twice, but unfortunately, no product was isolated, with characterisation of the 

recovered crude material showing the unreacted O-H stretch visible at 3 301 cm-1 in the 

infrared spectrum (Figure 5.10). 

 

Figure 5.10 

The infrared spectrum of the crude material from the attempted synthesis of benzyl chloride 5.24. The O-H 

stretch of benzyl alcohol 5.23 is visible at 3 301 cm-1. 
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5.10.3 2-[4-(Iodomethyl)phenyl]-3-phenyl-1,6-naphthyridin-5(6H)-one 

 

Scheme 5.28 

The failed attempt at compound 5.28 synthesis. 

Due to the unsuccessful Appel reaction, it was decided to take a different approach, attempting 

the synthesis of benzyl iodide 5.28. This compound should be able to replace benzyl 

chloride 5.24 for the nucleophilic substitution step with piperidine salt 3.17 (Scheme 5.24). 

The literature procedure followed was by Alvarez-Manzaneda and co-workers, who reported a 

method to convert simple allylic and benzylic alcohols and acetates into their iodo counterparts 

(Scheme 5.29).24 These reactions afforded the products in excellent yields, therefore, although 

our substrate was bigger and more elaborate than those used in the literature, it was decided to 

attempt this conversion. 

 

Scheme 5.29 

The literature procedure for the synthesis of aryl iodides, where R is either a hydrogen or a methoxy group.24 

Following the above procedure, 2-[4-(hydroxymethyl)phenyl]-3-phenyl-1,6-

naphthyridin-5(6H)-one 5.23, iodine and triphenylphosphine were stirred at room temperature in 

dichloromethane for 48 hours (Scheme 5.28). Unfortunately, this reaction also failed, with only 

the starting material observed by thin layer chromatography. The crude material was therefore 

combined with that of another failed reaction for the recovery of starting material. 

5.11 More planning towards the second target compound 

With the unsuccessful synthesis of benzyl halides 5.24 and 5.28, a colleague suggested a 

Mitsunobu-type reaction between benzyl alcohol 5.23 and piperidine salt 3.17, negating the 

need for the benzyl halide (Scheme 5.30).25 
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Scheme 5.30 

The planned synthesis of western azide intermediate 5.25, using a Mitsunobu-type reaction. 

5.12 The adapted synthesis towards the second target compound 

5.12.1 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-3-phenyl-1,6-

naphthyridin-5(6H)-one 

5.12.1.1 A: The Mitsunobu-type reaction 

 

Scheme 5.31 

The unsuccessful Mitsunobu-type reaction followed in an attempt to obtain western azide intermediate 5.25. 

For the proposed Mitsunobu-type reaction between benzyl alcohol 5.23 and piperidine 

salt 3.17, it was decided to follow a literature procedure by Nikam and colleagues.26 These 

researchers successfully performed this reaction between various benzyl alcohols and amines 

to afford benzylamines.26 Of particular interest, was that they did a number of these reactions 
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with piperidine as amine (Scheme 5.32), with some scaffolds reacting reasonably well and 

others affording no product.26 Following the advice of a colleague, a different solvent was used 

for improved solubility, and diethyl azodicarboxylate (DEAD) was replaced with 

di-tert-butyl azodicarboxylate (DBAD).25 DBAD is a safer alternative to the less stable 

DEAD.27,28 

 

Scheme 5.32 

The general Mitsunobu-type literature procedure between a variety of benzyl alcohols and unsubstituted 

piperidine, where the R groups have various combinations of hydrogens and substituents (which were both 

electron-donating and electron-withdrawing).26 

Following this procedure, benzyl alcohol 5.23, piperidine salt 3.17, triphenylphosphine and 

di-tert-butyl azodicarboxylate were stirred at room temperature in tetrahydrofuran and toluene 

for 19 hours (Scheme 5.31). Unfortunately, no product formation was observed by thin layer 

chromatography. This reaction was attempted twice, with no product isolated for either run. 

Nikam and colleagues found two features important for the success of these reactions; one, an 

amino or alcohol group ortho to the hydroxymethyl, and two, an electron-withdrawing group 

ortho to this amino or alcohol group. The researchers suggested a possible mechanism 

involving these functionalities, stating that the crucial azaquinodimethane intermediate is 

formed by the rearrangement of the triphenylphosphine complex, initiated by deprotonation of 

the o-amino (or o-hydroxy) group.26 The presence of the electron-withdrawing group is thought 

to facilitate this deprotonation; however, while possible, it is believed that the 

azaquinodimethane intermediate is formed without deprotonation of the o-amino (or 

o-hydroxy) group, as shown in Scheme 5.33. The final part of the reaction then most likely 

occurs as reported by the researchers, by conjugate addition of the nucleophilic amine onto the 

azaquinodimethane intermediate.26 This mechanism is seen as facilitating the reaction, but it is 

unclear why the reaction could not have occurred through the conventional Mitsunobu 

mechanism where nucleophilic attack coincides with the removal of triphenylphosphine oxide. 
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Scheme 5.33 

A modified version of the mechanism proposed by Nikam and colleagues for this Mitsunobu-type reaction, 

showing the part which explains why the substituents mentioned in the text are crucial for a successful 

reaction.26 The literature mechanism involved the deprotonation of the o-amino group for the formation of the 

azaquinodimethane intermediate.26 

5.12.2 tert-Butyl [3-(1-{1-[4-(5-oxo-3-phenyl-5,6-dihydro-1,6-naphthyridin-2-yl)-

benzyl]piperidin-4-yl}-1H-1,2,3-triazol-4-yl)phenyl]carbamate 

 

Scheme 5.34 

The attempted synthesis of intermediate 5.16. 

With the failure of the previous Mitsunobu-type reaction, it was attempted with a different 

amine, this time with eastern intermediate 5.15 from the original plan for target compound 5.1 

synthesis (Scheme 5.17). The solvent was also changed to N,N-dimethylformamide, a solvent 
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in which the starting material was more soluble. Following this procedure, benzyl alcohol 5.23, 

eastern intermediate 5.15, triphenylphosphine and di-tert-butyl azodicarboxylate were stirred at 

room temperature in N,N-dimethylformamide for 20 hours. (Scheme 5.34). As before, this 

reaction also failed, with no formation of product observed. It is thought that the western moiety 

may not be suited to the Mitsunobu reaction, or at least to these Mitsunobu conditions. 

5.13 Further planning towards the second target compound 

With the failed attempts towards target compound 5.1, we again consulted one of our 

aforementioned collaborators, Mr Uhlenbrock.23 Since publishing, our collaborators have 

deviated from their reported literature synthesis of borussertib 2.65, replacing the reductive 

amination procedure between benzaldehyde 5.14 and benzimidazolone 5.7 with the previously 

mentioned Leuckart-Wallach reaction between these same compounds.2,13 He encouraged 

attempting intermediate 5.25 synthesis with the Leuckart-Wallach reaction between 

benzaldehyde 5.14 and piperidine salt 3.17 (Scheme 5.35). This reaction was described in 

Chapter 3 as procedure B for the synthesis of western azide intermediate 3.1, only affording a 

trace amount of product (Section 3.3.9.2). 

 

Scheme 5.35 

The planned synthesis of western azide intermediate 5.25 using the Leuckart-Wallach procedure. 
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5.14 The final stretch towards the second target compound  

5.14.1 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-3-phenyl-1,6-

naphthyridin-5(6H)-one 

5.14.1.1 B: The Leuckart-Wallach reaction 

 

Scheme 5.36 

The Leuckart-Wallach procedure followed to successfully synthesise western azide intermediate 5.25. 

Following the procedure from the previously executed Leuckart-Wallach reaction, 

benzaldehyde 5.14 and piperidine salt 3.17 afforded the title compound 5.25 in a very poor 

yield of 8% (Scheme 5.36). In addition to this, 78% of starting material 5.14 was recovered. 

With only a small amount of material available, 

characterisation of title compound 5.25 comprised of melt 

point determination and acquisition of its 1H NMR and 

HRMS spectra. This limited characterisation indicated a 

successful Leuckart-Wallach reaction, with the methylene 

singlet for H17 occurring at 3.48 ppm in the 1H NMR 

spectrum and the pseudomolecular ion peak for [M+H]+ visible at 437.2093 amu in the HRMS 

spectrum. Additionally, the ensuing successful synthesis of target compound 5.1, using title 

compound 5.25, supported this reasoning. 
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5.14.2 N-[3-(1-{1-[4-(5-Oxo-3-phenyl-5,6-dihydro-1,6-naphthyridin-2-yl)benzyl]-

piperidin-4-yl}-1H-1,2,3-triazol-4-yl)phenyl]acrylamide 

 

Scheme 5.37 

The click reaction done to afford target compound 5.1. 

With compound 5.25 in hand, the final step of target compound 5.1 synthesis could commence, 

namely the copper-mediated click reaction. Following the procedure for the synthesis of the 

first target compound 2.68 (the same procedure as was used for the majority of the other target 

compounds), western azide intermediate 5.25 and alkyne 4.10 were reacted to afford title 

compound 5.1 in an acceptable yield of 40% (Scheme 5.37). 

Characterisation confirmed the 

synthesis of title compound 5.1. 

Extensive 2D NMR spectroscopic 

analysis was done in order to assign 

its proton and carbon peaks, with 

the long-range proton coupling to 

the carbon peaks shown in Table 5.3 as confirmation of the correct assignment of peaks. The 

long-range coupling observed between C19 and H17 supported the successful fusion of the two 

fragments during the Leuckart-Wallach reaction. Unfortunately, no long-range coupling could 

be seen between the piperidine and triazole moieties. Deuterated methanol (CD3OD) was used 

as additive to help solubilise the compound in the deuterated chloroform for NMR 

spectroscopic analysis. The purity of the sample was given as 88.8% by LC-MS. This was 

lower than what was expected, but potentially attributable to the fact that sample purity was 
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only determined three months after its synthesis and purification, with degradation likely 

occurring during this time. 

Table 5.3 

The results from interpreting the HMBC NMR spectrum of title compound 5.1. A number of the carbon signals 

were ambiguous, leaving us unable to identify these unequivocally. 

C# C shift (ppm) HMBC (C to H) C# C shift (ppm) HMBC (C to H) 

1 138.2 H3 & H17 17 62.3 H2 

2 128.9 H3 & H17 19 52.0 H17 

3 130.0 - 20 32.3 - 

4 138.6/135.1 H2/14 21 58.5 - 

6 162.5 H3 & H8 25 147.2 H26 

7 138.8/138.6/135.1 H2/14 & H8 26 118.3 - 

8 137.8 - 27 139.1/130.6 H31 

8a 120.8 H12 28 116.6 H30/32 

9 163.6 H8 & H11 29 139.1/130.6 H31 

11 131.7 H12 30 120.0 H28 & H32 

12 107.9 - 31 129.9 - 

12a 153.2 H8 & H11 32 121.3 H28 

13 138.8/138.6/135.1 H2/14 & H8 34 164.7 H35 & H36 

14 128.4 H16 35 131.2 H36 

15 129.6 H16 36 127.5 - 

16 127.6 H15    

 

The most promising of the three target compound regioisomers, target compound 5.1, was 

hereby successfully synthesised. Due to the limited availability of starting material 5.14, and 

the low probability of regioisomers 5.2 and 5.3 being more active against Akt than 

regioisomer 5.1, it was decided to not immediately pursue the synthesis of these two 

compounds. 

5.15 Conclusion 

This concludes the synthetic work of this project, with the successful synthesis and 

characterisation of a small library of target compounds, discussed in this and the previous two 

chapters. This library consisted of the reversible counterpart of known Akt inhibitor 2.63 and 
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ten novel potential Akt inhibitors. These compounds were sent to our collaborators at the 

Technical University of Dortmund and were there evaluated for their potential as Akt 

inhibitors. The results and discussion of their biochemical and cellular evaluation will follow 

in the next chapter. 
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Chapter 6 Biochemical and cellular evaluation of the synthesised 

target compounds 

6.1  Introduction 

After the conclusion of the synthetic work of this project, 11 compounds were available for 

biochemical and cellular evaluation, one compound for studying with the previously-

synthesised irreversible inhibitor 2.63 and ten novel compounds to test for potential irreversible 

inhibition of Akt. For ease of reference, figures of these compounds, and the control 

compounds tested with them, will be included later in this chapter, closer to the data from their 

evaluation. 

These compounds were all evaluated by a PhD candidate, Mr Jörn Weisner, at the Technical 

University of Dortmund, under the supervision of our collaborator Prof. Daniel Rauh. A few 

of these assays were run by myself during my research visit to the Rauh group, but these were 

done purely to aid in my understanding of the assays, with all the data reported here collected 

by Mr Weisner. 

A number of experiments and assays were utilised to investigate these compounds as potential 

Akt inhibitors. Firstly, covalent binders of Akt were identified with liquid chromatography-

electrospray ionisation-mass spectrometry (LC-ESI-MS). Homogeneous time-resolved 

fluorescence (HTRF®) KinEASE™ assays were used to determine the half-maximal inhibitory 

concentration (IC50) values of the synthesised compounds against Akt, whereas equilibrium 

dissociation constant (Kd) values and kinetic parameters for Akt binding and inhibition were 

obtained from the interface-Fluorescent Labels in Kinases (iFLiK) assay system and time-

dependent IC50 determinations by HTRF® KinEASE™. Cellular assays were utilised to 

determine the half-maximal effective concentration (EC50) values of these compounds against 

a number of cell lines. In addition to these assays, Mr Weisner also attempted to co-crystallise 

the more active inhibitors with Akt. 

A short description of each technique, and the information it provided, will follow. These 

descriptions will be brief, as the main focus were not the tests themselves, but rather the 

information they parted. 
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6.1.1 Identification of covalent binders of Akt 

In order to identify covalent binders of Akt, each compound was co-incubated with wild-type 

Akt1 and then analysed by LC-ESI-MS. A mass increase equivalent to the mass of the 

compound indicated covalent binding, whereas no increase in the mass observed could be 

indicative of reversible Akt binding or of a compound that did not bind Akt in any fashion. 

Akt inhibitor 2.63, from our previous project, was analysed following the protocol as described 

by Weisner et al.1 For this experiment, our collaborators used wild-type Akt1 prepared 

themselves, as described in an earlier paper by Fang et al.2 The ten potential Akt inhibitors 

from this project were analysed in a similar manner, as described by Uhlenbrock et al., with 

Akt prepared as described in the same article.3 While the two protocols described are very 

similar, different high performance liquid chromatography (HPLC) instruments and mass 

spectrometers were used for each, so although they gave the same information, and both 

allowed for the observation of covalent protein modification, their resulting data looked 

somewhat different, as will be seen later with the results and discussion (Section 6.2). 

6.1.2 Biochemical assays 

As stated, the HTRF® KinEASE™ assay was used to determine the IC50 values of the 

synthesised target compounds. HTRF® is a kinase assay widely used in drug discovery.4 This 

assay utilises the signal generated by the fluorescence resonance energy transfer (FRET) 

between donor and acceptor molecules in close proximity, enabling the detection of molecular 

interactions in vitro.4,5 HTRF® KinEASE™ was developed by Cisbio as an extension of this 

technology, specifically for monitoring the activity of serine/threonine kinases, and amongst 

others, the measurement of the IC50 values of Akt inhibitors.4,6,7 

The HTRF® KinEASE™ assay was done with our compounds as described by Fang et al.2 IC50 

values were calculated for each compound for wild-type Akt1, -Akt2 and -Akt3 (Akt1wt, Akt2wt 

and Akt3wt) and also Akt1E17K. The three wild-type Akt isoforms were acquired from 

ProQinase and the mutated Akt1E17K from SignalChem. 

Akt1E17K is Akt1 with a point mutation in its gene that results in a glutamic acid to lysine 

substitution at amino acid 17.8 From the co-crystal structure of Akt1 with the dual Akt1/2 

inhibitor 2.20 (Figure 6.1, PDB accession code 3O96), Glu17 is involved in the interdomain 

contacts between the kinase and PH domains, forming a salt bridge with Arg273 which cannot 

form between Lys17 and Arg273.9 The loss of the Glu17-Arg273 salt bridge is thought to affect 
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the conformation of the allosteric binding pocket, further supported by inhibitor 2.20 being 

5-fold less active against AktE17K than against wild-type Akt1.9 

 

Figure 6.1 

A, the dual Akt1/2 inhibitor 2.20, introduced in Chapter 2, and B, a schematic representation of part of the 

allosteric binding pocket of Akt, showing the Glu17-Arg273 salt bridge (PDB accession code 3O96).9 The 

inhibitor is shown as an orange skeletal structure and the kinase and PH domains are illustrated as purple and 

green transparent ribbons, respectively. The labels in grey indicate amino acid residues in the background. This 

figure was generated using Swiss-PdbViewer.10 

IC50 values are frequently used to quantify the potential of enzyme inhibition, and, while 

appropriate for reversible inhibitors, this parameter is time-dependant for irreversible 

inhibitors, making it unsuitable for use in ranking these inhibitors on their inhibitory potential.11 

The kinetic parameters of inactivation, namely the inhibition constant (KI) and the rate of 

enzyme inactivation (kinact) (Equation 6.1), are therefore preferentially used for irreversible 

inhibitors.11 As briefly introduced in Chapter 1, KI is defined as the concentration of inhibitor 

required for half of the maximum potential rate of covalent bond formation, while kinact is 

defined as the maximum potential rate of covalent bond formation.12 

Equation 6.1 

The two-step mechanism of covalent inhibition, where E is the kinase (enzyme), I is the inhibitor, E•I is the 

initial non-covalent complex and E-I is the final covalent complex.12 

 

Using a protocol published by Krippendorff et al., KI and kinact can be directly estimated from 

time-dependent IC50 determinations by kinetic analysis with HTRF® KinEASE™.11 The 

Arg273

A B

Glu17

Ile81

Thr82

Tyr272
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overall rate of covalent bond formation from free, unbound enzyme (E) to the covalent complex 

(E-I) is given by the ratio of kinact to KI, kinact/KI.
12 This rate constant accounts for both the 

potency of the first step (KI) and the maximum potential rate of covalent bond formation 

(kinact).
12 

These kinetic parameters of inactivation were determined for only wild-type Akt1 by running 

the assay as described by Weisner et al.2 The same wild-type Akt1 was used as for the initial 

HTRF® KinEASE™ assay. 

In addition to these HTRF® KinEASE™-based assays, our collaborators originally also utilised 

iFLiK, a fluorescence-based assay designed to detect changes in protein kinase conformations 

and intramolecular interdomain interactions.2 This assay stems from the Fluorescent Labels in 

Kinases (FLiK) assay, also developed by the Rauh research group of the Technical University 

of Dortmund.2,13 While FLiK can be used to identify type I to III inhibitors, iFLiK is used to 

selectively identify type V allosteric inhibitors, with the ability to distinguish between allosteric 

inhibitors and ATP competitive inhibitors.2,13 An iFLiK assay with Akt can therefore identify 

type V Akt inhibitors that induce the inactive conformation of Akt.2 Not only does this assay 

give an indication of the binding mode of the inhibitor, it also allows for the direct measurement 

of the dissociation constant, Kd.
2,13 

The assay protocol was followed as described by Fang et al., and the Akt used for this assay 

was prepared as reported in the same paper.2 While originally useful, and utilised to investigate 

two of our earlier compounds, the use of this assay was discontinued once the more recent 

inhibitor candidates of our colleagues became too potent for their affinity to be resolved by 

iFLiK.14 

6.1.3 Cellular assays 

In order to investigate the potential in vitro antiproliferative activity of the synthesised target 

compounds, a number of cancer cell lines were employed, namely AN3-CA, BT-474, 

KU-19-19, MCF-7, T-47D and ZR-75-1 (Table 6.1). Various kinases in these cell lines possess 

genetic alterations, including PI3K and PTEN, but only one has an Akt mutation, namely the 

KU-19-19 cell line.15 This cell line possesses a mutated form of Akt1, Akt1E17K/E49K, which has 

glutamic acid to lysine substitutions at amino acid positions 17 and 49.15 As one of the 

mutations of Akt1E17K/E49K is the same as that of Akt1E17K, it is expected to also have an altered 

allosteric binding pocket compared to wild-type Akt1. 
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The cellular assays were performed as explained by Weisner et al., using the CellTiter-Glo® 

Luminescent Cell Viability Assay from Promega.15,16 With this assay, a luminescent signal 

proportional to the amount of ATP present is generated.16 The amount of ATP present is 

directly proportional to the number of viable cells, thereby enabling this technique to be used 

to determine the EC50 values of each compound for each of the different cell cultures tested. 

Similar to IC50, EC50 is defined as the molar concentration of an agonist (the kinase inhibitor 

in this case) that produces 50% of the maximal possible effect of that agonist.17 

Table 6.1 

The cell lines used for the cellular assays, including what cancer type they are predominantly found in, and 

where the cell lines were acquired form.14,15 

Cell line Cancer type Acquired from 

AN3CA Endometrium 
ATCC (provided by Prof. Jan G. Hengstler at Leibniz-Institut für 

Arbeitsforschung Dortmund) 

KU-19-19 Bladder 
Deutsche Sammlung von Mikroorganismen und Zellkulturen 

(DSMZ) 

BT-474 

Breast 

CLS Cell Lines Service (provided by Prof. Jan G. Hengstler at 

Leibniz-Institut für Arbeitsforschung Dortmund) MCF-7 

T47D 
Sigma-Aldrich/ECACC 

ZR-75-1 

 

6.1.4 Co-crystal structures with Akt 

In addition to biochemical and cellular assays, another important investigative technique 

utilised was the co-crystallisation of identified inhibitors with Akt. Such a crystal structure 

could provide proof of the expected binding mode, or not, and could also play an important 

role in structure-based drug design, aiding the rational derivatisation and optimisation of the 

inhibitor in the search of improved inhibitors with regards to their binding affinity and 

inhibitory potency.18 

The crystallisation procedure was performed as described by Weisner et al., using Akt1 

produced as discussed in their paper.15 Unfortunately, the quality of co-crystals obtained was 

insufficient to obtain a usable data set. Our collaborators have, however, had success with a 

number of their inhibitors, including borussertib 2.65 (Figure 6.2).3,15 Their data supports the 

anticipated binding mode for their inhibitors and suggests the same mode for ours.3,15 Where 
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applicable, the compounds from their study will be mentioned in this chapter, but they will be 

discussed in more detail in Chapter 8, with the future work discussion. 

 

Figure 6.2 

The five compounds of our collaborators which were successfully co-crystallised with Akt1, including 

borussertib 2.65 and four other novel Akt inhibitors (PDB accession codes 6HHF, 6HHJ, 6HHG, 6HHI and 

6HHH).3,15 

6.2 Results and discussion 

The first results given and discussed will be from the evaluation of two irreversible Akt 

inhibitors and their reversible counterparts, followed by the results from the evaluation of the 

ten novel potential Akt inhibitors synthesised during this project. 

6.2.1 Comparing irreversible and reversible Akt inhibition 

In order to study the differences in inhibition between irreversible and reversible Akt inhibitors, 

the irreversible Akt inhibitor from our previous project 2.63 and borussertib 2.65 (Figure 6.3), 

and their reversible counterparts, compounds 2.68 and 6.5, were evaluated for their binding to 

and inhibition of Akt. As mentioned in Chapter 3, these results were published in 2015 in 

Angewandte Chemie International Edition.1 
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Figure 6.3 

The two irreversible Akt inhibitors and their reversible counterparts. Borussertib 2.65 and compound 6.5 were 

synthesised by our collaborators. 

Firstly, wild-type Akt1 was co-incubated with compounds 2.63 and 2.65 for LC-ESI-MS 

analysis. When compared to the negative control of wild-type Akt1 in dimethyl sulfoxide, with 

no added ligand, both of these samples showed mass increases equivalent to the respectively 

single labelled wild-type Akt1, indicating covalent modification of Akt by both 

compounds 2.63 and 2.65. Mass spectra for both of these compounds will be shown in the 

following section (Section 6.2.2.1), with the LC-ESI-MS analysis results from the other 

compounds of this project. The Akt1 treated with compounds 2.63 and 2.65 were also subjected 

to tryptic digest and further analysis by ESI-MS/MS found them to covalently modify both 

cysteine target residues, Cys296 and Cys310.  

After confirmation of irreversible binding to Akt, these two compounds and their reversible 

counterparts 2.68 and 6.5 were further evaluated by HTRF® KinEASE™ and iFLiK assays 

(Table 6.2). Two control compounds were also included in the assays, namely the ATP 

competitive Akt inhibitor GSK690693 2.3 and the allosteric Akt inhibitor MK-2206 2.9 

(Figure 6.4). 
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Figure 6.4 

The two control compounds included for the biochemical evaluation of compounds 2.63 and 2.65. 

The iFLiK assay was done to determine whether these compounds bound Akt in the targeted 

allosteric pocket or not. Both compounds 2.63 and 2.65 had a favourable result, with their 

submicromolar dissociation constants indicative of binding in the targeted allosteric pocket 

between the kinase and PH domains (Table 6.2). Unfortunately, our inhibitor 2.63 displayed a 

decidedly lower binding affinity for Akt1 than borussertib 2.65, which had a dissociation 

constant similar to that of allosteric inhibitor MK-2206 2.9. As expected, the ATP competitive 

inhibitor GSK690693 2.3 showed no response up to 100 000 nM as this assay is selective for 

allosteric inhibitors, only giving a positive result for inhibitors with the correct binding mode. 

The irreversible inhibitors and their reversible counterparts displayed comparable Kd values 

since a number of cysteines (including Cys296 and Cys310) were modified to serines in the 

fluorescently labelled Akt used for this assay.2 This assay can therefore only test for the 

reversible binding of allosteric compounds. 

The IC50 values, from the HTRF® KinEASE™ assay, confirmed that the irreversible inhibitors 

were, as expected, shown to be more active against Akt than their reversible counterparts. 

Borussertib 2.65 was shown to be especially potent, even more so than the two control 

compounds. Unfortunately, inhibitor 2.63 did not display the same potency, with even the 

reversible counterpart of borussertib, compound 6.5, almost 50-fold more potent than 

inhibitor 2.63. 

The kinetic parameters of inactivation, KI and kinact, were estimated from time-dependent IC50 

determinations of compounds 2.63 and 2.65 with HTRF® KinEASE™, using the protocol by 

Krippendorff et al.11 The overall rate of covalent bond formation, kinact/KI, was also calculated 

and these three values again showed borussertib 2.65 to be superior to inhibitor 2.63, with both 
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a better inhibition constant and faster rate of enzyme inactivation, and thus, likewise, a faster 

overall rate of covalent bond formation. 

Table 6.2 

The results from the biochemical evaluation of compounds 2.63 and 2.65 and their reversible counterparts.1 

Akt1E49C/C296S/C310S/C344S was used for the determination of Kd with the iFLiK assay and wild-type Akt1 was used 

for the determination of IC50, KI and kinact with the HTRF® KinEASE™ assay. 

Compound # Kd (nM) IC50 (nM) KI (nM) kinact (min-1) 
kinact/KI 

(µM-1s-1) 

2.63 795 ± 176 372 ± 48 497 ± 106 0.07 ± 0.006 0.0023 ± 0.0003 

2.68 797 ± 180 992 ± 328 * * * 

Borussertib 

2.65 
58 ± 8 0.2 ± 0.1 1.01 ± 0.05 0.20 ± 0.04 3.29 ± 0.40 

6.5 62 ± 12 7.5 ± 2 * * * 

GSK690693 

2.3 
>100 000 2.3 ± 0.3 * * * 

MK-2206 

2.9 
69 ± 13 6.5 ± 0.8 * * * 

*Not determined. 

In summary, this investigation identified compounds 2.63 and 2.65 as allosteric irreversible 

Akt inhibitors and also showed them to have improved activity against Akt when compared to 

their reversible counterparts. Propionamide compound 2.68 had therefore served its purpose 

and was not included in the further evaluations that will be discussed in the following sections. 

6.2.2 Evaluation of the novel potential Akt inhibitors 

With the successful comparison of the two pairs of irreversible and reversible Akt inhibitors, 

the main part of the evaluation could commence, namely that of the small library of novel 

potential Akt inhibitors that were synthesised during this project (Figure 6.5). Subsequent 

investigations of these ten novel target compounds also included inhibitors 2.62 and 2.63, from 

our previous project, in order to complete the regioisomeric set with compound 2.64.19 
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Figure 6.5 

The compounds synthesised during this project and evaluated for irreversible inhibition of Akt. Ortho- and 

meta-acrylamide compounds 2.62 and 2.63 were included from our previous project.19 
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6.2.2.1 Identification of covalent binders of Akt 

LC-ESI-MS analysis was done on all of the above mentioned target compounds (Figure 6.5), 

with borussertib 2.65 as positive control. The negative control was wild-type Akt1 incubated 

in dimethyl sulfoxide, with no added ligand. The results are given in Figure 6.6, including the 

original run for compound 2.63, discussed above. The resolution of these spectra was fairly 

low due to the presence of differently phosphorylated forms of Akt, but a mass increase 

corresponding to the mass of single labelled wild-type Akt1 could still be identified for the 

covalent binders. Complete labelling of wild-type Akt1 was seen with compounds 2.60, 5.13 

and 5.1, and positive control borussertib 2.65, identifying them as covalent modifiers of wild-

type Akt1. As discussed earlier, the original run for compound 2.63 showed complete labelling, 

while the more recent run, done alongside the compounds from this project, showed only partial 

labelling. This is potentially due to sample degradation over time. Compounds 2.62 and 4.5 

displayed incomplete labelling within the set time, potentially from a low binding affinity for 

Akt, which will be supported by the results to follow. Unfortunately, the remainder of the 

compounds showed no indication of covalent modification of Akt. 

6.2.2.2 Biochemical data 

As with the LC-ESI-MS analysis, the biochemical assays again included the ten potential Akt 

inhibitors of this project and inhibitors 2.62 and 2.63, with borussertib 2.65 as control 

compound. Their IC50 values were first determined by HTRF® KinEASE™, after which the 

kinetic parameters of inactivation were determined for the more potent inhibitors, as identified 

by their IC50 values. 

As mentioned earlier, the compounds were tested against all three wild-type Akt isoforms and 

also the mutated Akt1E17K, with the results given in Table 6.3. Most of the compounds only 

displayed activity against wild-type Akt1, with no measurable activity against any of the other 

forms of Akt included in the evaluation. This was anticipated, with the amino acid differences 

between the three wild-type isoforms, as discussed in Chapter 2, expected to change the 

allosteric binding pocket character and dimensions. The same applies to the allosteric binding 

pocket of the mutated Akt1, as explained in Section 6.1.2. Indeed, only compounds 2.60, 5.13 

and 5.1 showed any activity against the other forms of Akt and, as could be seen with those 

three compounds and the control, potency does decrease significantly from Akt1 to the other 

forms of Akt. Since the remaining compounds were not very active against wild-type Akt1, 

any potential activity against the other Akt forms were likely too low to be observed. 
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Figure 6.6 

The mass spectra from the LC-ESI-MS analysis of the compounds to identify covalent modifiers of wild-type 

Akt1. Published data from an earlier run is included for compound 2.63.1 As stated earlier, this spectrum looks 

slightly different from the other spectra as it was run with a different HPLC instrument and mass spectrometer. 
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Table 6.3 

The results from the HTRF® KinEASE™ assay, with the IC50 values of the compounds, against a number of 

different forms of Akt, given in nM. 

Compound # Akt1wt Akt2wt Akt3wt Akt1E17K 

2.62 924.7 ± 277.3 >20 000 >20 000 * 

2.63 372.4 ± 48.5 >20 000 >20 000 >20 000 

2.64 2 876.3 ± 1 729.6 >20 000 >20 000 >20 000 

4.1 >20 000 >20 000 >20 000 >20 000 

4.2 >20 000 >20 000 >20 000 >20 000 

4.3 >20 000 >20 000 >20 000 >20 000 

4.4 >20 000 >20 000 >20 000 >20 000 

4.5 4 630.1 ± 244.3 >20 000 >20 000 >20 000 

2.69 6 671.7 ± 2 153.9 >20 000 >20 000 >20 000 

2.60 34.1 ± 20.4 2 563.2 ± 577.6 >20 000 
10 147.2 ± 

3 437.9 

5.13 28.6 ± 5.3 
5 586.8 ± 

1 517.9 
>20 000 

13 832.4 ± 

5 904.5 

5.1 7.0 ± 1.8 * * 1 245.9 ± 477.8 

Borussertib 

2.65 
0.8 ± 0.3 173.1 ± 106.5 1 809.6 ± 1 737.7 117.6 ± 46.3 

*Not determined. 

Of the three regioisomers 2.62 to 2.64, the meta-acrylamide regioisomer 2.63 was the most 

potent, with the para-acrylamide regioisomer 2.64 the least potent. Uhlenbrock et al. observed 

the same trend with their set of regioisomeric inhibitors, with the acrylamide in the ortho, meta 

and para positions, of which inhibitor 6.3 (Figure 6.2) is the meta-acrylamide regioisomer.3 

The three compounds from Uhlenbrock et al. were all irreversible Akt inhibitors, but similarly 

to ours, the para-acrylamide regioisomer was the least potent.3 They postulated that the 

orientation of the warhead towards the targeted cysteines plays an important role in covalent 

bond formation, with bond formation occurring preferentially with the acrylamide in the ortho- 

and meta-positions.3 With compound 2.63, the only irreversible Akt inhibitor of our 

regioisomer set, it is understandably the most potent of the three, followed by compound 2.62 

which has the acrylamide in a more favourable position for covalent bond formation than 

compound 2.64, indeed showing partial labelling of Akt1 with the LC-ESI-MS analysis. 

Unfortunately, this trend cannot be further investigated in regioisomers 4.1 to 4.3 as these three 

compounds displayed no activity against any of the tested forms of Akt. The same goes for 
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methylated compound 4.4, with only compound 4.5 displaying activity against wild-type Akt1, 

albeit poor activity. 

The shortened inhibitor 2.69 displayed only very poor activity against wild-type Akt1 and no 

activity against the other forms of Akt. This suggested that either the additional phenyl in the 

eastern scaffold was crucial (as in inhibitor 2.63), or the shortened inhibitor meant that the 

acrylamide warhead was occupying the wrong biochemical space, or was oriented in the wrong 

direction, to covalently modify either of the two targeted cysteines. 

As anticipated, the covalent modifiers of Akt1, compounds 2.60, 5.13 and 5.1, and to a lesser 

extent compound 2.63, were the most potent against wild-type Akt1. Compounds 2.60, 5.13 

and 5.1 also showed activity against the other forms of Akt, albeit at a reduced potency 

compared to wild-type Akt1, with the compounds a few hundred times less potent against the 

mutated Akt1 compared to wild-type Akt1. This was as expected as the aforementioned salt 

bridge cannot form in Akt1E17K, potentially changing the allosteric binding pocket 

conformation and thereby potentially changing how these compounds can bind to Akt. 

When looking at the related compounds 2.60, 2.63, 2.65 and 5.1 (Figure 6.7), compound 5.1 

was the most potent against wild-type Akt1, excluding the control 2.65. The potency of 

compound 2.63 compared poorly to compounds 5.1 and 2.65, pointing to the shared western 

portion of inhibitors 2.65 and 5.1 being crucial for potent Akt inhibition. Likewise, 

compound 2.60 also displayed reasonable Akt activity, again, better than compound 2.63, 

pointing to the shared eastern portion of compounds 2.65 and 2.60 as the preferred eastern 

portion for Akt inhibition. From this, the main eastern and western scaffolds of this project, as 

can be seen in compound 2.63, were identified as suboptimal for Akt inhibition, explaining the 

poor activity of the subsequent synthesised derivatives. 
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Figure 6.7 

Target compounds 2.60 and 5.1 and their origins, compounds 2.63 and 2.65, as shown in Chapter 5. The 

compounds are again coloured green and orange to highlight their relation to each other. 

Interestingly, the chlorinated compound 5.13 displayed similar potency to compound 2.60, 

being marginally more potent than compound 2.60 against wild-type Akt1, but less potent than 

it against wild-type Akt2 and mutated Akt1. Neither displayed activity against Akt3. 

Interestingly, the chlorinated counterpart of borussertib 2.65, compound 6.6 (Figure 6.8), also 

displayed similar activity against wild-type Akt1 to borussertib 2.65.3 
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Figure 6.8 

Compound 6.6, the chlorinated counterpart of borussertib 2.65, being as compound 5.13 to compound 2.60.3 

Like borussertib 2.65, it is a potent irreversible allosteric Akt inhibitor.3 

The four irreversible binders, compounds 2.63, 2.60, 5.13 and 5.1, were the most potent Akt 

inhibitors and therefore selected for kinetic analysis with HTRF® KinEASE™ to determine 

their kinetic parameters of inactivation. Borussertib 2.65 was again used as control compound. 

This assay was done with only wild-type Akt1, with the results given in Table 6.4. 

Of our compounds, compound 5.1, the most active against wild-type Akt1, also displayed the 

best inhibition constant (KI). Interestingly, the less potent compound 5.13 had a higher rate of 

enzyme inactivation (kinact) than compound 5.1, nearing that of the control compound, 

borussertib 2.65. This was unfortunately offset by its poor KI, with its overall rate of covalent 

bond formation (kinact/KI) much less than that of borussertib 2.65. With a better balance between 

its inhibition constant and rate of enzyme inactivation, compound 5.1 had the best overall rate 

of covalent bond formation of our compounds tested, unsurprising since it displayed the highest 

potency against Akt1. 

Table 6.4 

Enzyme data for compounds 2.63, 2.60, 5.13 and 5.1, measured against wild-type Akt1. For ease of comparison, 

their previously-reported IC50 values are also included. 

Compound # IC50 (nM) KI (nM) kinact (min-1) kinact/KI (µM-1s-1) 

2.63 372.4 ± 48.5 497.2 ± 106.8 0.071 ± 0.006 0.002 ± 0.001 

2.60 34.1 ± 20.4 27.2 ± 2.6 0.069 ± 0.004 0.043 ± 0.006 

5.13 28.6 ± 5.3 24.7 ± 1.8 0.081 ± 0.008 0.055 ± 0.009 

5.1 7.0 ± 1.8 10.5 ± 0.8 0.042 ± 0.012 0.066 ± 0.015 

Borussertib 2.65 0.8 ± 0.3 2.2 ± 0.3 0.111 ± 0.020 0.853 ± 0.038 
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Since these four inhibitors, compounds 2.63, 2.60, 5.13 and 5.1, are covalent modifiers of Akt1 

and also have inhibitory activity against it, they can be called type VI inhibitors of Akt1.  

With the completion of the biochemical evaluation, the cellular assays could be performed. 

6.2.2.3 Cellular data 

As introduced earlier, the cellular assays were utilised to investigate the potential in vitro 

antiproliferative activity of the synthesised target compounds against a number of cancer cell 

lines (Table 6.5). As with the initial HTRF® KinEASE™ assay, the cellular assay was done on 

all compounds (Figure 6.5), against all six of the cell lines. The control compounds included 

the previously used allosteric Akt inhibitors, MK-2206 2.9 and borussertib 2.65, and also the 

two ATP competitive Akt inhibitors 2.4 and 2.5 (Figure 6.9). The results are given in Table 

6.5. 

 

Figure 6.9 

The two ATP competitive Akt inhibitors used as control compounds for the cellular assays. The allosteric Akt 

inhibitors MK-2206 2.9 and borussertib 2.65 (shown earlier) were also included as control compounds. 

Unfortunately, none of the cell lines displayed the same sensitivity to our compounds than they 

did to the control compounds, with most of the compounds displaying micromolar 

antiproliferative activity, if at all. As in the biochemical assays, the best performers, with 

submicromolar antiproliferative activity for a number of the cell lines, were compounds 2.60, 

5.13 and 5.1. 

For both our compounds and the control compounds, the most sensitive cell line was the breast 

cancer cell line ZR-75-1, while the bladder cancer cell line KU-19-19 was the least sensitive 

Stellenbosch University https://scholar.sun.ac.za



Chapter 6 Biochemical and cellular evaluation of the synthesised target compounds 

192 

 

of the cell lines. This cell line has the mutated Akt1, which explains the poor activity of our 

compounds against it as they also fared poorly against Akt1E17K in the biochemical assay. 

Surprisingly, of the three regioisomers 2.62 to 2.64, para-acrylamide regioisomer 2.64, with 

the worst potency of the three regioisomers against wild-type Akt1 and no indication of 

covalent binding to Akt, was the most active against four of the six cell lines. For the remaining 

two cell lines, ortho-acrylamide regioisomer 2.62 had the biggest antiproliferative activity 

against the ZR-7-1 cell line and meta-acrylamide regioisomer 2.63 was most active against the 

AN3CA cell line.  

Of the methylated compounds 4.1 to 4.5, only compound 4.5 displayed activity against Akt in 

the biochemical assays; however, in the cellular assays all five displayed some antiproliferative 

activity, in some cases equalling or exceeding that of the more biochemically potent 

compounds 2.62 to 2.64. From this, our collaborator, Mr Weisner, advised that the biochemical 

data for these compounds could be inaccurate due to a combination of both low potency and 

low solubility resulting in dose-response curves that did not go down to full inhibition, 

potentially skewing the results.14 Solubility was therefore still a problem with these compounds 

despite the presence of the added methyl group. Similar to ortho-acrylamide regioisomer 2.62 

displaying the least activity against the cell lines out of regioisomers 2.62 to 2.64, the least 

active of the methylated compounds was the ortho-methyl ortho-acrylamide regioisomer 4.1. 

Consistent with the poor biochemical activity of compound 2.69, this compound also displayed 

poor antiproliferative activity against the cell lines, showing no activity against half of the cell 

lines used. 

Even though the biochemical assay indicated compound 5.13 to be mildly more active against 

wild-type Akt1 than compound 2.60, it displayed inferior activity against all of the cell lines 

compared to compound 2.60, possibly due to the presence of more than just the wild-type Akt1 

isoform in these cell lines. 

As with its potency against the different forms of Akt, compound 5.1 was the most active 

against all cell lines, with its antiproliferative activity exceeding that of reversible allosteric 

inhibitor MK-2206 2.9 and ATP competitive inhibitors capivasertib 2.4 and ipatasertib 2.5, for 

some of the cell lines. As was also concluded from comparing the biochemical activity of parent 

inhibitors 2.63 and 2.65 and hybrids 2.60 and 5.1, the cellular data identified the best eastern 

and western scaffolds as those in borussertib 2.65, with this inhibitor outperforming the other 

three inhibitors against all but one of the cell lines. 
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Table 6.5 

Cellular data for the target compounds synthesised during this project. EC50 values are given in nM and, for ease of interpretation, boxes are shaded according to potency. 

EC50 values of 10 000 nM and above are green (poor inhibitory activity) and those of 1 500 nM and below are orange (greatest inhibitory activity), while values between 

1 500 and 10 000 nM are left unshaded. Standard deviation values were disregarded when looking at the potencies for shading purposes. 

Compound # AN3CA KU-19-19 BT-474 MCF-7 T47D ZR-75-1 

2.62 12 271 ± 3 485 29 370 ± 9 587 15 375 ± 6 134 8 554 ± 1 247 15 150 ± 3 254 1 751 ± 428 

2.63 4 754 ± 1 537 12 371 ± 2 884 8 274 ± 862 4 295 ± 1 127 4 074 ± 1 608 2 169 ± 517 

2.64 5 441 ± 1 557 9 834 ± 1 597 6 987 ± 2 372 3 386 ± 348 3 793 ± 1 937 3 535 ± 440 

4.1 14 715 ± 2 353 21 975 ± 4 981 >30 000 18 245 ± 2 564 >30 000 15 509 ± 1 861 

4.2 5 706 ± 706 7 691 ± 664 9 908 ± 4 136 4 382 ± 1 595 4 860 ± 627 4 188 ± 1 115 

4.3 5 868 ± 403 7 631 ± 636 7 388 ± 2 337 4 303 ± 1 180 4 521 ± 1 587 5 318 ± 426 

4.4 5 134 ± 1 277 9 448 ± 1 040 11 167 ± 4 733 3 610 ± 804 4 588 ± 1 309 4 203 ± 817 

4.5 5 611 ± 2 848 17 307 ± 7 969 22 804 ± 3 005 6 732 ± 3 478 9 181 ± 4 724 3 319 ± 3 112 

2.69 >30 000 >30 000 >30 000 28 771 ± 9 177 15 473 ± 5 712 4 353 ± 397 

2.60 1 028 ± 210 12 817 ± 1 615 971 ± 301 1 105 ± 689 364 ± 87 81 ± 11 

5.13 3 572 ± 1 221 23 468 ± 6 702 3 763 ± 1 377 4 229 ± 2 403 1 500 ± 903 227 ± 57 

5.1 425 ± 58 5 651 ± 1 487 469 ± 162 329 ± 225 88 ± 31 20 ± 7 

Capivasertib 2.4 869 ± 278 3 060 ± 2 331 1 605 ± 450 2 653 ± 555 538 ± 30 191 ± 68 

Ipatasertib 2.5 925 ± 457 4 231 ± 3 388 2 371 ± 745 5 036 ± 1 830 447 ± 2 219 ± 83 

MK-2206 2.9 972 ± 322 5 525 ± 927 1 682 ± 316 571 ± 111 411 ± 23 63 ± 21 

Borussertib 2.65 191 ± 90 7 818 ± 3 271 373 ± 54 277 ± 90 48 ± 15 5 ± 1 

 

Stellenbosch University https://scholar.sun.ac.za



Chapter 6 Biochemical and cellular evaluation of the synthesised target compounds 

194 

 

6.3 Conclusion 

The compounds synthesised during this project were successfully evaluated by our 

collaborator, Mr Weisner. This allowed us the opportunity to compare the binding modes, 

potencies and antiproliferative activities of these compounds, thereby furthering our 

knowledge of the SAR of this class of Akt inhibitors. 

From investigating the difference in potency between two pairs of irreversible and reversible 

Akt inhibitors, one inhibitor of which was synthesised during this project, it was found that 

these inhibitors bind in the targeted allosteric pocket and that the irreversible inhibitors are 

more potent than their reversible counterparts. 

The biochemical and cellular evaluation of the ten novel potential Akt inhibitors led to the 

identification of three novel covalent modifiers of wild-type Akt1, namely compounds 2.60, 

5.13 and 5.1. These compounds also displayed inhibitory activity against wild-type Akt1, and 

some of the other forms of Akt, and can therefore be called type VI inhibitors of Akt1. 

Furthermore, these three compounds displayed improved potency compared to the type VI 

inhibitor from our previous project, compound 2.63. Unfortunately, while compounds 2.60, 

5.13 and 5.1 were novel irreversible Akt inhibitors and displayed submicromolar 

antiproliferative activity against a number of the tested cancer cell lines, none matched the 

highly active inhibitor of the same class, borussertib 2.65, with the most active compounds 

being related to borussertib 2.65, albeit less potent. Notably, Rauh and co-workers are moving 

their potent Akt inhibitor borussertib 2.65 into clinical trials. 
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Chapter 7 Conclusion 

7.1 Overview 

As explained in the introduction, Akt has been identified as a valid target for the treatment of 

cancers in which this kinase is dysregulated, and while Akt inhibitors have shown limited 

efficacy as single agents, numerous studies with Akt inhibitors have supported their use in 

combination therapies. Unfortunately, no Akt inhibitors have thus far been FDA approved for 

anticancer therapy and none of the current clinical trial candidates are irreversible inhibitors of 

Akt, indicating an opportunity for further research into this field. 

Building on the success of the previously identified irreversible Akt inhibitor, compound 2.63, 

its reversible counterpart, compound 2.68, was synthesised.1 This was to evaluate the 

differences between the irreversible and reversible allosteric Akt inhibitors. 

Furthermore, a number of novel potential irreversible Akt inhibitors were synthesised and 

evaluated for their Akt inhibition. The para-acrylamide regioisomer 2.64 was synthesised to 

complete the regioisomeric set with the ortho- and meta-acrylamide regioisomers 2.62 

and 2.63, synthesised during our previous project.1 Additionally, in an attempt to improve the 

solubility and potency or isoform selectivity of these inhibitors through use of the methyl affect, 

target compounds 4.1 to 4.5 were synthesised. The effects of a shortened inhibitor was also 

investigated, with target compound 2.69 synthesised. Moreover, the original target compound 

of our previous project, compound 2.60, a hybrid of Akt inhibitor 2.63 and borussertib 2.65, 

and the chlorinated version of hybrid 2.60, compound 5.13, were synthesised.1,2 The reversed 

hybrid compound, target compound 5.1, was also synthesised. 

These compounds were all evaluated for their Akt inhibition by our collaborators, with a brief 

summary of the findings given here. 

7.2 Summary of results 

7.2.1 Comparison of irreversible and reversible Akt inhibition 

The first successfully synthesised target compound was propionamide 2.68, the reversible 

counterpart of irreversible Akt inhibitor 2.63 (Figure 7.1). These compounds were evaluated 

with another irreversible-reversible inhibitor pair from our collaborators (borussertib 2.65 and 

compound 6.5, Figure 7.1) and it was found that both the reversible and irreversible inhibitors 
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bind the targeted allosteric pocket between the kinase and PH domains of Akt. The irreversible 

inhibitors were found to target both the cysteine target residues, Cys296 and Cys310. As 

expected, further evaluation showed the irreversible inhibitors to be more potent Akt inhibitors 

than their reversible counterparts. This work was published in Angewandte Chemie 

International Edition.3 

 

Figure 7.1 

Irreversible Akt inhibitor 2.63 and its reversible counterpart, propionamide compound 2.68, with the 

irreversible-reversible inhibitor pair synthesised by our collaborators, borussertib 2.65 and compound 6.5. 

7.2.2 Completing the original regioisomeric set of inhibitors 

 

Figure 7.2 

The regioisomeric set of Akt inhibitors, compounds 2.62 to 2.64. 

The regioisomeric set of compounds 2.62 to 2.64 was completed by the synthesis of 

para-acrylamide regioisomer 2.64 (Figure 7.2). With LC-ESI-MS analysis, ortho-acrylamide 

compound 2.62 displayed incomplete labelling of wild-type Akt1, while meta-acrylamide 

compound 2.63 showed complete labelling; however, the newly-synthesised para-acrylamide 
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compound 2.64 unfortunately showed no labelling of Akt. This suggested that the orientation 

of the warhead towards the targeted cysteines plays an important role in covalent bond 

formation between the electrophilic warhead and its nucleophilic target. Interestingly, while 

biochemical evaluation of these compounds showed the meta-acrylamide 2.63 to be the most 

potent and para-acrylamide 2.64 the least potent, the cellular assays showed 

para-acrylamide 2.64 to be the most active against the majority of the cell lines used. This 

could potentially indicate that para-acrylamide 2.64 lacks selectivity, with it targeting one or 

more of the other kinases present in the cells and thereby increasing its antiproliferative effect 

in this manner. 

7.2.3 Methyl effect exploration 

 

Figure 7.3 

The five methylated target compounds that were synthesised and evaluated for Akt inhibition. 

Compounds 4.1 to 4.5 (Figure 7.3) were all successfully synthesised, each with the 

introduction of a methyl substituent to potentially improve activity and solubility through the 

methyl effect. Unfortunately, of these five compounds, compound 4.5 showed only incomplete 

labelling of wild-type Akt1 with LC-ESI-MS, with the remainder displaying no labelling of 

wild-type Akt1. Additionally, no Akt inhibition was observed for compounds 4.1 to 4.4 during 

biochemical evaluation, with only compound 4.5 displaying any activity against wild-type 

Akt1. Interestingly, in the cellular assays, all five methylated compounds displayed 

antiproliferative activity, in some cases even outperforming their related compounds 2.62 

to 2.64. As with para-acrylamide 2.64 displaying a greater antiproliferative effect in the 
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cellular assays than meta-acrylamide 2.63, this could indicate a lack of selectivity, with these 

compounds also potentially targeting one, or more, additional kinases present in the cells. 

7.2.4 The shortened potential inhibitor 

 

Figure 7.4 

The shortened potential Akt inhibitor 2.69. 

The shortened inhibitor 2.69 (Figure 7.4) was synthesised and evaluated, with it unfortunately 

performing poorly in both the biochemical and cellular assays. In the biochemical assays it 

displayed very poor activity against only wild-type Akt1 and in the cellular assays it was only 

weakly active against half of the cell lines. It was speculated that either the eastern phenyl ring 

was crucial for Akt inhibition or that this compound was too short, with the acrylamide not 

occupying the correct biochemical space for covalent bond formation with either of the targeted 

cysteine residues. 

7.2.5 The hybrid compounds 

 

Figure 7.5 

The hybrid Akt inhibitors, compounds 2.60 and compound 5.1, and the chlorinated counterpart of hybrid 2.60, 

compound 5.13. 

The hybrid compounds 2.60 and 5.1 and the chlorinated version of hybrid 2.60, compound 

5.13, were successfully synthesised (Figure 7.5). These three compounds showed complete 

labelling of wild-type Akt1 with LC-ESI-MS analysis, establishing them as covalent modifiers 

of wild-type Alt1. Compared to the other compounds synthesised, these three were the best 
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performers in both the biochemical and cellular assays. From the biochemical evaluation, these 

compounds were the only ones with noteworthy activity against the Akt forms other than wild-

type Akt1, albeit with much lower potencies than what they displayed against wild-type Akt1. 

With their covalent modification of Akt1 and their inhibition of this Akt isoform, they were 

classified as type VI inhibitors of Akt1. 

The chlorinated benzimidazolone 5.13 displayed similar activity to hybrid 2.60 in the 

biochemical assays, but had reduced activity in the cellular assays. While the 

benzimidazolones 2.60 and 5.13 displayed reasonable activity, the alternate hybrid 

compound 5.1 was identified as the more active Akt inhibitor, with higher potencies against 

the Akt forms it was tested against, the best overall rate of covalent bond formation against 

wild-type Akt1 and the highest antiproliferative activity against all of the cell lines used in the 

cellular assays.  The results from evaluating these hybrids identified the borussertib 2.65 

western and eastern scaffolds as superior for Akt inhibition, with our main scaffolds, as seen 

in compound 2.63, unfortunately not capable of the same level of Akt inhibition. 

7.3 Conclusion 

With this project, three novel type VI Akt inhibitors were identified. The most potent of these 

was compound 5.1, with it displaying the best overall rate of covalent bond formation with 

wild-type Akt1 and the best Akt inhibitory activity and antiproliferative activity in the 

biochemical and cellular assays, respectively. This compound has the same western scaffold as 

our collaborator’s potent borussertib 2.65 and its eastern scaffold is from our previously 

synthesised irreversible inhibitor 2.63. 

A number of target compounds were therefore successfully synthesised and evaluated, building 

on the SAR knowledge of these inhibitors. It is hoped that the additional information on this 

potentially important class of inhibitors will be utilised for the design of future generations of 

irreversible Akt inhibitors with improved properties. 
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Chapter 8 Future work 

8.1 Recent literature 

Apart from utilising the results of our own project for the planning of future work, valuable 

insights could also be gained from the recently published work by our collaborators, wherein 

Uhlenbrock et al. reported their synthesis and evaluation of a set of inhibitors with excellent 

biochemical and cellular activity (Figure 8.1, Table 8.1).1 Apart from their outstanding activity, 

these compounds also displayed selectivity for the three Akt isoforms over other kinases and 

were more potent against Akt1 and Akt2 than Akt3.1 

 

Figure 8.1 

A number of the Akt inhibitors synthesised and evaluated by Uhlenbrock et al.1 Some of these compounds were 

introduced in Chapter 6. 

There was limited derivatisation possible on the benzimidazolone scaffold of borussertib 2.65, 

with only three derivatives synthesised.1 N-methylation and chlorination of borussertib 2.65 

afforded compounds 6.1 and 6.6 respectively and their evaluation indicated that small 

substitutions were tolerated, albeit with a slight decrease in Akt inhibition potency.1 They found 

that a longer Michael acceptor (a substituted acrylamide, compound not shown), was less well 

tolerated, leading to a more significant loss in inhibitor potency (IC50 = 18.1 ± 4.9 nM).1 
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Table 8.1 

Results from the biochemical and cellular evaluation of some of the compounds, showing their IC50 values and 

overall rate of covalent bond formation against Akt1 and the antiproliferative activity against cancer cell line 

ZR-75-1.1 For ease of comparison, the entries were put in the order in which they are present in the figure 

above, and not numerical order. The control compounds used were discussed in Chapter 2 and shown again in 

Chapter 6. 

Compound # 

Biochemical evaluation against 

Akt1 

Cellular evaluation against 

ZR-75-1 

IC50 (nM) 
kinact/KI 

(µM-1s-1) 
EC50 (nM) 

Borussertib 2.65 0.8 ± 0.3 0.853 ± 0.038 5 ± 1 

6.1 3.0 ± 0.3 0.190 ± 0.025 2 ± 0 

6.6 1.2 ± 0.3 0.447 ± 0.074 2 ± 0 

6.2 9.1 ± 1.5 0.080 ± 0.008 39 ± 3 

6.3 3.6 ± 0.8 0.202 ± 0.035 11 ± 3 

6.4 126 ± 31 0.013 ± 0.001 116 ± 16 

8.1 192 ± 45 0.004 ± 0.001 384 ± 62 

Capivasertib 2.4 0.9 ± 0.1 * 191 ± 68 

Ipatasertib 2.5 3.5 ± 0.6 * 219 ± 83 

MK-2206 2.9 10.0 ± 2.1 * 63 ± 21 
*Not determined. 

With limited possibility for further derivatisation of the benzimidazolone scaffold of 

borussertib 2.65, Uhlenbrock et al. modified the eastern benzimidazolone into other scaffolds 

which had further options for derivatisation.1 First, they opened the benzimidazolone ring to 

afford the more flexible and elongated phenylurea-based compound 6.2.1 This compound 

displayed a drop in activity, but still displayed covalent binding and inhibited Akt1 in the 

nanomolar range.1 Next, they shortened the phenylurea to a phenylamide, as seen in the meta-

acrylamide containing compound 6.3.1 Unlike with the benzimidazolone scaffold, this scaffold 

was amenable to a number of derivatisations, with the ortho- and para-acrylamides also 

synthesised, but not shown here.1 These compounds displayed nanomolar IC50 values and 

followed the same trend as our regioisomeric set, compounds 2.62 to 2.64, with the 

meta-acrylamide the most potent and the para-acrylamide the least potent.1 This supports that 

the orientation of the warhead towards the targeted cysteines plays an important role in covalent 

bond formation, with the bond occurring preferentially with the warhead in the ortho or meta 

positions.1 The piperazine-based compound 6.4 was also synthesised and evaluated and 
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displayed greatly reduced activity compared to the longer phenylamides such as 

compound 6.3.1 This is similar to the reduced activity displayed by our shortened 

compound 2.69, when compared to compounds 2.62 to 2.64.1 Finally, the carbonyl was 

removed from the phenylamide of compound 6.3, affording the benzylamine-based 

compound 8.1 with a further increase in flexibility.1 Unfortunately this led to a significant 

reduction in activity, potentially ascribable to the loss of structural integrity.1 

As stated in Chapter 6, our collaborators obtained five co-crystal structures of Akt1 with their 

inhibitors (including borussertib 2.65).1 In these structures, three inhibitors bind to Cys296 

(borussertib 2.65 and compounds 6.3 and 6.4), while two bind to Cys310 (compounds 6.1 and 

6.2).1 They found that, depending on which cysteine is targeted, the ligands have a different 

interaction profile within the binding pocket.1 In essence, the molecules with shortened 

molecule length, such as borussertib 2.65, covalently modify Cys296, while those molecules 

with an extended, or so-called longer structure, are shifted in the binding pocket, compared to 

borussertib 2.65, and target Cys310.1 Analysis of compound 6.2 by ESI-MS/MS after tryptic 

digest found it to covalently modify both cysteine target residues, Cys296 and Cys310, the 

same as was originally found with borussertib 2.65.1,2 Regardless of which cysteine is targeted 

in the crystal structure, these inhibitors therefore covalently modify both residues, not just the 

one or the other.1 Uhlenbrock et al. also conducted molecular dynamics simulations to help 

explain this, with their results explaining that for some inhibitors, Cys296 is closer, and 

therefore more preferred, while for others, Cys310 is closer, but overall both cysteine target 

residues are typically within reasonable binding distance.1 The results from the molecular 

dynamics simulations corresponded with what was observed in the corresponding crystal 

structures.1 

Uhlenbrock et al. therefore identified a number of new covalent scaffolds, some more 

successful than others, and with further evaluation compounds 6.3 and 6.6 were identified as 

potent inhibitor candidates, having good enzyme potency, high cellular activity and improved 

microsomal stability over borussertib 2.65.1 

8.2 Potential future work 

8.2.1 Modifying the eastern scaffold 

With the newly identified eastern scaffold alternatives from our collaborators, these can be 

explored with our western scaffold, for example by targeting another hybrid potential inhibitor 
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such as compound 8.2 (Figure 8.2), with the eastern scaffold from their promising inhibitor 6.3 

and the western scaffold from our previous inhibitors.1 This compound is very similar to 

previously synthesised Akt inhibitor 2.63, but with an amide functionality instead of the 

triazole moiety. This phenylamide eastern scaffold might potentially be a better fit with our 

western side than the original triazole eastern scaffold and can also aid in building on the SAR 

knowledge of these inhibitors. It could also be of value to compare the activity of this target 

compound with previously synthesised inhibitors, both by us and our collaborators, such as 

inhibitors 2.63 and 6.3 and potential clinical trial candidate borussertib 2.65. If this compound 

proves potent, a number of substituents can also be introduced on the eastern scaffold, varying 

them both in type (small hydrocarbon chains, halogens or others) and position. 

 

Figure 8.2 

The first potential target compound 8.2, a hybrid between compounds 2.63 and 6.3. 

8.2.2 Modifying the western scaffold 

It would also be interesting to revisit the potential of the methyl effect by obtaining a better 

SAR understanding of the methyl groups as added to compounds 4.1 to 4.5. With 

benzimidazolone compounds 2.60 and 5.13 more active than triazole regioisomers 2.62 to 

2.64, against both the protein and the cell lines, it was decided that the benzimidazolone moiety 

could be a better eastern scaffold to explore the effects of the methyl substitutions on the 

western scaffold with. These potential target compounds are expected to have sufficient 

inhibitory activity against Akt to provide high quality dose-response curves, irrespective of the 

potential of poor solubility. As compound 2.60 is overall more potent than the chlorinated 5.13, 

this eastern scaffold is preferred, affording potential target compounds 8.3 to 8.5 (Figure 8.3), 

each with a methyl group on the western scaffold such as is found in compounds 4.1 to 4.5. 
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Figure 8.3 

The potential target compounds with methylated western scaffolds and the eastern scaffold from 

compound 2.60. 

Apart from the minor changes above, a different scaffold can also be introduced, moving away 

from the current western scaffold. As introduced earlier, Kettle and co-workers reported on a 

number of diverse heterocyclic scaffolds, including the imidazopyridine scaffold 2.49 used 

during our project (Figure 8.4).3 This includes pyridine analogue 2.51 which is similar to the 

western scaffold from borussertib 2.65, but with a somewhat smaller western portion with one 

fewer ring.3 While naphthyridine 2.50 was the most potent inhibitor investigated by Kettle and 

co-workers, pyridine analogue 2.51 had the highest bioavailability in rat and was deemed a 

better potential western scaffold due to the solubility issues of our previous inhibitors.3 

 

Figure 8.4 

The heterocyclic scaffolds of Akt inhibitors as reported by Kettle and co-workers.3 
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The pyridine analogue 2.51 can potentially be used as western scaffold and attached to the 

eastern scaffolds from irreversible Akt inhibitors 2.63 and 2.60 to afford potential target 

compounds 8.6 and 8.7 (Figure 8.5). The activities of these inhibitors would be interesting to 

compare with our previous inhibitors, especially compounds 2.63 and 2.60, and 

borussertib 2.65. It would be especially interesting to compare the activities of compound 8.7 

and borussertib 2.65 to determine the effect of the slightly altered western portion. 

 

Figure 8.5 

The potential target compounds with the pyridine analogue from literature as western scaffold. 

The co-crystal structure with PDB accession code 3O96 was also utilised to identify a novel 

western scaffold which could also be explored.4 This potential scaffold is based on the 

imidazopyridine scaffold 2.49, but the imidazopyridine moiety is replaced by an indole moiety. 

This indole-containing western scaffold was combined with the eastern scaffold from 

irreversible Akt inhibitor 2.63 to afford potential target compound 8.8 (Figure 8.6), which 

modelled favourably in the allosteric pocket of Akt1.4 The aniline in the 5-position is available 

for hydrogen bonding to Ser205, while the methylamine of the indole nitrogen fits into an 

available pocket.4 This scaffold could also be used with the benzimidazolone eastern scaffold 

from compound 2.60 and borussertib 2.65, to afford potential target compound 8.9 (Figure 

8.6). 
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Figure 8.6 

Two potential target compounds with an indole-containing western scaffold reminiscent of the imidazopyridine 

scaffold used during our project. 

8.2.3 Further investigations 

If any of these future compounds are found to display adequate biochemical and cellular 

activity, the next step would be to investigate their usability as a drug compound by 

determining their ADMET (absorption, distribution, metabolism, excretion, and toxicity) 

profile, and also their potential off-target activity against hERG. This would help determine 

the usability of these compounds as potential chemotherapeutic agents and give an indication 

of whether they should be studied further, or not. 

8.3 Conclusion 

Further elaborating our library of novel Akt inhibitors would both be interesting and useful, 

with the synthesis and subsequent evaluation of some or all of these potential target compounds 

aiding in expanding the SAR knowledge of these inhibitors and potentially bringing the 

research community closer to the design and synthesis of another clinical trial candidate. 
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Chapter 9 Experimental 

9.1 General information 

The chemicals used in South Africa were purchased from Sigma-Aldrich or Merck or obtained 

from the De Beers Building chemical stores. Chemicals used during the time in Germany were 

predominantly acquired from VWR and Sigma-Aldrich. Tetrahydrofuran and toluene were 

distilled under nitrogen from sodium (benzophenone was added to the tetrahydrofuran as an 

indicator). Dichloromethane and acetonitrile were distilled under nitrogen from calcium 

hydride. Triethylamine was distilled under nitrogen from potassium hydroxide. Other reaction 

solvents were dried over the appropriate size activated molecular sieves.1 Ethyl acetate, hexane 

and dichloromethane, used for column chromatography, were acquired in bulk and distilled 

before use. The same applies for the acetone used for washing glassware. Distilled water was 

used for work-up and as reaction solvent. If necessary, reagents were purified prior to use, 

making use of literature procedures.  

Reactions were performed in anhydrous conditions with a positive pressure of nitrogen, unless 

water was used as solvent. Glassware was dried by heating whilst under a positive nitrogen 

pressure or by placing it in an oven at 80 °C for a minimum of four hours, but generally 

overnight. Heating of reaction mixtures was accomplished by placing the reaction vial in a 

paraffin oil bath, which was heated at the correct temperature. Solvents were removed in vacuo, 

using a rotary evaporator, followed by removal of trace amounts of remaining solvent using a 

high vacuum pump at approximately 0.08 mm Hg. 

TLC was performed using Macherey-Nagel ALUGRAM® Xtra SIL G UV254 aluminium 

sheets. Visualisation of the plates was achieved using a 254 nm UV light or with stains 

appropriate to the compounds, including p-anisaldehyde, vanillin, ninhydrin, iodine and 

potassium permanganate. 

In certain cases when CuI and DMAP were used, the catalytic amounts needed were too small 

for weighing with the laboratory balances and quantitatively transferring the weighed material 

to the reaction mixture (with a large portion of the small amount usually remaining on the 

weighing paper or in the polytop used). In these cases, a small spatula tip of catalyst was added, 

and the reaction was monitored by TLC, with more catalyst added if needed. 
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Unless otherwise stated, column chromatography was performed under gravity using Sigma 

silica gel 60 (0.063 – 0.200 mm mesh particle size, 60 Å). Solvents used included different 

combinations of ethyl acetate, hexane (or petroleum ether), dichloromethane, methanol and 

triethylamine. In some cases, column chromatography was performed with a CombiFlash 

Rf200 UV/Vis system using Sigma silica gel 60 (0.220 – 0.440 mm mesh particle size, 60 Å). 

For this system, only ethyl acetate and hexane were used. 

NMR spectra (1H, 13C, COSY, NOESY, TOCSY, DEPT, HSQC and HMBC) were recorded 

on either one of three instruments; a 300 MHz Varian VNMRS (75 MHz for 13C), a 400 MHz 

Varian Unity Inova (101 MHz for 13C) or a 600 MHz Varian Unity Inova (151 MHz for 13C). 

All spectra were obtained at 25 °C. Chemical shifts (δ) are reported in ppm and J-values are 

given in Hz. For samples with CDCl3 as solvent, referencing was done with the residual solvent 

peak, unless it was masked by compound peaks and TMS was present, then TMS was used. 

For DMSO-d6 and MeOD-d4 samples, the residual solvent peaks were used as reference. In 

certain cases, CDCl3 was used as the main solvent and MeOD-d4 as an additive to aid in 

dissolving the sample (0.6 mL CDCl3 with ~ 0.05 – 0.20 mL MeOD-d4 added). This will be 

indicated in the characterisation. In certain spectra the signals for EtOAc was visible even after 

the sample was deemed sufficiently dried. This will also be indicated at the characterisation of 

the relevant compounds. Where 2D NMR spectroscopic data was available, 1H and 13C signals 

were assigned by utilising this data. 

HRMS and purity determination was performed on a Waters SYNAPT G2 mass spectrometer. 

LC-MS analyses in Germany were performed on an Agilent 1200 Series mass spectrometer. 

Infrared spectra were recorded on Thermo Nicolet Nexus 470 FT-IR, Thermo Nicolet Avatar 

330 FT-IR and Thermo Nicolet iS10 FT-IR spectrometers, using the Attenuated Total 

Reflectance (ATR) mode for all three of these. Melting points were obtained using Gallenkamp 

and Lasany Melting Point Apparatuses. 

Biochemical evaluation of target compounds was carried out at the Technical University of 

Dortmund by PhD candidate Jörn Weisner, under supervision of Prof. Daniel Rauh. 

The experimental work below has been placed in the order that they were discussed in the 

previous chapters, loosely following chronological order. 
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9.2 Experimental work pertaining to Chapter 3 

9.2.1 2-(4-Bromophenyl)imidazo[1,2-a]pyridine – 3.9 

A 100 mL three-neck round-bottomed flask was charged with 2,4’-dibromoacetophenone 3.11 

(6.08 g, 21.9 mmol), 2-aminopyridine 3.10 (1.1 equiv, 2.31 g, 24.5 mmol) and degassed 

acetone (45 mL). The reaction mixture was heated at 80 °C for 3 h. Additional acetone (20 mL) 

was added during this time. The reaction mixture was subsequently allowed to cool to RT and 

transferred to a 250 mL round-bottomed flask. The solvent was removed in vacuo and 

48% aqueous HBr (45 mL) and MeOH (90 mL) were added. The reaction mixture was heated 

at 80 °C for 1 h after which it was cooled to 0 °C by means of an ice bath. The resulting white 

precipitate was filtered through a sinter funnel, washed with H2O and dried under vacuum to 

afford the crude title compound 3.9 (5.69 g, 20.8 mmol, 95%) (Rf = 0.36, 40% EtOAc/Hexane) 

as a white solid with no further purification required. 

This reaction was done a total of four times with an average yield of 90%. 

1H NMR (300 MHz, CDCl3&MeOD-d4) δ 8.07 (app. dt, ddd, J = 

6.8, 1.2, 1.1 Hz, 1H, H8), 7.79 (d, J = 0.9 Hz, 1H, H7), 7.77 – 7.68 

(m, 2H, H3), 7.55 (app. dq, dddd, J = 9.2, 1.1, 1.1, 0.9 Hz, 1H, H11), 

7.56 – 7.44 (m, 2H, H2), 7.16 (ddd, J = 9.2, 6.8, 1.2 Hz, 1H, H10), 

6.76 (app. td, ddd, J = 6.8, 6.8, 1.1 Hz, 1H, H9).  
13C NMR (75 MHz, 

CDCl3&MeOD-d4) δ 145.7, 144.4, 132.4, 131.9, 127.6, 125.8, 125.5, 122.1, 117.1, 112.9, 

108.5. The spectra corresponded to that published in the literature, taking into account slight 

changes in chemical shift from the presence of a small amount of MeOD-d4.
2 

9.2.2 4-(Imidazo[1,2-a]pyridin-2-yl)benzonitrile – 3.8 

9.2.2.1 A: The original cyanation procedure  

A 10 – 20 mL microwave vial was charged with 2-(4-bromophenyl)imidazo[1,2-a]pyridine 3.9 

(1.01 g, 3.71 mmol), CuCN (1.5 equiv, 0.500 g, 5.58 mmol) and degassed DMF (12 mL). The 

vial was placed in the microwave reactor and heated at 160 °C for 30 min to dissolve its 

contents. The reaction mixture was then heated at 200 °C for 4 h after which it was allowed to 

cool to RT and diluted with ethylenediamine (5 mL) and H2O (20 mL). Extraction was done 

with DCM (10 × 50 mL) and the combined organic layers were dried over anhydrous MgSO4 

and filtered. The solvent was removed in vacuo and the dark brown crude material was purified 
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by column chromatography (50% EtOAc/Hexane with 1% Et3N) to afford the still impure title 

compound 3.8 (0.786 g). The crude material was purified by a further round of column 

chromatography (50% EtOAc/Hexane with 1% Et3N) to afford the title compound 3.8 

(0.498 g, 2.27 mmol, 61%) (Rf = 0.32, 40% EtOAc/Hexane) as a pale yellow solid. 

This reaction was done a total of 19 times with an average yield of 51%. 

IR (ATR, cm-1): 3 039 (m), 2 360 (CO2, s), 2 219 (C≡N str, s), 

2 150, 1 605 (m), 1 503 (w), 1 477 (m), 1 411 (w), 1 373 (C-N str, 

m), 1 353 (w), 1 249 (m), 843 (para-substituted C-H oop bend, s), 

756 (s), 709 (s). 1H NMR (300 MHz, CDCl3) δ 8.11 (app. dt, ddd, 

J = 6.8, 1.2, 1.2 Hz, 1H, H8), 8.10 – 7.95 (m, 2H, H3), 7.91 (d, J = 

0.7 Hz, 1H, H7), 7.73 – 7.62 (m, 2H, H2), 7.61 (app. dq, dddd, J = 9.2, 1.2, 1.2, 0.7 Hz, 1H, 

H11), 7.20 (ddd, J = 9.2, 6.8, 1.2 Hz, 1H, H10), 6.80 (app. td, ddd, J = 6.8, 6.8, 1.2 Hz, 1H, H9).  

13C NMR (75 MHz, CDCl3) δ 146.0, 143.7, 138.4, 132.6 (C2), 126.4 (C3), 125.9 (C8), 125.6 

(C10), 119.1, 117.9 (C11), 113.1 (C9), 111.1, 109.6 (C7). NMR spectra roughly corresponded to 

that published in the literature, but with some deviations in chemical shift.3 An IR spectrum 

was obtained as surety that the title compound was obtained, with the C≡N stretch clearly 

visible at 2 219 cm-1. 

Atom 

# 

13C shift 

(ppm) 

1H shift (ppm) COSY (ppm) 

1 * - - 

2 132.6 7.67 [7.73 – 7.62], m, 2H 8.01 (3) 

3 126.4 8.01 [8.10 – 7.95], m, 2H 7.67 (2) 

4 * - - 

6 * - - 

7 109.6 7.91, d, J = 0.7 Hz, 1H - 

8 125.9 8.11, app. dt, ddd, J = 6.8, 1.2, 

1.2 Hz, 1H 

6.80 (9), 7.20 (10), 7.61 (11) 

9 113.1 6.80, app. td, ddd, J = 6.8, 6.8, 

1.2 Hz, 1H 

8.11 (8), 7.20 (10), 7.61 (11) 

10 125.6 7.20, ddd, J = 9.2, 6.8, 1.2 Hz, 

1H 

8.11 (8), 6.80 (9), 7.61 (11)  

11 117.9 7.61, app. dq, dddd, J = 9.2, 1.2, 

1.2, 0.7 Hz, 1H 

8.11 (8), 6.80 (9), 7.20 (10) 

11a * - - 

16 * - - 
*13C signal unassigned. 
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9.2.2.2 B: The other cyanation procedures attempted (all unsuccessful) 

9.2.2.2.1 Following a procedure by Dalton and Regen4 

A 50 mL two-neck round-bottomed flask was charged with Pd(PPh3)4 (20 mol%, 0.128 g, 

0.111 mmol). NaCN (5.1 equiv, 0.41 g, 2.8 mmol) and Al2O3 (1.3 equiv, 0.072 g, 0.70 mmol) 

were crushed in a mortar and pestle and added to the Pd(PPh3)4. 

2-(4-Bromophenyl)imidazo[1,2-a]pyridine 3.9 (0.151 g, 0.551 mmol) and toluene (5.5 mL) 

were also added to the flask and the yellow reaction mixture was heated at 80 °C for 4 d. More 

toluene (4 mL) and Pd(PPh3)4 (~10 mol%) were added during this time. Monitoring by TLC 

indicated no product formation. More Pd(PPh3)4 (~10 mol%) and DMF (2 mL) were added and 

the mixture was heated at 100 °C for 7 d. TLC showed no indication of product formation 

during this time. The reaction mixture was allowed to cool to RT and diluted with 

ethylenediamine (5 mL) and H2O (20 mL). Extraction was done with DCM (3 × 75 mL) and 

the combined organic layers were dried over anhydrous MgSO4 and filtered. The solvent was 

removed in vacuo and the crude material was set aside for recovery of starting material. 

9.2.2.2.2 Following a procedure by Togo and colleagues5 

A 50 mL two-neck round-bottomed flask was charged with 2-(4-bromophenyl)-

imidazo[1,2-a]pyridine 3.9 (0.101 g, 0.371 mmol) and Mg turnings (1.9 equiv, 18 mg, 

0.72 mmol) and then evacuated and backfilled with N2. THF (1.5 mL) was added to the flask 

and the flask was again evacuated and backfilled with N2. The milky white reaction mixture 

was stirred at RT for 3.5 h and heated at 50 °C for 15 min after which it was allowed to cool to 

RT, diluted with DCM, filtered through Celite and set aside for recovery of starting material. 

9.2.2.2.3 Following a procedure by Anderson and colleagues6 

A 50 mL two-neck round-bottomed flask was charged with 2-(4-bromophenyl)-

imidazo[1,2-a]pyridine 3.9 (0.102 g, 0.375 mmol), KCN (2.1 equiv, 0.052 g, 0.80 mmol), 

Pd(PPh3)4 (6 mol%, 24 mg, 0.021 mmol) and CuI (10 mol%, 7 mg, 0.04 mmol) and evacuated 

and backfilled with N2. MeCN (1.5 mL) was added and the reaction mixture was heated at 

90 °C for 7 d with additional MeCN (2 mL) added after the first 3 h. The mixture was then 

allowed to cool to RT, diluted with DCM, filtered through Celite and set aside for recovery of 

starting material. 
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9.2.2.2.4 Following a procedure by Yamagishi et al.7 

A 50 mL two-neck round-bottomed flask was charged with 2-(4-bromophenyl)-

imidazo[1,2-a]pyridine 3.9 (0.110 g, 0.402 mmol), Zn(CN)2 (0.9 equiv, 0.044 g, 0.37 mmol), 

and Pd(PPh3)4 (10 mol%, 0.045 g, 0.039 mmol) and evacuated and backfilled with N2. 

Degassed DMF (2.2 mL) was added and it was heated at 80 °C for 3 d. TLC showed no 

formation of product and the mixture was allowed to cool to RT and discarded. 

9.2.2.2.5 Following a procedure by Alcaraz et al.8 

A 10 mL microwave vial was charged with 2-(4-bromophenyl)imidazo[1,2-a]pyridine 3.9 

(1.01 g, 3.69 mmol), Zn(CN)2 (1.2 equiv, 0.504 g, 4.29 mmol), Pd(PPh3)4 (2.5 mol%, 0.107 g, 

0.922 mmol) and NMP (9.5 mL). The contents were stirred under N2 for the starting material 

to dissolve. The vial was then placed in the microwave reactor and its contents heated at 160 °C 

for 3.5 h and 180 °C for 120 min. The reaction mixture was then heated at 130 °C, by 

conventional means, for a further 6 d after which it was allowed to cool to RT and diluted with 

ethylenediamine (5 mL) and H2O (20 mL). Extraction was done with DCM (4 × 100 mL) and 

the combined organic layers were washed with brine (150 mL), dried over anhydrous MgSO4 

and filtered. The solvent was removed in vacuo and the crude material was discarded. 

9.2.2.3 C: Synthesis of the title compound, circumventing the cyanation reaction 

A 50 mL two-neck round-bottomed flask was charged with 2-bromo-

4’-cyanoacetophenone 3.16 (0.501 g, 2.24 mmol), 2-aminopyridine 3.10 (1.0 equiv, 0.214 g, 

2.27 mmol), EtOH (4.5 mL) and NaHCO3 (1.1 equiv, 0.207 g, 2.46 mmol). The yellow 

reaction mixture was heated at 75 °C for 17 h and turned orange over time. The mixture was 

then allowed to cool to RT, diluted with H2O (125 mL) and extracted with DCM (3 × 100 mL). 

The combined organic layers were dried over MgSO4 and filtered. The solvent was removed 

in vacuo to afford the title compound 3.8 (0.487 g, 2.22 mmol, 98%) (Rf = 0.32, 

40% EtOAc/Hexane) as a yellow solid with no further purification required. 

This reaction was done a total of eight times with an average yield of 93%. 

The 1H NMR spectrum matched that of the previous synthesis of this compound. 
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9.2.3 4-(3-Bromoimidazo[1,2-a]pyridin-2-yl)benzonitrile – 3.6 

9.2.3.1 A: Bromination with N-bromosuccinimide 

A 50 mL round-bottomed flask was charged with 4-(imidazo[1,2-a]pyridin-2-yl)-

benzonitrile 3.8 (0.203 g, 0.925 mmol) and MeCN (2 mL). NBS (2.0 equiv, 0.330 g, 

1.85 mmol) was dissolved in MeCN (5 mL) and added to the reaction flask in three portions, 

with the formation of a precipitate. The reaction mixture was stirred at RT for 10 min and the 

solvent was removed in vacuo to yield a yellow solid which was diluted with saturated aqueous 

NaHCO3 (50 mL) and extracted with DCM (4 × 50 mL). The combined organic layers were 

dried over MgSO4, filtered and concentrated in vacuo. The yellow crude material was purified 

by column chromatography (30% EtOAc/Hexane) to afford the still impure title compound 3.6 

(0.312 g). The material was taken up in DCM (75 mL), washed with aqueous Na2S2O3 

(3 × 50 mL) and concentrated in vacuo after which it was purified by a second round of column 

chromatography (30% EtOAc/Hexane) to afford the title compound 3.6 (0.181 g, 0.608 mmol, 

66%) (Rf = 0.47, 40% EtOAc/Hexane) as an off-white solid. 

This reaction was done a total of six times with an average yield of 58%. 

Decompn. 198–202 °C. IR (ATR, cm-1): 3 613 (w), 3 072 (w), 

2 365 (CO2, m), 2 225 (C≡N str, m), 1 633 (w), 1 608 (m), 1 499 

(w), 1 477 (w), 1 349 (C-N str, m), 1 303 (w), 1 237 (w), 1 145 (w), 

984 (w), 862 (w), 839 (s), 750 (s), 733 (m). 1H NMR (300 MHz, 

CDCl3) δ 8.35 – 8.25 (m, 2H, H3), 8.31 – 8.17 (m, 1H, H8), 7.82 – 

7.72 (m, 2H, H2), 7.68 (app. dt, ddd, J = 9.1, 1.0, 1.0 Hz, 1H, H11), 7.34 (ddd, J = 9.1, 6.8, 1.3, 

Hz, 1H, H10), 7.01 (app. td, ddd, J = 6.8, 6.8, 1.0 Hz, 1H, H9).  
13C NMR (101 MHz, CDCl3) 

δ 145.8, 140.6, 137.5, 132.4, 128.2, 126.0, 124.2, 119.0, 118.0, 113.8, 111.7, 93.1. HRMS 

(TOF MS ESI+): m/z calcd for C14H9BrN3
+ [M+H]+, 297.9980, found 297.9978, error 

0.7 ppm. 

9.2.3.2 B: Bromination with bromine in acetic acid 

A 25 mL two-neck round-bottomed flask was charged with 4-(imidazo[1,2-a]pyridin-2-yl)-

benzonitrile 3.8 (0.103 g, 0.468 mmol), AcOH (2.7 mL) and Br2 (1 equiv, 0.03 mL, 0.1 g, 

0.6 mmol). The yellow reaction mixture was stirred at RT for 2 h after which it was filtered 

through a sinter funnel, washed with AcOH and diluted with H2O. The mixture was then 

basified with aqueous NH4OH and an orange precipitate formed. The precipitate was collected 
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by filtration to afford the crude title compound 3.6 (0.061 g, 0.20 mmol, 44%) (Rf = 0.47, 

40% EtOAc/Hexane) as an orange solid. 

The 1H NMR spectrum matched the spectrum described above. 

9.2.3.3 C: Bromination with bromine in chlorinated solvents 

A 50 mL two-neck round-bottomed flask was charged with 4-(imidazo[1,2-a]pyridin-2-yl)-

benzonitrile 3.8 (0.521 g, 2.37 mmol) and DCM (8 mL) and cooled to 0 °C by means of an ice 

bath. Br2 (1.1 equiv, 0.13 mL, 0.41 g, 2.5 mmol) was dissolved in DCM (8 mL) and also cooled 

to 0 °C. This was then slowly added to the reaction flask over 1 h while keeping both at 0 °C. 

A yellow precipitate formed during the addition of Br2 and the reaction was complete after an 

additional 30 min at 0 °C. The yellow precipitate was filtered through a sinter funnel and 

washed with cold hexane. The precipitate was suspended in DCM (150 mL), cooled to 0 °C 

and basified with the slow addition of aqueous NaOH until the pH was between 8 and 10 as 

shown by universal indicator paper. The two layers were separated, and the aqueous layer was 

washed with DCM (2 × 50 mL). The combined organic layers were dried over MgSO4, filtered 

and the solvent was removed in vacuo afford the crude title compound 3.6 (0.588 g, 1.97 mmol, 

83%) (Rf = 0.47, 40% EtOAc/Hexane) as a pale-yellow solid which did not require further 

purification. 

This reaction was done a total of 16 times with an average yield of 84%. 

The 1H NMR spectrum matched that of the previous synthesis of this compound. 

9.2.4 4-(3-Phenylimidazo[1,2-a]pyridin-2-yl)benzonitrile – 3.5 

A Schlenk tube was charged with 4-(3-bromoimidazo[1,2-a]pyridin-2-yl)benzonitrile 3.6 

(0.314 g, 1.05 mmol), phenylboronic acid 3.7 (1.2 equiv, 0.159 g, 1.30 mmol), K2CO3 

(2.4 equiv, 0.356 g, 2.57 mmol) and Pd(PPh3)4 (5 mol%, 0.063 g, 0.54 mmol) and then 

evacuated and backfilled with N2. Degassed 1,4-dioxane (2 mL) and H2O (1 mL) were added 

and the flask was again evacuated and backfilled with N2. The reaction mixture was heated at 

110 °C for 2.5 h and thereafter allowed to cool to RT. The clear yellow reaction mixture was 

diluted with H2O (75 mL) and extracted with DCM (6 × 75 mL). The combined organic layers 

were dried over MgSO4 and filtered, and the solvent was removed in vacuo. The crude material 

was purified by column chromatography (20% EtOAc/Hexane) to afford the title 

compound 3.5 (0.245 g, 0.830 mmol, 79%) (Rf = 0.41, 40% EtOAc/Hexane) as an off-white 

solid. 
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This reaction was done a total of 18 times with an average yield of 78%. 

Mp 178–180 °C. IR (ATR, cm-1): 2 221 (C≡N str, s), 1 604 (m), 

1 506 (w), 1 469 (w), 1 440 (w), 1 380 (w), 1 344 (C-N str, s), 

1 272 (w), 1 234 (w), 1 106 (w), 965 (w), 848 (para-substituted 

C-H oop bend, s), 760 (w), 750 (monosubstituted C-H oop bend, 

s), 734 (s), 699 (monosubstituted C-H oop bend, m). 1H NMR (300 

MHz, CDCl3) δ 7.92 (app. dt, ddd, J = 6.9, 1.2, 1.2 Hz, 1H, H8), 

7.85 – 7.72 (m, 2H, H3), 7.68 (app. dt, ddd, J = 9.1, 1.2, 1.2 Hz, 1H, H11), 7.64 – 7.48 (m, 5H, 

H13,14&15), 7.53 – 7.35 (m, 2H, H2), 7.24 (ddd, J = 9.1, 6.7, 1.2 Hz, 1H, H10), 6.77 (app. td, ddd, 

J = 6.9, 6.7, 1.2 Hz, 1H, H9).  
13C NMR (101 MHz, CDCl3) δ 145.1, 140.3, 138.9, 132.2, 

130.7, 130.0, 129.7, 129.2, 128.3, 125.6, 123.6, 122.7, 119.2, 117.8, 113.0, 110.8. HRMS 

(TOF MS ESI+): m/z calcd for C20H14N3
+ [M+H]+, 296.1188, found 296.1180, error 2.7 ppm. 

9.2.5 4-(3-Phenylimidazo[1,2-a]pyridin-2-yl)benzaldehyde – 3.3 

A 25 mL two-neck round-bottomed flask was charged with 

4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzonitrile 3.5 (0.420 g, 1.42 mmol), formic acid 

(7 mL) and RaNi. The reaction mixture was degassed for 5 min and then heated at 90 °C for 

2.5 h, after which it was allowed to cool to RT and saturated aqueous NaHCO3 (200 mL) was 

added until the pH was over 7 as shown by universal indicator paper. The mixture was filtered 

through Celite and extraction was done with EtOAc (4 × 100 mL). The combined organic 

layers were dried over MgSO4, filtered and the solvent was removed in vacuo. The yellow 

crude material was purified by column chromatography (40% EtOAc/Hexane) to afford the 

title compound 3.3 (0.270 g, 0.905 mmol, 64%) (Rf = 0.32, 40% EtOAc/Hexane) as a yellow 

solid. 

This reaction was done a total of 17 times with an average yield of 66%. 

Mp 138–141 °C. IR (ATR, cm-1): 3 062 (m), 2 829 (w), 2 740 (m), 

1 686 (C=O str, s), 1 633 (w), 1 604 (s), 1 570 (m), 1 504 (m), 1 444 

(m), 1 419 (w), 1 385 (w), 1 362 (w), 1 340 (m), 1 302 (m), 1 236 

(m), 1 212 (s), 1 168 (m), 1 105 (w), 843 (para-substituted C-H oop 

bend,), 823 (m), 753 (monosubstituted C-H oop bend, s), 744, 702 

(monosubstituted C-H oop bend,), 686 (w). 1H NMR (300 MHz, 

CDCl3) δ 9.97 (s, 1H, H16), 7.94 (app. dt, ddd, J = 6.9, 1.2, 1.2 Hz, 1H, H8), 7.87 – 7.82 (m, 

2H, H2/3), 7.82 – 7.76 (m, 2H, H2/3), 7.71 (app. dt, ddd, J = 9.1, 1.2, 1.2 Hz, 1H, H11), 7.65 – 
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7.49 (m, 3H, H13/14&15), 7.54 – 7.37 (m, 2H, H13/14), 7.25 (ddd, J = 9.1, 6.8, 1.2 Hz, 1H, H10), 

6.78 (app. td, ddd, J = 6.9, 6.8, 1.2 Hz, 1H, H9). 
13C NMR (151 MHz, CDCl3) δ 192.0 (C16), 

145.1, 140.9, 140.5, 135.3, 130.8, 129.9, 129.9, 129.5, 129.4, 128.4, 125.4, 123.6, 122.7, 117.9, 

112.9. HRMS (TOF MS ESI+): m/z calcd for C20H15N2O
+ [M+H]+, 299.1184, found 

299.1191, error 2.3 ppm. 

9.2.6 tert-Butyl 4-azidopiperidine-1-carboxylate – 3.12 

9.2.6.1 A: Nucleophilic substitution in dimethyl sulfoxide 

A 50 mL two-neck round-bottomed flask was charged with tert-butyl 4-bromopiperidine-

1-carboxylate 3.13 (1.51 g, 5.71 mmol) and DMSO (5 mL). This was followed by stirring at 

RT until the starting material had dissolved. NaN3 (1.2 equiv, 0.461 g, 7.09 mmol) was then 

added and the colourless reaction mixture was stirred at 60 °C for 18 h. The reaction mixture 

was diluted with brine (75 mL) and the product was extracted with EtOAc (8 × 100 mL). The 

combined organic layers were dried over MgSO4, filtered and concentrated in vacuo. The 

resulting crude product was purified by column chromatography (Hexane to 5% to 

20% EtOAc/Hexane) to afford the title compound 3.12 (1.23 g, 5.46 mmol, 96%) (Rf = 0.47, 

10% EtOAc/Hexane) as a colourless oil. 

This reaction was done a total of 13 times with an average yield of 85%. 

1H NMR (600 MHz, CDCl3) δ 3.87 – 3.76 (m, 2H, H18), 3.57 (app. 

tt, dddd, J = 9.0, 9.0, 3.9, 3.9 Hz, 1H, H20), 3.09 (ddd, J = 13.3, 9.4, 

3.4 Hz, 2H, H18), 1.90 – 1.81 (m, 2H, H19), 1.60 – 1.50 (m, 2H, H19), 

1.46 (s, 9H, H40). The 1H NMR spectrum matched our previously 

published work.9 

9.2.6.2 B: Nucleophilic substitution in acetone and water (unsuccessful) 

A 50 mL two-neck round-bottomed flask was charged with H2O (1.9 mL), acetone (5.7 mL) 

and tert-butyl 4-bromopiperidine-1-carboxylate 3.13 (0.499 g, 1.89 mmol). The mixture was 

stirred at RT until the starting material had dissolved. NaN3 (2.1 equiv, 0.256 g, 3.94 mmol) 

was then added and the colourless reaction mixture was stirred at RT for 2.5 h at 40 °C for a 

further 15 h. The reaction mixture was cooled to RT, diluted with DCM (200 mL) and washed 

with H2O (2 × 50 mL) and brine (50 mL). The organic layer was dried over MgSO4, filtered 

and concentrated in vacuo. The resulting crude material was purified by column 
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chromatography (20% EtOAc/Hexane) to afford the starting material 3.13 (0.470 g, 

1.78 mmol, 94% recovery) as a colourless oil. 

1H NMR (300 MHz, CDCl3) δ 4.33 (app. tt, dddd, J = 7.7, 7.7, 3.8, 

3.8 Hz, 1H, H20), 3.67 (ddd, J = 13.6, 7.0, 3.8 Hz, 2H, H18), 3.30 (ddd, 

J = 13.6, 7.7, 3.7 Hz, 2H, H18), 2.15 – 2.01 (m, 2H, H19), 1.99 – 1.85 

(m, 2H, H19), 1.45 (s, 9H, H40). The 1H NMR spectrum corresponded 

to literature.10 

9.2.7 4-Azidopiperidine – 3.4 

9.2.7.1 A: Gaining the amine through the trifluoroacetic acid salt 

A 50 mL round-bottomed flask was charged with tert-butyl 4-azidopiperidine-

1-carboxylate 3.12 (0.730 g, 3.23 mmol) and DCM (3.2 mL) and cooled to 0 °C. TFA 

(3.0 equiv, 0.74 mL, 1.1 g, 9.7 mmol) was added dropwise over 1 h and the reaction mixture 

was then stirred at RT for 19 h. Additional TFA (1.5 equiv, 0.37 mL, 0.55 g, 4.8 mmol) was 

added at 0 °C after the first 17 h. Upon completion, MeOH (10 mL) and K2CO3 (5.0 equiv, 

2.25 g, 16.3 mmol) were added to the flask and the mixture was stirred at RT for 30 min. It was 

then filtered through Celite and concentrated in vacuo. DCM (100 mL) was added to this 

material and it was again filtered through Celite and concentrated in vacuo. The Celite was 

washed with CHCl3 (100 mL) and EtOAc (100 mL) and added to the before-concentrated 

material and again concentrated in vacuo. This crude material was dissolved in EtOAc, dried 

over MgSO4, filtered, concentrated in vacuo and purified by column chromatography (DCM 

to 10% MeOH/DCM) to afford the title compound 3.4 (0.278 g, 2.20 mmol, 68%) (Rf = 0.10, 

10% MeOH/DCM) as pale yellow semi-solid. 

This reaction was done a total of five times with an average yield of 50%. 

1H NMR (300 MHz, CDCl3) δ 6.30 (s, 1H, H17), 3.84 (app. tt, dddd, J = 6.7, 

6.7, 3.4, 3.4 Hz, 1H, H20), 3.27 (ddd, J = 12.8, 9.1, 3.6 Hz, 2H, H18), 3.15 – 3.03 

(m, 2H, H18), 2.22 – 2.08 (m, 2H, H19), 1.99 – 1.82 (m, 2H, H19). 
13C NMR (151 

MHz, CDCl3) δ 54.3 (C20), 40.6 (C18), 27.4 (C19). 

9.2.7.2 B: Gaining the amine through the hydrochloric acid salt 

A 50 mL round-bottomed flask was charged with tert-butyl 4-azidopiperidine-

1-carboxylate 3.12 (1.59 g, 7.03 mmol) and 1,4-dioxane (4 mL) and cooled to 0 °C by means 
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of an ice bath. 4.0 M HCl in 1,4-dioxane (4 mL) was slowly added to the flask and the reaction 

mixture was stirred at RT for 21 h. After completion, MeOH (13 mL) and K2CO3 (2.8 equiv, 

2.7 g, 20 mmol) were added and the reaction mixture was stirred at RT for 30 min. The mixture 

was filtered through Celite, washed with DCM (100 mL) and concentrated in vacuo. The crude 

material was purified by column chromatography (DCM to 10% MeOH/DCM) to afford the 

title compound 3.4 (0.447 g, 3.54 mmol, 50%) as a pale yellow solid. 

The 1H NMR spectrum matched that of the previous synthesis of this compound. 

9.2.8 4-Azidopiperidin-1-ium chloride – 3.17 

A 50 mL round-bottomed flask was charged with tert-butyl 4-azidopiperidine-

1-carboxylate 3.12 (0.819 g, 3.62 mmol) and cooled to 0 °C by means of an ice bath. 

1,4-Dioxane (2 mL) and 4.0 M HCl in 1,4-dioxane (2 mL) were added to the flask. The reaction 

mixture was stirred at RT for 24 h and additional 1,4-dioxane (4 mL) was added after the first 

20 h. Following starting material consumption, the solvent was removed in vacuo to afford the 

crude title compound 3.17 (0.580 g, 3.57 mmol, 99%) as a white solid which required no 

further purification. 

This reaction was done four times with an average yield of 99%. 

Mp 97–99 °C. 1H NMR (300 MHz, CDCl3) δ 9.62 (br s, 2H, H17), 3.88 (br 

s, 1H, H20), 3.37 – 3.10 (m, 4H, H18), 2.34 – 2.15 (m, 2H, H19), 2.07 – 1.89 

(m, 2H, H19). The 1H NMR spectrum matched our previously published 

work.9 

9.2.9 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-

3-phenylimidazo[1,2-a]pyridine – 3.1 

9.2.9.1 A: Representative reductive amination procedure 

A 100 mL two-neck round-bottomed flask was charged with 

4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzaldehyde 3.3 (0.401 g, 1.34 mmol), 

4-azidopiperidine 3.4 (1.8 equiv, 0.303 g, 2.40 mmol) and DCE (15 mL). The clear yellow 

reaction mixture was stirred at 60 °C for 2 h, cooled to RT and NaBH(OAc)3 (1.5 equiv, 

0.429 g, 2.02 mmol) was added. It was then stirred at RT for 23 h after which it was diluted 

with brine (100 mL) and extraction was done with DCM (100 mL) and EtOAc (3 × 100 mL). 

The combined organic layers were dried over MgSO4 and filtered. The solvent was removed 
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in vacuo to yield the crude material which was purified by column chromatography (60% to 

80% EtOAc/PE) to afford the title compound 3.1 (0.058 g, 0.14 mmol, 10%) (Rf = 0.12, 

80% EtOAc/Hexane) as a yellow oil. 

1H NMR (600 MHz, CDCl3) δ
 7.94 (app. dt, ddd, J = 6.8, 

1.2, 1.1 Hz, 1H, H8), 7.67 (app. dt, ddd, J = 9.1, 1.2, 1.1 

Hz, 1H, H11), 7.64 – 7.60 (m, 2H, H3), 7.56 – 7.52 (m, 2H, 

H13/14), 7.51 – 7.48 (m, 1H, H15), 7.48 – 7.45 (m, 2H, 

H13/14), 7.23 – 7.20 (m, 2H, H2), 7.20 (ddd, J = 9.1, 6.7, 1.2 

Hz, 1H, H10), 6.73 (app. td, ddd, J = 6.8, 6.7, 1.2 Hz, 1H, 

H9), 3.47 (s, 2H, H16), 3.41 – 3.33 (m, 1H, H20), 2.81 – 2.70 (m, 2H, H18/19), 2.19 – 2.10 (m, 

2H, H18/19), 1.91 – 1.85 (m, 2H, H18/19), 1.70 – 1.61 (m, 2H, H18/19). The 1H NMR spectrum 

matched our previously published work.9 

9.2.9.2 B: The Leuckart-Wallach reaction (unsuccessful) 

A 25 mL two-neck round-bottomed flask was charged with 

4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzaldehyde 3.3 (0.099 g, 0.33 mmol), 

4-azidopiperidine 3.4 (1.5 equiv, 0.063 g, 0.50 mmol), MeCN (5 mL) and 98% formic acid 

(0.25 mL). The flask was fitted with a reflux condenser and the reaction mixture was stirred at 

80 °C for 3 d. The reaction was allowed to cool to RT, diluted with EtOAc (100 mL) and 

quenched with saturated aqueous NaHCO3 (50 mL). The layers were separated, and the 

aqueous layer was extracted with EtOAc (2 × 100 mL). The combined organic layers were 

dried over MgSO4, filtered and concentrated in vacuo to yield the crude material which was 

purified by column chromatography (80% EtOAc/Hexane) to afford the starting material 3.3 

(0.090 g, 0.30 mmol, 91% recovery) as a yellow oil and trace amounts of title compound 3.1 

also as a yellow oil. The 1H NMR spectrum of the title compound 3.1 showed the presence of 

title compound and side-product 3.19. 

IR (ATR, cm-1): 2 926, 2 089, 1 669 (C=O str, s), 1 439, 1 388, 1 344 (C-N 

str, m), 1 240, 1 213, 1 099, 1 021, 753, 700. 1H NMR (300 MHz, CDCl3) δ 

8.02 (s, 1Himp, H16imp), 7.94 (app. dt, ddd, J = 6.9, 1.2, 1.2 Hz, 1H, H8), 7.67 

(app. dt, ddd, J = 9.1, 1.2, 1.2 Hz, 1H, H11), 7.64 – 7.60 (m, 2H, H3), 7.57 – 

7.43 (m, 5H, H13,14&15), 7.26 – 7.16 (m, 3H, H2&10), 6.73 (app. td, ddd, J = 6.9, 6.8, 1.2 Hz, 1H, 

H9), 3.95 – 3.81 (m, 1Himp, H18imp/19imp), 3.74 (app tt, dddd, J = 8.2, 8.2, 3.7, 3.7 Hz, 1Himp, 

H20imp), 3.65 – 3.51 (m, 1Himp, H18imp/19imp), 3.47 (s, 2H, H16), 3.42 – 3.32 (m, 1H, H20), 3.35 – 
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3.16 (m, 2Himp, H18imp/19imp), 2.83 – 2.66 (m, 2H, H18/19), 2.23 – 2.06 (m, 2H, H18/19), 2.00 – 

1.80 (m, 2H&2Himp, H18/19&18imp/19imp), 1.74 – 1.51 (m, 2H&2Himp, H18/19&18imp/19imp). 

9.2.10 [4-(3-Phenylimidazo[1,2-a]pyridin-2-yl)phenyl]methanol – 3.18 

A 50 mL round-bottomed flask was charged with 4-(3-phenylimidazo[1,2-a]pyridin-2-yl)-

benzaldehyde 3.3 (0.172 g, 0.577 mmol) and MeOH (3 mL). The milky yellow reaction 

mixture was cooled to 0 °C and NaBH4 (2.4 equiv, 0.052 g, 1.4 mmol) was added. The 

resulting clear yellow reaction mixture was left to stir at 0 °C for 30 min after which it was 

allowed to return to RT and was stirred for another 25 min. Upon complete consumption of 

starting material, the solvent was removed in vacuo. H2O (25 mL) was added to the crude 

material and extraction was done using EtOAc (5 × 50 mL). The combined organic layers were 

dried over MgSO4 and filtered. The solvent was removed in vacuo to yield the crude product 

which was purified by column chromatography (60% EtOAc/Hexane) to afford the title 

compound 3.18 (0.140 g, 0.465 mmol, 81%) (Rf = 0.11, 50% EtOAc/Hexane) as a white solid. 

This reaction was done a total of ten times with an average yield of 62%. 

Mp 150–151 °C. IR (ATR, cm-1): 3 179 (O-H str, m), 2 917 (w), 

2 357 (w), 2 174 (w), 2 158 (m), 2 020 (w), 2 002 (w), 1 960 (w), 

1 439 (m), 1 353 (C-N str, m), 1 189 (m), 1 121 (m), 1 189 (s), 

1 121 (m), 1 037 (C-O str, s), 837 (para-substituted C-H oop 

bend, m), 771 (w), 752 (monosubstituted C-H oop bend, s), 721 

(s), 703 (monosubstituted C-H oop bend, m). 1H NMR (300 

MHz, CDCl3) δ 7.95 (app. dt, ddd, J = 6.9, 1.2, 1.2 Hz, 1H, H8), 7.68 (app. dt, ddd, J = 9.1, 

1.2, 1.2 Hz, 1H, H11), 7.62 – 7.51 (m, 2H, H3), 7.57 – 7.37 (m, 5H, H13,14&15), 7.26 – 7.21 (m, 

2H, H2), 7.20 (ddd, J = 9.1, 6.8, 1.2 Hz, 1H, H10), 6.73 (app. td, ddd, J = 6.9, 6.8, 1.2 Hz, 1H, 

H9), 4.65 (s, 2H, H16), 2.76 (br s, 1H, OH). 13C NMR (151 MHz, CDCl3) δ 144.9, 142.2, 140.6, 

133.2, 130.8, 129.9, 129.7, 129.0, 128.4, 127.0, 125.0, 123.4, 121.2, 117.5, 112.5, 65.0 (C16). 

HRMS (TOF MS ESI+): m/z calcd for C20H17N2O
+ [M+H]+, 301.1341 found 301.1352, error 

3.7 ppm. 

9.2.11 2-[4-(Chloromethyl)phenyl]-3-phenylimidazo[1,2-a]pyridine – 3.20 

A 25 mL two-neck round-bottomed flask was charged with 

[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)phenyl]methanol 3.18 (0.048 g, 0.16 mmol) and DMF 

(3 mL). The reaction flask was fitted with a reflux condenser and heated at 90 °C. PPh3 
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(4.1 equiv, 0.175 g, 0.667 mmol) was dissolved in CCl4 (1 mL) and slowly added to the heated 

reaction mixture. The yellow reaction mixture was heated at 90 °C for 26 h after which it was 

cooled to RT and diluted with brine (100 mL). The product was extracted with EtOAc 

(3 × 75 mL) and the combined organic layers were washed with 5% aqueous LiCl (2 × 25 mL), 

dried over MgSO4 and filtered. The solvent was removed in vacuo to yield the crude product 

which was purified by column chromatography utilising the CombiFlash system (5% to 20% 

to 40% EtOAc/Hexane) to afford the title compound 3.20 (0.41 g, 0.13 mmol, 79%) (Rf = 0.40, 

40% EtOAc/Hexane) as a yellow semi-solid. 

This reaction was successfully done seven times with an average yield of 71%. 

IR (ATR, cm-1): 2 360 (CO2, s), 2 336 (CO2, s), 2 008 (w), 1 634 

(m), 1 609 (m), 1 511 (s), 1 475 (m), 1 445 (m), 1 413 (w), 1 385 

(m), 1 355 (m), 1 345 (C-N str, s), 1 260 (m), 1 236 (m), 1 212 (m), 

1 146 (w), 1 105 (w), 968 (w), 840 (para-substituted C-H oop 

bend, m), 769, 747 (monosubstituted C-H oop bend, m), 731 (s), 

708 (monosubstituted C-H oop bend, s), 677 (C-Cl str, m), 634 

(w). 1H NMR (300 MHz, CDCl3) δ 7.94 (app. dt, ddd, J = 6.9, 1.2, 1.2 Hz, 1H, H8), 7.73 – 

7.62 (m, 3H, H3&11), 7.62 – 7.40 (m, 5H, H13,14&15), 7.33 – 7.28 (m, 2H, H2), 7.21 (ddd, J = 9.1, 

6.7, 1.2 Hz, 1H, H10), 6.74 (app. td, ddd, J = 6.9, 6.7, 1.2 Hz, 1H, H9), 4.57 (s, 2H, H16), EtOAc 

contaminant. 13C NMR (101 MHz, CDCl3) δ 144.9, 141.7, 136.6, 134.5, 130.9, 129.8, 129.8, 

129.2, 128.7, 128.4, 125.0, 123.5, 121.5, 117.7, 112.5, 46.3 (C16). HRMS (TOF MS ESI+): 

m/z calcd for C20H16ClN2
+ [M+H]+, 319.1002 found 319.0993, error 2.8 ppm. 

9.2.12 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-

3-phenylimidazo[1,2-a]pyridine – 3.1 

9.2.12.1 C: Nucleophilic substitution from the alkyl chloride 

A 25 mL two-neck round-bottomed flask was charged with 2-[4-(chloromethyl)phenyl]-

3-phenylimidazo[1,2-a]pyridine 3.20 (0.247 g, 0.775 mmol), DMF (5 mL), 

4-azidopiperidine 3.4 (1.6 equiv, 0.155 g, 1.23 mmol) and Et3N (2.0 equiv, 0.22 mL, 0.16 g, 

1.6 mmol). The reaction mixture was heated at 60 °C for 23 h after which it was allowed to 

cool to RT and diluted with H2O (100 mL). The product was extracted with EtOAc 

(3 × 150 mL) and the combined organic layers were dried over MgSO4 and filtered.  The 

solvent was removed in vacuo to afford the crude product which was purified twice by column 
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chromatography utilising the CombiFlash system (20% EtOAc/Hexane to EtOAc) to afford the 

title compound 3.1 (0.199 g, 0.487 mmol, 63%) (Rf = 0.12, 80% EtOAc/Hexane) as a thick 

yellow oil. 

This reaction was done four times with an average yield of 67%. 

The 1H NMR spectrum matched that of its previous synthesis with reductive amination (Section 

9.2.9.1). 

9.2.12.2 D: Reaction of the benzyl alcohol and amine (unsuccessful) 

9.2.12.2.1 Attempt 1 

A 25 mL two-neck round-bottomed flask was charged with 

[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)phenyl]methanol 3.18 (0.051 g, 0.17 mmol), 

4-azidopiperidin-1-ium chloride 3.17 (1.1 equiv, 0.30 g, 0.18 mmol) and THF (2 mL). The 

reaction mixture was heated at 50 °C for 20 h. The reaction mixture was allowed to cool to RT 

and diluted with saturated aqueous NaHCO3 (20 mL) and extracted with EtOAc (3 × 20 mL) 

and the combined organic layers were then dried over MgSO4 and filtered.  The solvent was 

removed in vacuo to afford the starting material 3.18 (0.046 g, 0.15 mmol, 91% recovery) as a 

white solid. 

9.2.12.2.2 Attempt 2 

A 25 mL two-neck round-bottomed flask was charged with 

[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)phenyl]methanol 3.18 (0.049 g, 0.16 mmol) and 

4-azidopiperidin-1-ium chloride 3.17 (1.1 equiv, 0.30 g, 0.18 mmol) and then evacuated and 

backfilled with N2. 1,4-Dioxane (4 mL) and 4.0 M HCl in 1,4-dioxane (0.1 mL) were added to 

the flask and the flask was again evacuated and backfilled with N2 and fitted with a reflux 

condenser. The reaction mixture was stirred at 110 °C for 24 h after which it was allowed to 

cool to RT and diluted with saturated aqueous NaHCO3 (50 mL) and extracted with EtOAc 

(3 × 50 mL). The combined organic layers were dried over MgSO4, filtered and the solvent 

was removed in vacuo to afford the crude starting material which was not quantified. 

9.2.13 N-(3-Ethynylphenyl)propionamide – 3.2 

A 50 mL two-neck round-bottomed flask was charged with 3-ethynylaniline 3.14 (0.20 mL, 

0.22 g, 1.9 mmol), DCM (50 mL) and Et3N (5.1 equiv, 1.35 mL, 0.980 g, 9.69 mmol). The 

colourless reaction mixture was cooled to 0 °C by means of an ice bath, followed by dropwise 
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addition of propionyl chloride 3.15 (5.1 equiv, 0.85 mL, 0.91 g, 9.8 mmol). The mixture was 

then stirred at RT for 17 h and subsequently quenched with saturated aqueous NaHCO3 

(50 mL). The product was extracted with DCM (4 × 50 mL) and the combined organic layers 

were dried over MgSO4 and filtered. The solvent was removed in vacuo to yield the crude 

product which was purified by column chromatography (20% EtOAc/Hexane) to afford the 

title compound 3.2 (0.331 g, 1.91 mmol, quantitative) (Rf = 0.69, 40% EtOAc/Hexane) as a 

pale yellow solid. 

Mp 82–84 °C. IR (ATR, cm-1): 3 247 (alkyne C-H str, s), 3 081 

(w), 2 983 (m), 2 970 (m), 2 937 (w), 1 650 (C=O str, s), 1 608 (w), 

1 577 (s), 1 542 (s), 1 475 (w), 1 461 (w), 1 416 (s), 1 378 (w), 

1 281 (s), 1 221 (m), 1 074 (w), 888 (meta-substituted C-H oop 

bend, m), 787 (meta-substituted C-H oop bend, s), 690 (meta-

substituted C-H oop bend, m), 664 (m). 1H NMR (300 MHz, CDCl3) δ 7.68 (br s, 1H, H32), 

7.64 (br s, 1H, H27), 7.58 – 7.49 (m, 1H, H29/31), 7.25 – 7.17 (m, 2H, H29/31&30), 3.04 (s, 1H, 

H25), 2.38 (q, J = 7.6 Hz, 2H, H34), 1.22 (t, J = 7.6 Hz, 3H, H35).  
13C NMR (75 MHz, CDCl3) 

δ 172.6 (C33), 138.1, 129.1, 128.0, 123.5, 122.8, 120.6, 83.3 (C24), 77.5 (C25), 30.7 (C34), 9.7 

(C35). HRMS (TOF MS ESI+): m/z calcd for C11H12NO+ [M+H]+, 174.0919, found 174.0908, 

error 6.3 ppm. 

9.2.14 N-[3-(1-{1-[4-(3-Phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-

1H-1,2,3-triazol-4-yl)phenyl]propionamide – 2.68 

A 25 mL round-bottomed flask was charged with 

2-{4-[(4-azidopiperidin-1-yl)methyl]phenyl}-3-phenylimidazo[1,2-a]pyridine 3.1 (0.038 g, 

0.094 mmol), N-(3-ethynylphenyl)propionamide 3.2 (2.0 equiv, 0.033 g, 0.19 mmol) and CuI 

(28 mol%, 5 mg, 0.03 mmol).  MeCN (1.5 mL) and DIPEA (3.1 equiv, 0.050 mL, 0.037 g, 

0.29 mmol) were subsequently added and the milky yellow reaction mixture was stirred at 

25 °C for 21 h. The reaction mixture was diluted with DCM, filtered through a cotton wool 

plug and concentrated in vacuo. The resulting orange crude material was purified by column 

chromatography (0.5% MeOH/EtOAc) to afford the still impure title compound 2.68, which 

was then further purified by a second round of column chromatography (0.5% MeOH/EtOAc) 

to afford the title compound 2.68 (16 mg, 0.028 mmol, 29%) (Rf = 0.07, 0.5% MeOH/EtOAc) 

as a pale yellow semi-solid. 
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IR (ATR, cm-1): 3 853 (w), 3 735 

(w), 3 675 (w), 3 649 (m), 3 628 

(m), 2 920 (w), 2 360 (CO2, s), 

2 342 (CO2, s), 1 684 (C=O str, s), 

1 653 (w), 1 636 (w), 1 616 (m), 

1 559 (m), 1 540 (w), 1 507 (m), 

1 489 (m), 1 457 (m), 1 387 (m), 1 340 (C-N str, m), 1 291 (w), 1 242 (w), 1 195 (w), 1 099 

(w), 1 028 (w), 991 (w), 885 (meta-substituted C-H oop bend, w), 840 (para-substituted C-H 

oop bend, m), 794 (meta-substituted C-H oop bend, m), 751 (monosubstituted C-H oop bend, 

s), 740 (m), 699 (monosubstituted C-H oop bend, s), 669 (meta-substituted C-H oop bend, s). 

1H NMR (600 MHz, CDCl3&MeOD-d4) δ 7.90 (d, J = 6.9 Hz, 1H, H8), 7.86 (s, 1H, H25), 

7.79 (dd, J = 8.0, 2.6 Hz, 1H, H29/31), 7.67 (s, 1H, H27), 7.64 (d, J = 9.1 Hz, 1H, H11), 7.54 (d, 

J = 7.8 Hz, 2H, H3), 7.50 – 7.40 (m, 3H, H13&29/31), 7.39 – 7.35 (m, 2H, H14), 7.33 (d, J = 7.7 

Hz, 1H, H15), 7.27 (app. t, dd, J = 8.0, 7.9 Hz, 1H, H30), 7.23 – 7.17 (m, 1H, H10), 7.19 (d, J = 

7.8 Hz, 2H, H2), 6.73 (app. t, dd, J = 6.9, 6.8 Hz, 1H, H9), 4.45 (app. tt, dddd, J = 11.4, 11.4, 

4.4, 4.4 Hz, 1H, H20), 3.50 (s, 2H, H16), 3.02 – 2.96 (m, 2H, H18), 2.33 (q, J = 7.6 Hz, 2H, H34), 

2.22 – 2.01 (m, 6H, H18&19), 1.22 – 1.14 (m, 3H, H35), EtOAc contaminant. 13C NMR (151 

MHz, CDCl3&MeOD-d4) δ 173.4 (C33), 147.3 (C24), 144.8 (C11a), 141.7 (C6), 139.3, 136.8 

(C1), 132.8 (C4), 130.8 (C13), 130.6, 129.7 (C14), 129.6, 129.3, 129.3 (C2), 129.2 (C15), 128.2 

(C3), 125.6 (C10), 123.5, 121.3, 120.9, 119.7, 118.1 (C25), 117.1 (C11), 116.3 (C8), 112.9 (C9), 

62.4 (C16), 58.4 (C20), 52.1 (C18), 32.3 (C19), 30.4 (C34), 9.7 (C35). HRMS (TOF MS ESI+): 

m/z calcd for C36H36N7O
+ [M+H]+, 582.2981, found 582.3003, error 3.8 ppm. 

9.2.15 N-(Prop-2-yn-1-yl)acrylamide – 3.23 

Following the procedure described for propionamide 3.2 (Section 9.2.13), 

propargylamine 3.21 (0.10 mL 0.086 g, 1.6 mmol), Et3N (6.0 equiv, 1.30 mL, 0.944 g, 

9.33 mmol) and acryloyl chloride 3.22 (1.2 equiv, 0.15 mL, 0.17 g, 1.8 mmol) in DCM 

(6.5 mL) afforded the title compound 3.23 (0.135 g, 1.24 mmol, 79%) (Rf = 0.42, 

50% EtOAc/Hexane) as a yellow solid. 

Mp 30–31 °C. 1H NMR (300 MHz, CDCl3) δ 6.32 (dd, J = 17.0, 1.4 

Hz, 1H, H30), 6.10 (dd, J = 17.0, 10.3 Hz, 1H, H29), 5.78 (br s, 1H, H27), 

5.69 (dd, J = 10.3, 1.4 Hz, 1H, H30), 4.14 (dd, J = 5.3, 2.6 Hz, 2H, H26), 

2.25 (t, J = 2.6 Hz, 1H, H25). 
13C NMR (151 MHz, CDCl3) δ 165.2 (C28), 130.2 (C29), 127.5 
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(C30), 79.4 (C24), 72.0 (C25), 29.4 (C26). The NMR spectra matched those published in the 

literature.11 

9.2.16 N-[(1-{1-[4-(3-Phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-

1H-1,2,3-triazol-4-yl)methyl]acrylamide – 2.69 

A 50 mL round-bottomed flask was charged with 2-{4-[(4-azidopiperidin-1-yl)-

methyl]phenyl}-3-phenylimidazo[1,2-a]pyridine 3.1 (0.060 g, 0.15 mmol) and 

N-(prop-2-yn-1-yl)acrylamide 3.23 (1.6 equiv, 25 mg, 0.23 mmol). CuSO4·5H2O (9 mol%, 

3 mg, 0.01 mmol) and sodium ascorbate (14 mol%, 4 mg, 0.02 mmol) were dissolved in H2O 

(1 mL) and t-BuOH (1 mL) and added to the flask. The flask was evacuated and backfilled 

with N2 and the reaction mixture was stirred at 60 °C for 22 h after which it was allowed to 

cool to RT, diluted with DCM (20 mL) and filtered through Celite. The solvent was removed 

in vacuo to yield the crude material which was purified by column chromatography (EtOAc 

then 10% MeOH/DCM) to afford the still impure title compound 2.69. A second round of 

column chromatography (DCM then 5% MeOH/DCM) afforded the title compound 2.69 

(0.032 g) (Rf = 0.28, 10% MeOH/DCM) as a pale yellow solid. 

Mp 88–90 °C. IR (ATR, cm-1): 3 271 

(s), 3 045 (m), 2 938 (m), 2 360 (CO2, 

s), 2 336 (CO2, s), 1 661 (C=O str, s), 

1 625 (m), 1 547 (m), 1 513 (m), 1 342 

(C-N str, m), 1 239 (s), 1 098 (m), 989 

(m), 756 (monosubstituted C-H oop 

bend, s), 702 (monosubstituted C-H oop bend, s), 668 (m). 1H 

NMR (600 MHz, CDCl3&MeOD-d4) δ 8.07 (s, 1Himp, 

H25imp), 7.93 (d, J = 6.8 Hz, 1H, H8), 7.66 (d, J = 9.0 Hz, 1H, 

H11), 7.64 – 7.60 (m, 1H, H27), 7.63 (d, J = 8.0 Hz, 2H, H3), 

7.58 (s, 1H, H25), 7.56 – 7.43 (m, 5H, H13,14&15), 7.23 (d, J = 

8.0 Hz, 2H, H2), 7.19 (ddd, J = 9.0, 6.7, 1.3 Hz, 1H, H10), 6.83 – 6.76 (m, 1Himp, H29imp), 6.73 

(app. td, ddd, J = 6.8, 6.7, 1.1 Hz, 1H, H9), 6.28 (d, J = 17.0 Hz, 1H, H30), 6.13 (dd, J = 17.0, 

10.3 Hz, 1H&1Himp, H29&30imp), 5.64 (dd, J = 10.3, 6.9 Hz, 1H&1Himp, H30&30imp), 4.66 (app. tt, 

dddd, J = 11.3, 11.3, 4.0, 4.0 Hz, 1Himp, H20imp), 4.59 – 4.54 (m, 2H&2Himp, H26&26imp), 4.53 – 

4.46 (m, 1Himp, H18imp), 4.46 – 4.37 (m, 1H, H20), 3.84 – 3.77 (m, 1Himp, H18imp), 3.52 (s, 2H, 

H16), 3.28 (ddd, J = 13.6, 11.8, 3.1 Hz, 1Himp, H18imp), 3.00 (d, J = 11.4 Hz, 2H, H18), 2.89 (ddd, 
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J = 13.6, 11.8, 3.3 Hz, 1Himp, H18imp), 2.32 – 2.20 (m, 2Himp, H19imp), 2.19 – 1.89 (m, 6H&2Himp, 

H18,19&19imp), EtOAc contaminant.  13C NMR (151 MHz, CDCl3&MeOD-d4) δ 165.8 (C28), 

165.7 (C28imp), 160.9, 144.9, 144.8, 144.4, 142.3, 133.3 (C29imp), 130.9, 130.7, 130.6, 130.0 

(C24imp), 129.7, 129.1, 129.1, 128.1, 127.0, 126.8 (C30imp), 124.8, 123.4, 121.1 (C25imp), 120.7, 

120.2, 117.6, 112.4, 62.5 (C16), 58.6 (C20imp), 58.0 (C20), 52.2 (C18), 44.3 (C26), 38.2 (C18imp), 

35.0 (C19imp), 35.0 (C26imp), 33.0 (C19). HRMS (TOF MS ESI+): m/z calcd for C31H32N7O
+ 

[M+H]+, 518.2668, found 518.2674, error 1.2 ppm, purity 88.7%. 

9.2.17 N-(4-Ethynylphenyl)acrylamide – 3.26 

Following the procedure described for propionamide 3.2 (Section 9.2.13), 

4-ethynylaniline 3.25 (0.205 g, 1.75 mmol), Et3N (2.5 equiv, 0.60 mL, 0.44 g, 4.3 mmol) and 

acryloyl chloride 3.22 (2.5 equiv, 0.35 mL, 0.39 g, 4.3 mmol) in DCM (15 mL) afforded the 

title compound 3.26 (0.182 g, 1.06 mmol, 61%) (Rf = 0.63, 50% EtOAc/Hexane) as a white 

solid. 

This reaction was done twice with an average yield of 63%. 

Mp 142–144 °C. IR (ATR, cm-1): 3 297 (alkyne C-H str, m), 3 186 

(w), 3 106 (m), 3 064 (w), 2 161 (C≡C str, w), 2 103 (w), 1 662 

(C=O str, s), 1 633 (m), 1 601 (s), 1 536 (s), 1 506 (s), 1 413 (s), 

1 333 (C-N str, s), 1 288 (m), 1 251 (m), 1 198 (m), 1 068 (w), 992 

(w), 964 (m), 942 (w), 835 (para-substituted C-H oop bend, s), 826 (s), 797 (w), 770 (w), 641 

(m), 605 (m). 1H NMR (400 MHz, CDCl3) δ 7.60 – 7.53 (m, 3H, H27/28&30), 7.49 – 7.41 (m, 

2H, H27/28), 6.44 (dd, J = 16.9, 1.2 Hz, 1H, H33), 6.25 (dd, J = 16.9, 10.2 Hz, 1H, H32), 5.78 

(dd, J = 10.2, 1.2 Hz, 1H, H33), 3.05 (s, 1H, H25).  
13C NMR (101 MHz, CDCl3) δ 163.7 (C31), 

138.3, 133.1, 131.0, 128.5, 119.7, 118.1, 83.4 (C24), 77.1 (C25). HRMS (TOF MS ESI+): m/z 

calcd for C11H10NO+ [M+H]+, 172.0762, found 172.0761, error 0.6 ppm. 

9.2.18 N-[4-(1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-

1H-1,2,3-triazol-4-yl)phenyl]acrylamide – 2.64 

9.2.18.1 A: Copper(II) sulphate pentahydrate used as copper source 

Following the procedure described for the triazole 2.69 (Section 9.2.16), 

2-{4-[(4-azidopiperidin-1-yl)methyl]phenyl}-3-phenylimidazo[1,2-a]pyridine 3.1 (0.090 g, 

0.22 mmol), N-(4-ethynylphenyl)acrylamide 3.26 (1.3 equiv, 0.049 g, 0.29 mmol), 
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CuSO4·5H2O (13 mol%, 7 mg, 0.03 mmol) and sodium ascorbate (23 mol%, 10 mg, 

0.050 mmol) in H2O (2 mL) and t-BuOH (2 mL) afforded the title compound 2.64 (0.028 g, 

0.048 mmol, 22%) (Rf = 0.19, 5% MeOH/DCM) as a pale yellow solid. 

Decompn. ~215 °C. IR (ATR, 

cm-1): 3 271 (N-H str, s), 3 045 

(m), 2 938 (m), 2 360 (CO2, s), 

2 336 (CO2, s), 1 661 (C=O str, s), 

1 625 (m), 1 547 (m), 1 513 (m), 

1 342 (C-N str, s), 1 239 (s), 1 098 

(w), 989 (m), 756 (monosubstituted C-H oop bend, s), 702 (monosubstituted C-H oop bend, s), 

668 (m). 1H NMR (600 MHz, DMSO-d6) δ 10.22 (s, 1H, H30), 8.61 (s, 1H, H25), 8.00 (d, J = 

6.8 Hz, 1H, H8), 7.79 (d, J = 8.7 Hz, 2H, H27/28), 7.74 (d, J = 8.7 Hz, 2H, H2728), 7.67 (d, J = 

9.1 Hz, 1H, H11), 7.63 – 7.53 (m, 5H, H13,14&15), 7.52 – 7.48 (m, 2H, H3), 7.32 (ddd, J = 9.1, 

6.7, 1.3 Hz, 1H, H10), 7.25 (d, J = 7.9 Hz, 2H, H2), 6.90 (app. td, ddd, J = 6.8, 6.7, 1.2 Hz, 1H, 

H9), 6.45 (dd, J = 17.0, 10.1 Hz, 1H, H32), 6.27 (dd, J = 17.0, 1.9 Hz, 1H, H33), 5.77 (dd, J = 

10.1, 1.9 Hz, 1H, H33), 4.55 – 4.48 (m, 1H, H20), 3.50 (s, 2H, H16), 2.91 (d, J = 11.2 Hz, 2H, 

H18), 2.18 (app. t, dd, J = 11.3, 11.3 Hz, 2H, H18/19), 2.12 – 1.99 (m, 4H, H18/19&19), EtOAc 

contaminant. 13C NMR (151 MHz, DMSO-d6) δ 163.1 (C31), 146.0, 144.0, 141.1, 138.6, 

137.7, 132.8, 131.8, 130.7, 129.7, 129.4, 129.1, 128.6, 127.3, 126.9, 126.2, 125.6, 125.2, 123.7, 

122.0, 119.6, 119.0, 116.8, 112.7, 61.4 (C16), 57.5 (C20), 51.6 (C18), 32.1 (C19). HRMS (TOF 

MS ESI+): m/z calcd for C36H33N7O
+ [M+H]+, 580.2825, found 580.2819, error 1.0 ppm, 

purity 95.4%. 

9.2.18.2 B: Copper(I) iodide used as copper source 

Following the procedure described for  the triazole 2.68 (Section 9.2.14), 

2-{4-[(4-azidopiperidin-1-yl)methyl]phenyl}-3-phenylimidazo[1,2-a]pyridine 3.1 (0.098 g, 

0.24 mmol), N-(4-ethynylphenyl)acrylamide 3.26 (1.2 equiv, 0.049 g, 0.29 mmol), CuI 

(11 mol%, 5 mg, 0.03 mmol) and DIPEA (2.4 equiv, 0.10 mL, 0.074 g, 0.58 mmol) in MeCN 

(2 mL) afforded the title compound 2.64 (0.117 g, 0.203 mmol, 85%) (Rf = 0.19, 

5% MeOH/DCM) as a pale yellow solid. 

The 1H NMR spectrum matched that of its previous synthesis and analysis. 
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9.3 Experimental work pertaining to Chapter 4  

9.3.1 4-[3-(o-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzonitrile – 4.7 

Following the Suzuki-Miyaura procedure described for compound 3.5 (Section 9.2.4), 

4-(3-bromoimidazo[1,2-a]pyridin-2-yl)benzonitrile 3.6 (0.583 g, 1.95 mmol), o-tolylboronic 

acid 4.6 (1.2 equiv, 0.327 g, 2.41 mmol), K2CO3 (2.5 equiv, 0.672 g, 4.86 mmol) and 

Pd(PPh3)4 (5 mol%, 0.108 g, 0.102 mmol) in 1,4-dioxane (4 mL) and H2O (2 mL) afforded the 

title compound 4.7 (0.502 g, 1.62 mmol, 83%) (Rf = 0.43, 40% EtOAc/Hexane) as a white 

solid. 

This reaction was done twice with an average yield of 80%. 

Mp 156–158 °C. IR (ATR, cm-1): 2 225 (C≡N str, s), 1 742 (w), 

1 633 (w), 1 607 (s), 1 548 (w), 1 505 (m), 1 468 (w), 1 443 (w), 

1 412 (w), 1 379 (m), 1 360 (m), 1 338 (C-N str, s), 1 272 (w), 

1 234 (m), 1 216 (w), 1 152 (w), 1 093 (w), 1 041 (w), 968 (w), 

844 (para-substituted C-H oop bend, s), 769 (m), 751 (m), 743 

(ortho-substituted C-H oop bend, s), 734 (s). 1H NMR (600 MHz, 

CDCl3) δ 7.79 – 7.74 (m, 2H, H3), 7.69 (app. dt, ddd, J = 9.1, 1.2, 1.2 Hz, 1H, H11), 7.56 (app. 

dt, ddd, J = 6.8, 1.2, 1.2 Hz, 1H, H8), 7.55 – 7.52 (m, 2H, H2), 7.49 (app. td, ddd, J = 7.5, 7.5, 

1.5 Hz, 1H, H14b), 7.46 – 7.44 (m, 1H, H14), 7.40 – 7.37 (m, 1H, H15), 7.31 (dd, J = 7.5, 1.1 Hz, 

1H, H13b), 7.25 (ddd, J = 9.1, 6.7, 1.2 Hz, 1H, H10), 6.76 (app. td, ddd, J = 6.8, 6.7, 1.2 Hz, 1H, 

H9), 2.01 (s, 3H, H36). 
13C NMR (151 MHz, CDCl3) δ 145.1, 140.1, 139.1, 139.1, 132.3, 131.7, 

131.4, 130.4, 128.6, 127.5, 127.4, 125.4, 123.7, 122.0, 119.2, 117.9, 112.9, 110.7, 19.4 (C36). 

HRMS (TOF MS ESI+): m/z calcd for C21H16N3
+ [M+H]+, 310.1344, found 310.1342, error 

0.6 ppm. 

9.3.2 4-[3-(o-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzaldehyde – 4.11 

Following the procedure described for the benzaldehyde 3.3 (Section 9.2.5), 

4-[3-(o-tolyl)imidazo[1,2-a]pyridin-2-yl]benzonitrile 4.7 (0.617 g, 1.99 mmol) and RaNi in 

formic acid (6 mL) afforded the title compound 4.11 (0.546 g, 1.75 mmol, 88%) (Rf = 0.39, 

40% EtOAc/Hexane) as a pale yellow solid. 
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Mp 138–140 °C. IR (ATR, cm-1): 3 103 (w), 2 812 (w), 2 728 (w), 

2 360 (CO2, m), 1 725 (w), 1 693 (C=O str, s), 1 633 (w), 1 604 (s), 

1 569 (m), 1 504 (m), 1 469 (w), 1 444 (w), 1 417 (w), 1 378 (w), 

1 361 (w), 1 340 (C-N str, s), 1 304 (w), 1 271 (w), 1 234 (m), 1 210 

(s), 1 167 (m), 1 152, 1 125 (w), 1 094 (w), 1 041 (w), 966 (w), 844 

(para-substituted C-H oop bend, s), 837 (m), 826 (m), 769 (m), 755 

(s), 741 (ortho-substituted C-H oop bend, s), 686 (m). 1H NMR (300 MHz, CDCl3) δ 9.95 (s, 

1H, H16), 7.86 – 7.81 (m, 2H, H2/3), 7.79 – 7.75 (m, 2H, H2/3), 7.70 (ddd, J = 9.1, 1.2, 1.2 Hz, 

1H, H11), 7.57 (ddd, J = 6.9, 1.3, 1.2 Hz, 1H, H8), 7.52 – 7.42 (m, 2H, H14&14b), 7.42 – 7.30 (m, 

2H, H13b&15), 7.24 (ddd, J = 9.1, 6.7, 1.3 Hz, 1H, H10), 6.75 (ddd, J = 6.9, 6.7, 1.2 Hz, 1H, H9), 

2.01 (s, 3H, H36). 
13C NMR (75 MHz, CDCl3) δ 192.0 (C16), 145.1, 140.6, 139.1, 135.2, 131.8, 

131.3, 130.2, 130.1, 130.0, 128.8, 127.5, 127.5, 127.3, 125.3, 123.7, 117.8, 112.8, 19.5 (C36). 

HRMS (TOF MS ESI+): m/z calcd for C21H17N2O
+ [M+H]+, 313.1341, found 313.1335, error 

1.9 ppm. 

9.3.3 {4-[3-(o-Tolyl)imidazo[1,2-a]pyridin-2-yl]phenyl}methanol – 4.12 

Following the procedure described for the benzyl alcohol 3.18 (Section 9.2.10), 

4-[3-(o-tolyl)imidazo[1,2-a]pyridin-2-yl]benzaldehyde 4.11 (0.505 g, 1.62 mmol) and NaBH4 

(1.9 equiv, 0.114 g, 3.01 mmol) in MeOH (8 mL) afforded the title compound 4.12 (0.458 g, 

1.46 mmol, 90%) (Rf = 0.13, 40% EtOAc/Hexane) as a white solid. 

Mp 58–60 °C. IR (ATR, cm-1): 3 362 (w), 3 209 (O-H str, s), 

2 915 (w), 2 856 (s), 2 547 (w), 1 733 (m), 1 633 (m), 1 502 (m), 

1 473 (w), 1 444 (w), 1 414 (m), 1 382 (s), 1 357 (m), 1 341 (C-N 

str, s), 1 274 (m), 1 237 (C-O str, s), 1 208 (m), 1 096 (w), 1 044 

(m), 1 015 (m), 969 (m), 829 (ortho-substituted C-H oop bend, m), 

753 (ortho-substituted C-H oop bend, s), 742 (s), 728 (s). 1H NMR 

(300 MHz, CDCl3) δ 7.68 (app. dt, ddd, J = 9.1, 1.2, 1.2 Hz, 1H, H11), 7.62 – 7.57 (m, 2H, 

H3), 7.56 (app. dt, ddd, J = 6.8, 1.3, 1.2 Hz, 1H, H8), 7.48 – 7.38 (m, 2H, H14&14b), 7.38 – 7.29 

(m, 2H, H13b&15), 7.25 – 7.21 (m, 2H, H2), 7.20 (ddd, J = 9.1, 6.8, 1.3 Hz, 1H, H10), 6.72 (app. 

td, ddd, J = 6.8, 6.8, 1.2 Hz, 1H, H9), 4.64 (s, 2H, H16), 2.71 (s, 1H, OH), 2.00 (s, 3H, H36). 
13C 

NMR (75 MHz, CDCl3) δ 144.9, 142.0, 140.5, 139.3, 133.6, 131.9, 131.1, 129.8, 129.3, 127.4, 

127.2, 127.1, 124.8, 123.5, 120.4, 117.5, 112.4, 65.1 (C16), 19.5 (C36). HRMS (TOF MS 

ESI+): m/z calcd for C21H19N2O
+ [M+H]+, 315.1497, found 315.1499, error 0.6 ppm. 
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9.3.4 2-[4-(Chloromethyl)phenyl]-3-(o-tolyl)imidazo[1,2-a]pyridine – 4.8 

Following the procedure described for the benzyl chloride 3.20 (Section 9.2.11), 

{4-[3-(o-tolyl)imidazo[1,2-a]pyridin-2-yl]phenyl}methanol 4.12 (0.405 g, 1.29 mmol) and 

PPh3 (3.0 equiv, 1.03 g, 3.91 mmol) in CCl4 (4 mL) and DMF (8 mL) afforded the title 

compound 4.8 (0.388 g, 1.16 mmol, 90%) (Rf = 0.46, 40% EtOAc/Hexane) as an orange semi-

solid. 

IR (ATR, cm-1): 3 366 (m), 3 061 (m), 2 954 (m), 2 866 (w), 1 734 

(m), 1 677 (w), 1 633 (m), 1 613 (w), 1 510 (s), 1 473 (m), 1 444 

(m), 1 415 (m), 1 382 (s), 1 358 (m), 1 342 (C-N str, s), 1 265 (s), 

1 237 (s), 1 214 (m), 1 183 (w), 1 146 (w), 1 126 (w), 1 096 (m), 

1 044 (w), 1 019 (w), 967 (m), 843 (para-substituted C-H oop bend, 

m), 801 (w), 752 (ortho-substituted C-H oop bend, s), 738 (s), 728 

(s), 673 (C-Cl str, s), 652 (m), 635 (w), 605 (w). 1H NMR (300 MHz, CDCl3) δ 7.72 – 7.63 

(m, 3H, H3&11), 7.55 (app. dt, ddd, J = 6.8, 1.3, 1.2 Hz, 1H, H8), 7.50 – 7.40 (m, 2H, H14&14b), 

7.40 – 7.32 (m, 2H, H13b&15), 7.32 – 7.26 (m, 2H, H2), 7.21 (ddd, J = 9.1, 6.7, 1.3 Hz, 1H, H10), 

6.72 (app. td, ddd, J = 6.8, 6.7, 1.2 Hz, 1H, H9), 4.55 (s, 2H, H16), 2.01 (s, 3H, H36), EtOAc 

contaminant. 13C NMR (75 MHz, CDCl3) δ 144.9, 141.5, 139.3, 136.5, 134.7, 131.9, 131.2, 

130.0, 129.2, 128.8, 127.5, 127.2, 124.8, 123.6, 120.7, 117.6, 112.5, 46.3 (C16), 19.5 (C36). 

HRMS (TOF MS ESI+): m/z calcd for C21H18ClN2
+ [M+H]+, 333.1159, found 333.1156, error 

0.9 ppm. 

9.3.5 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-3-(o-tolyl)-

imidazo[1,2-a]pyridine – 4.9 

Following procedure C described for compound 3.1 (Section 9.2.12.1), 

2-[4-(chloromethyl)phenyl]-3-(o-tolyl)imidazo[1,2-a]pyridine 4.8 (0.326 g, 0.979 mmol), 

4-azidopiperidin-1-ium-chloride 3.17 (1.2 equiv, 0.197 g, 1.21 mmol) and Et3N (2.1 equiv, 

0.28 mL, 0.20 g, 2.0 mmol) in DMF (6.5 mL) afforded the title compound 4.9 (0.327 g, 

0.775 mmol, 79%) (Rf = 0.14, 40% EtOAc/Hexane) as a yellow semi-solid. 
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IR (ATR, cm-1): 3 061 (w), 2 942 (m), 2 803 (m), 2 763 

(m), 2 362 (CO2, w), 2 088 (N=N=N str, s), 1 736 (w), 

1 677 (m), 1 633 (w), 1 510 (m), 1 468 (w), 1 447 (m), 

1 415 (w), 1 382 (m), 1 362 (m), 1 340 (C-N str, s), 1 235 

(s), 1 143 (w), 1 126 (w), 1 096 (m), 1 034 (m), 1 020, 

997 (w), 967 (w), 921 (w), 835 (para-substituted C-H 

oop bend, w), 752 (ortho-substituted C-H oop bend, s), 742 (s), 727 (s). 1H NMR (600 MHz, 

CDCl3) δ 7.68 (app. dt, ddd, J = 9.0, 1.2, 1.2 Hz, 1H, H11), 7.64 – 7.59 (m, 2H, H3), 7.55 (app. 

dt, ddd, J = 6.8, 1.2, 1.2 Hz, 1H, H8), 7.45 (ddd, J = 8.4, 6.6, 1.6 Hz, 1H, H14b), 7.42 (dd, J = 

7.4, 1.6 Hz, 1H, H14), 7.38 – 7.32 (m, 2H, H13b&15), 7.22 – 7.16 (m, 3H, H2&10), 6.71 (app. td, 

ddd, J = 6.8, 6.7, 1.2 Hz, 1H, H9), 3.45 (s, 2H, H16), 3.39 – 3.32 (m, 1H, H20), 2.77 – 2.71 (m, 

2H, H18), 2.16 – 2.10 (m, 2H, H18/19), 2.01 (s, 3H, H36), 1.90 – 1.83 (m, 2H, H18/19), 1.69 – 1.60 

(m, 2H, H19). 
13C NMR (151 MHz, CDCl3) δ 144.9, 142.0, 139.3, 137.5, 133.4, 132.0, 131.1, 

129.8, 129.5, 129.2, 127.1, 124.6, 123.5, 120.3, 117.5, 112.3, 62.8 (C16), 57.9 (C20), 51.3 (C18), 

31.0 (C19), 19.5 (C36), one carbon signal not observed in spectrum. HRMS (TOF MS ESI+): 

m/z calcd for C26H27N6
+ [M+H]+, 423.2297, found 423.2295, error 0.5 ppm. 

9.3.6 N-(2-Ethynylphenyl)acrylamide – 4.14 

Following the procedure described for propionamide 3.2 (Section 9.2.13), 

2-ethynylaniline 4.13 (0.20 mL, 0.21 g, 1.8 mmol), Et3N (2.4 equiv, 0.60 mL, 0.44 g, 

4.3 mmol) and acryloyl chloride 3.22 (2.5 equiv, 0.35 mL, 0.39 g, 4.3 mmol) in DCM (15 mL), 

afforded the title compound 4.14 (0.283 g, 1.65 mmol, 94%) (Rf = 0.35, 20% EtOAc/Hexane) 

as a pale orange solid. 

1H NMR (400 MHz, CDCl3) δ 8.51 (d, J = 8.6 Hz, 1H, H28), 8.06 (br s, 1H, 

H32), 7.47 (dd, J = 7.7, 1.6 Hz, 1H, H31), 7.38 (ddd, J = 8.6, 7.6, 1.6 Hz, 1H, 

H29), 7.06 (app. td, ddd, J = 7.7, 7.6, 1.2 Hz, 1H, H30), 6.50 (d, J = 7.0 Hz, 

H34rotamer), 6.48 (d, J = 2.4 Hz, H35rotamer), 6.43 (dd, J = 16.9, 1.2 Hz, 1H, 

H35), 6.29 (dd, J = 16.9, 10.2 Hz, 1H, H34), 5.80 (dd, J = 10.2, 1.2 Hz, 1H, 

H35), 5.74 (d, J = 7.0, 2.4 Hz, H35rotamer), 3.53 (s, 1H, H25). 
13C NMR (101 

MHz, CDCl3) δ 163.5 (C33), 139.6, 132.3, 131.5, 130.4, 128.0, 123.7, 119.6, 111.0, 84.7 (C24), 

79.3 (C25). The NMR spectra matched that of previous work.12
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9.3.7 N-{2-[1-(1-{4-[3-(o-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzyl}piperidin-4-yl)-

1H-1,2,3-triazol-4-yl]phenyl}acrylamide – 4.1 

Following the procedure described for the triazole 2.68 (Section 9.2.14), 

2-{4-[(4-azidopiperidin-1-yl)methyl]phenyl}-3-(o-tolyl)imidazo[1,2-a]pyridine 4.9 (0.043 g, 

0.10 mmol), N-(2-ethynylphenyl)acrylamide 4.14 (1.5 equiv, 0.027 g, 0.16 mmol), CuI 

(catalytic) and DIPEA (2 equiv, 0.04 mL, 0.03 g, 0.2 mmol) in MeCN (2 mL) afforded the title 

compound 4.1 (0.040 g, 0.067 mmol, 66%) (Rf = 0.53, 5% MeOH/EtOAc) as an off-white 

solid. 

Mp 128–130 °C. IR (ATR, cm-1): 3 258 (w), 

3 059 (w), 2 942 (w), 2 801 (w), 1 682 (C=O 

str, s), 1 615 (m), 1 589 (s), 1 538 (m), 1 474 

(w), 1 448 (s), 1 400 (w), 1 340 (C-N str, m), 

1 319 (m), 1 283 (m), 1 191 (m), 1 097 (w), 

1 074 (w), 977 (m), 839 (para-substituted 

C-H oop bend, w), 796 (w), 753 (ortho-substituted C-H oop bend, s), 728 (m). 1H NMR (300 

MHz, CDCl3) δ 11.67 (s, 1H, H32), 8.75 (dd, J = 8.0, 1.2 Hz, 1H, H31), 7.87 (s, 1H, H25), 7.77 

(app. dt, ddd, J = 9.1, 1.2, 1.2 Hz, 1H, H11), 7.69 – 7.60 (m, 2H, H3), 7.56 (app. dt, ddd, J = 6.8, 

1.2, 1.2 Hz, 1H, H8), 7.50 – 7.30 (m, 6H, H13b,14,14b,15,28&29), 7.25 – 7.19 (m, 3H, H2&10), 7.10 

(app. td, ddd, J = 8.0, 7.6, 1.3 Hz, 1H, H30), 6.74 (app. td, ddd, J = 6.8, 6.8, 1.2 Hz, 1H, H9), 

6.49 (d, J = 2.9 Hz, H35rotamer), 6.43 (d, J = 2.9 Hz, 1H, H35), 6.42 (d, J = 8.6 Hz, 1H, H34), 6.36 

(d, J = 8.6 Hz, H34rotamer), 5.75 (dd, J = 8.6, 2.9 Hz, 1H, H35), 4.58 – 4.45 (m, 1H, H20), 3.52 (s, 

2H, H16), 3.08 – 2.98 (m, 2H, H18), 2.27 – 2.05 (m, 6H, H18&19), 2.01 (s, 3H, H36). 
13C NMR 

(75 MHz, CDCl3) δ 164.4 (C33), 147.6 (C24), 144.9 (C11a), 141.8 (C6), 139.3 (C13b), 137.4 (C1), 

136.7, 133.2 (C4), 132.9, 131.9 (C13), 131.1 (C14), 129.9 (C14b), 129.2, 129.1 (C2), 129.1 (C12), 

127.3 (C3), 127.1 (C15), 127.0, 126.7, 125.0 (C10), 123.6, 123.5 (C8), 121.6, 120.4 (C7), 118.7 

(C25), 117.6, 117.6 (C11), 112.6 (C9), 62.5 (C16), 59.0 (C20), 52.2 (C18), 32.8 (C19), 19.5 (C36). 

HRMS (TOF MS ESI+): m/z calcd for C37H36N7O
+ [M+H]+, 594.2981, found 594.2991, error 

1.7 ppm, purity 98.8%. 

9.3.8 N-(3-Ethynylphenyl)acrylamide – 4.10 

Following the procedure described for propionamide 3.2 (Section 9.2.13), 

3-ethynylaniline 3.14 (0.40 mL, 0.45 g, 3.8 mmol), Et3N (2.6 equiv, 1.40 mL, 1.02 g, 

10.0 mmol) and acryloyl chloride 3.22 (2.6 equiv, 0.80 mL, 0.89 g, 9.8 mmol) in DCM 
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(15 mL), afforded the title compound 4.10 (0.547 g, 3.19 mmol, 84%) (Rf = 0.20, 

20% EtOAc/Hexane) as a yellow solid. 

1H NMR (600 MHz, CDCl3) δ 7.78 (br s, 1H, H32), 7.70 (s, 1H, 

H27), 7.61 (d, J = 7.9 Hz, 1H, H29), 7.29 – 7.21 (m, 2H, H30&31), 6.42 

(dd, J = 16.9, 1.2 Hz, 1H, H35), 6.27 (dd, J = 16.9, 10.2 Hz, 1H, H34), 

5.76 (dd, J = 10.2, 1.2 Hz, 1H, H35), 3.05 (s, 1H, H25). 
13C NMR 

(151 MHz, CDCl3) δ 164.0 (C33), 137.9, 131.1, 129.2, 128.4, 128.3, 123.7, 123.0, 120.8, 83.2 

(C24), 77.7 (C25). The NMR spectra matched that of previous work.12
 

9.3.9 N-{3-[1-(1-{4-[3-(o-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzyl}piperidin-4-yl)-

1H-1,2,3-triazol-4-yl]phenyl}acrylamide – 4.2 

Following the procedure described for the triazole 2.68 (Section 9.2.14), 

2-{4-[(4-azidopiperidin-1-yl)methyl]phenyl}-3-(o-tolyl)imidazo[1,2-a]pyridine 4.9 (0.048 g, 

0.11 mmol), N-(3-ethynylphenyl)acrylamide 4.10 (1.4 equiv, 0.028 g, 0.16 mmol), CuI 

(catalytic) and DIPEA (2 equiv, 0.04 mL, 0.03 g, 0.2 mmol) in MeCN (2 mL) afforded the title 

compound 4.2 (19 mg, 0.033 mmol, 29%) (Rf = 0.46, 5% MeOH/EtOAc) as a white solid. 

Mp 124–126 °C. IR (ATR, cm-1): 

3 463 (w), 3 267 (m), 3 212 (w), 

3 076 (w), 2 934 (m), 2 801 (w), 

2 358 (CO2, w), 1 668 (C=O str, s), 

1 615 (s), 1 568 (s), 1 532 (m), 1 480 

(m), 1 444 (s), 1 410 (m), 1 340 (C-N 

str, s), 1 237 (s), 1 095 (m), 1 045 (w), 969, 885 (meta-substituted C-H oop bend, m), 841 

(para-substituted C-H oop bend, w), 794 (meta-substituted C-H oop bend, m), 755 (ortho-

substituted C-H oop bend, s), 728 (m), 691 (meta-substituted C-H oop bend, m), 607 (w). 1H 

NMR (600 MHz, CDCl3) δ 8.32 (s, 1H, H32), 8.05 (s, 1H, H27), 7.75 (s, 1H, H25), 7.73 (d, J = 

9.0 Hz, 1H, H11), 7.65 – 7.60 (m, 1H, H29), 7.63 (d, J = 7.8 Hz, 2H, H3), 7.59 (d, J = 7.7 Hz, 

1H, H31), 7.56 (d, J = 6.8 Hz, 1H, H8), 7.47 – 7.39 (m, 2H, H14&14b), 7.38 – 7.30 (m, 3H, 

H13b,15&30), 7.24 – 7.18 (m, 1H, H10), 7.20 (d, J = 7.8 Hz, 2H, H2), 6.73 (app. t, dd, J = 6.7, 6.7 

Hz, 1H, H9), 6.42 (d, J = 16.8 Hz, 1H, H35), 6.33 (dd, J = 16.8, 10.1 Hz, 1H, H34), 5.71 (d, J = 

10.1 Hz, 1H, H35), 4.44 (app. tt, dddd, J = 11.7, 11.7, 4.2, 4.2 Hz, 1H, H20), 3.48 (s, 2H, H16), 

2.96 (d, J = 11.4 Hz, 2H, H18), 2.18 – 2.11 (m, 4H, H18&19), 2.08 – 2.01 (m, 2H, H19), 2.00 (s, 

3H, H36). 
13C NMR (151 MHz, CDCl3) δ 164.0 (C33), 147.2 (C24), 144.8 (C11a), 141.9 (C6), 
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139.2 (C13b), 138.7 (C26), 137.6 (C1), 133.2 (C4), 131.9 (C13), 131.5 (C28), 131.4 (C34), 131.1 

(C14), 129.9 (C14b), 129.7 (C30), 129.1 (C2&12), 127.8 (C35), 127.3 (C3), 127.1 (C15), 124.9 (C10), 

123.5 (C8), 121.7 (C31), 120.4 (C7), 119.7 (C29), 117.8 (C25), 117.5 (C11), 117.2 (C27), 112.6 

(C9), 62.5 (C16), 58.5 (C20), 52.2 (C18), 32.8 (C19), 19.5 (C36). HRMS (TOF MS ESI+): m/z 

calcd for C37H36N7O
+ [M+H]+, 594.2981, found 594.2982, error 0.2 ppm, purity 99.9%. 

Atom 

# 

13C shift 

(ppm) 

1H shift (ppm) COSY (ppm) HMBC (ppm) 

1 137.6 - - 7.63 (3), 3.48 

(16) 

2 129.1 7.20, d, J = 7.8 Hz, 2H 7.63 (3), 3.48 

(16) 

7.20 (2), 3.48 

(16) 

3 127.3 7.63, d, J = 7.8 Hz, 2H 7.20 (2), 3.48 

(16) 

7.20 (2), 7.63 

(3) 

4 133.2 - - 7.20 (2) 

6 141.9 - - 7.63 (3) 

7 120.4 - - 7.33 (13b) 

8 123.5 7.56, d, J = 6.8 Hz, 1H 6.73 (9), 7.21 

(10), 7.73 (11) 

6.73 (9), 7.21 

(10) 

9 112.6 6.73, app. t, dd, J = 6.7, 6.7 Hz, 

1H 

7.56 (8), 7.21 

(10), 7.73 (11) 

7.56 (8), 7.73 

(11) 

10 124.9 7.21 [7.24 – 7.18], m, 1H 7.56 (8), 6.73 (9), 

7.73 (11) 

7.56 (8), 6.73 

(9) 

11 117.5 7.73, d, J = 9.0 Hz, 1H 7.56 (8), 6.73 (9), 

7.21 (10) 

6.73 (9) 

11a 144.8 - - 7.56 (8), 7.21 

(10), 7.73 (11) 

12 129.1 - - 7.33 (13b), 

7.42 (14), 2.00 

(36) 

13 131.9 - - 7.42 (14) 

13b 139.2 7.33 [7.38 – 7.30], m, 1H 7.42 (14b) 7.42 (14b), 

2.00 (36) 

14 131.1 7.42 [7.47 – 7.39], m, 1H 7.33 (15), 2.00 

(36) 

2.00 (36) 

14b 129.9 7.42 [7.47 – 7.39], m, 1H 7.33 (15) 7.33 (15) 

15 127.1 7.33 [7.38 – 7.30], m, 1H 7.42 (14/14b), 

2.00 (36) 

7.42 (14) 

16 62.5 3.48, s, 2H 7.20 (2), 7.63 (3) 7.20 (2), 2.14 

(18) 

18 52.2 2.96, d, J = 11.4 Hz, 2H 2.14 (18/19), 2.04 

(19), 4.44 (20) 

3.48 (16), 2.14 

(19), 2.04 (19) 

2.14 [2.18 – 2.11], m, 2H 2.96 (18), 2.04 

(19), 4.44 (20) 

19 32.8 2.14 [2.18 – 2.11], m, 2H 2.96 (18), 2.04 

(19), 4.44 (20) 

3.48 (16), 2.14 

(18), 4.44 (20) 
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Atom 

# 

13C shift 

(ppm) 

1H shift (ppm) COSY (ppm) HMBC (ppm) 

2.04 [2.08 – 2.01], m, 2H 2.96 (18), 2.14 

(18/19), 4.44 (20) 

20 58.5 4.44, app. tt, dddd, J = 11.7, 

11.7, 4.2, 4.2 Hz, 1H 

2.96 (18), 2.14 

(18/19), 2.04 

(19), 7.75 (25) 

2.14 (18/19), 

2.04 (19) 

24 147.2 - - 7.75 (25), 8.05 

(27), 7.59 (31) 

25 117.8 7.75, s, 1H 4.44 (20) 4.44 (20), 7.59 

(31) 

26 138.7 - - 7.33 (30) 

27 117.2 8.05, s, 1H 7.63 (29), 7.59 

(31) 

7.59 (31) 

28 131.5 - - 7.33 (30) 

29 119.7 7.63 [7.65 – 7.60], m, 1H 8.05 (27), 7.33 

(30) 

8.05 (27), 7.59 

(31) 

30 129.7 7.33 [7.38 – 7.30], m, 1H 7.63 (29), 7.59 

(31) 

- 

31 121.7 7.59, d, J = 7.7 Hz, 1H 8.05 (27), 7.33 

(30) 

8.05 (27), 7.63 

(29) 

32 - 8.32, s, 1H -  

33 164.0 - - 6.33 (34), 6.42 

(35), 5.71 (35) 

34 131.4 6.33, dd, J = 16.8, 10.1 Hz, 1H 6.42 (35), 5.71 

(35) 

6.42 (35), 5.71 

(35) 

35 127.8 6.42, d, J = 16.8 Hz, 1H 6.33 (34), 5.71 

(35) 

6.33 (34) 

5.71, d, J = 10.1 Hz, 1H 6.33 (34), 6.42 

(35) 

36 19.5 2.00, s, 3H 7.42 (14), 7.33 

(15) 

7.42 (14) 

9.3.10 N-{4-[1-(1-{4-[3-(o-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzyl}-

piperidin-4-yl)-1H-1,2,3-triazol-4-yl]phenyl}acrylamide – 4.3 

Following the procedure described for the triazole 2.68 (Section 9.2.14), 

2-{4-[(4-azidopiperidin-1-yl)methyl]phenyl}-3-(o-tolyl)imidazo[1,2-a]pyridine 4.9 (0.045 g, 

0.11 mmol), N-(4-ethynylphenyl)acrylamide 3.26 (1.4 equiv, 25 mg, 0.15 mmol), CuI 

(catalytic) and DIPEA (2 equiv, 0.04 mL, 0.03 g, 0.2 mmol) in MeCN (2 mL) afforded the title 

compound 4.3 (0.045 g, 0.075 mmol, 71%) (Rf = 0.33, 5% MeOH/EtOAc) as a yellow solid. 
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Mp 169–170 °C. IR (ATR, cm-1): 

3 465 (m), 3 429 (s), 3 263 (s), 3 109 

(w), 2 947 (m), 2 811 (w), 2 257 (w), 

2 167 (w), 2 135 (w), 2 037 (w), 

1 737 (w), 1 668 (C=O str, s), 1 633 

(w), 1 595 (s), 1 531 (s), 1 497 (s), 

1 441 (w), 1 412 (s), 1 341 (C-N str, s), 1 244 (m), 1 183 (w), 1 097 (w), 972 (m), 840 (para-

substituted C-H oop bend, m), 797 (w), 755 (ortho-substituted C-H oop bend, s), 729 (m). 1H 

NMR (600 MHz, CDCl3&MeOD-d4) δ 8.64 (s, H30), 7.78 (s, 1H, H25), 7.71 – 7.64 (m, 5H, 

H11,27&28), 7.59 (d, J = 8.1 Hz, 2H, H3), 7.55 (dd, J = 6.9, 1.2 Hz, 1H, H8), 7.44 (app. td, ddd, J 

= 7.5, 7.2, 1.6 Hz, 1H, H14b), 7.40 (d, J = 7.3 Hz, 1H, H14), 7.34 (app. td, ddd, J = 7.3, 7.2, 1.6 

Hz, 1H, H15), 7.31 (dd, J = 7.5, 1.6 Hz, 1H, H13b), 7.24 – 7.21 (m, 1H, H10), 7.21 (d, J = 8.1 

Hz, 2H, H2), 6.74 (app. td, ddd, J =  6.9, 6.8, 1.2 Hz, 1H, H9), 6.40 (dd, J = 16.9, 1.9 Hz, 1H, 

H33), 6.34 (dd, J = 16.9, 9.7 Hz, 1H, H32), 5.71 (dd, J = 9.7, 1.9 Hz, 1H, H33), 4.47 (app. tt, 

dddd, J = 11.5, 11.5, 4.4, 4.4 Hz, 1H, H20), 3.51 (s, 2H, H16), 2.99 (d, J = 11.2 Hz, 2H, H18), 

2.22 – 2.12 (m, 4H, H18&19), 2.12 – 2.02 (m, 2H, H19), 1.99 (s, 3H, H36). 
13C NMR (151 MHz, 

CDCl3&MeOD-d4) δ  164.1 (C31), 147.2 (C24), 144.8 (C11a), 141.7 (C6), 139.2 (C13b), 138.1, 

137.0, 133.2 (C4), 131.9 (C13), 131.2, 131.1 (C14), 129.9 (C14b), 129.4 (C2), 129.0 (C12), 127.7, 

127.3 (C3), 127.1 (C15), 126.6, 126.3, 125.1 (C10), 123.6 (C8), 120.5, 120.3, 117.5 (C11), 117.2, 

112.7 (C9), 62.5 (C16), 58.4 (C20), 52.2 (C18), 32.6 (C19), 19.5 (C36). HRMS (TOF MS ESI+): 

m/z calcd for C37H36N7O
+ [M+H]+, 594.2981, found 594.2991, error 1.7 ppm, purity 92.4%. 

9.3.11 4-[3-(m-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzonitrile – 4.16 

Following the Suzuki-Miyaura procedure described for compound 3.5 (Section 9.2.4), 

4-(3-bromoimidazo[1,2-a]pyridin-2-yl)benzonitrile 3.6 (0.521 g, 1.75 mmol), m-tolylboronic 

acid 4.15 (1.1 equiv, 0.272 g, 2.00 mmol), K2CO3 (2.4 equiv, 0.570 g, 4.12 mmol) and 

Pd(PPh3)4 (5 mol%, 0.094 g, 0.081 mmol) in 1,4-dioxane (4 mL) and H2O (2 mL) afforded the 

title compound 4.16 (0.446 g, 1.44 mmol, 82%) (Rf = 0.43, 40% EtOAc/Hexane) as an off-

white solid. 

This reaction was done three times with an average yield of 90%. 
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Mp 155–157 °C. IR (ATR, cm-1): 3 029 (w), 2 923 (w), 2 224 

(C≡N str, s), 1 916 (w), 1 788 (w), 1 631 (w), 1 606 (s), 1 585 (w), 

1 543 (w), 1 504 (m), 1 470 (m), 1 444 (w), 1 411 (w), 1 381 (w), 

1 356 (m), 1 339 (C-N str, s), 1 306 (m), 1 269 (w), 1 238 (m), 1 199 

(w), 1 184 (w), 1 144 (w), 1 126 (w), 1 106 (w), 1 088 (w), 1 043 

(w), 1 017 (w), 911 (w), 893 (meta-substituted C-H oop bend, w), 

846 (para-substituted C-H oop bend, s), 792 (meta-substituted C-H oop bend, m), 766 (w), 753 

(s), 743 (w), 734 (s), 713 (m), 702 (meta-substituted C-H oop bend, m), 691 (w), 604 (m). 1H 

NMR (400 MHz, CDCl3) δ 7.90 (app. dt, ddd, J = 6.9, 1.2, 1.2 Hz, 1H, H8), 7.83 – 7.75 (m, 

2H, H3), 7.66 (app. dt, ddd, J = 9.1, 1.2, 1.2 Hz, 1H, H11), 7.60 – 7.50 (m, 2H, H2), 7.45 (app. 

t, dd, J = 7.6, 7.6 Hz, 1H, H14b), 7.38 – 7.30 (m, 1H, H13b/15), 7.26 – 7.20 (m, 3H, H10,13&13b/15), 

6.76 (app. td, ddd, J = 6.9, 6.8, 1.2 Hz, 1H, H9), 2.42 (s, 3H, H36). 
13C NMR (101 MHz, CDCl3) 

δ 145.1, 140.1, 139.9, 139.1, 132.2, 131.1, 130.4, 129.9, 129.2, 128.3, 127.8, 125.5, 123.7, 

122.9, 119.3, 117.8, 112.8, 110.7, 21.6 (C36). HRMS (TOF MS ESI+): m/z calcd for 

C21H16N3
+ [M+H]+, 310.1344, found 310.1351, error 2.3 ppm. 

9.3.12 4-[3-(m-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzaldehyde – 4.17 

Following the procedure described for the benzaldehyde 3.3 (Section 9.2.5), 

4-[3-(m-tolyl)imidazo[1,2-a]pyridin-2-yl]benzonitrile 4.16 (0.513 g, 1.66 mmol) and RaNi in 

formic acid (5 mL) afforded the title compound 4.17 (0.395 g, 1.26 mmol, 76%) (Rf = 0.23, 

40% EtOAc/Hexane) as a yellow solid. 

Mp 134–136 °C. IR (ATR, cm-1): 3 049 (w), 2 811 (w), 2 725 (m), 

1 685 (C=O str, s), 1 633 (w), 1 603 (s), 1 571 (m), 1 504 (m), 1 480 

(w), 1 442 (w), 1 413 (w), 1 385 (w), 1 357 (m), 1 342 (C-N str, s), 

1 305 (m), 1 268 (m), 1 244 (m), 1 212 (s), 1 171 (s), 1 105 (w), 912 

(meta-substituted C-H oop bend, w), 841 (para-substituted C-H oop 

bend, s), 825 (m), 790 (meta-substituted C-H oop bend, m), 751 (s), 

740 (m), 703 (meta-substituted C-H oop bend, m), 684 (w). 1H NMR 

(600 MHz, CDCl3) δ 9.96 (s, 1H, H16), 7.92 (app. dt, ddd, J = 6.9, 1.2, 1.2 Hz, 1H, H8), 7.88 

– 7.84 (m, 2H, H2/3), 7.80 – 7.76 (m, 2H, H2/3), 7.68 (app. dt, ddd, J = 9.1, 1.2, 1.2 Hz, 1H, 

H11), 7.44 (app. t, dd, J = 7.6, 7.6 Hz, 1H, H14b), 7.36 – 7.31 (m, 1H, H13b/15), 7.27 – 7.18 (m, 

3H, H10,13&13b/15), 6.75 (app. td, ddd, J = 6.9, 6.8, 1.2 Hz, 1H, H9), 2.42 (s, 3H, H36), EtOAc 

contaminant. 13C NMR (151 MHz, CDCl3) δ 192.1 (C16), 145.1, 140.8, 140.6, 139.8, 135.2, 
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131.2, 130.3, 129.9, 129.8, 129.4, 128.4, 127.9, 125.3, 123.7, 122.9, 117.8, 112.7, 21.6 (C36). 

HRMS (TOF MS ESI+): m/z calcd for C21H17N2O
+ [M+H]+, 313.1341, found 313.1334, error 

2.2 ppm. 

9.3.13 {4-[3-(m-Tolyl)imidazo[1,2-a]pyridin-2-yl]phenyl}methanol – 4.18 

Following the procedure described for the benzyl alcohol 3.18 (Section 9.2.10), 

4-[3-(m-tolyl)imidazo[1,2-a]pyridin-2-yl]benzaldehyde 4.17 (0.337 g, 1.08 mmol) and NaBH4 

(2.0 equiv, 0.083 g, 2.2 mmol) in MeOH (5 mL) afforded the title compound 4.18 (0.309 g, 

0.982 mmol, 91%) (Rf = 0.08, 40% EtOAc/Hexane) as an off-white solid. 

Mp 166–168 °C. IR (ATR, cm-1): 3 190 (O-H str, s), 2 909 (w), 

2 843 (m), 1 738 (w), 1 633 (m), 1 605 (m), 1 501 (m), 1 476 (m), 

1 444 (w), 1 414 (m), 1 385 (m), 1 354 (s), 1 340 (C-N str, s), 

1 271 (m), 1 230 (m), 1 203 (m), 1 185 (w), 1 144 (w), 1 126 (w), 

1 103 (w), 1 048 (s), 1 020, 984 (w), 885 (meta-substituted C-H 

oop bend, w), 835 (para-substituted C-H oop bend, m), 822 (m), 

800 (m), 789 (meta-substituted C-H oop bend, m), 755 (s), 742 (s), 716 (w), 702 (meta-

substituted C-H oop bend, s), 654 (w), 628 (w). 1H NMR (600 MHz, CDCl3) δ 7.93 (app. dt, 

ddd, J = 6.8, 1.3, 1.2 Hz, 1H, H8), 7.66 (app. dt, ddd, J = 9.0, 1.2, 1.2 Hz, 1H, H11), 7.62 – 7.58 

(m, 2H, H3), 7.39 (app. t, dd, J = 7.6, 7.6 Hz, 1H, H14b), 7.28 (d, J = 7.6 Hz, 1H, H13b/15), 7.25 

– 7.20 (m, 4H, H2,13&13b/15), 7.18 (ddd, J = 9.0, 6.7, 1.3 Hz, 1H, H10), 6.72 (app. td, ddd, J = 6.8, 

6.7, 1.2 Hz, 1H, H9), 4.65 (s, 2H, H16), 3.07 (br s, 1H, OH), 2.39 (s, 3H, H36). 
13C NMR (151 

MHz, CDCl3) δ 144.8, 142.1, 140.6, 139.4, 133.3, 131.2, 129.8, 129.8, 129.6, 128.3, 128.0, 

127.0, 124.8, 123.5, 121.4, 117.5, 112.4, 65.0 (C16), 21.6 (C36). HRMS (TOF MS ESI+): m/z 

calcd for C21H19N2O
+ [M+H]+, 315.1497, found 315.1501, error 1.3 ppm. 

9.3.14 2-[4-(Chloromethyl)phenyl]-3-(m-tolyl)imidazo[1,2-a]pyridine – 4.19 

Following the procedure described for the benzyl chloride 3.20 (Section 9.2.11), 

{4-[3-(m-tolyl)imidazo[1,2-a]pyridin-2-yl]phenyl}methanol 4.18 (0.268 g, 0.851 mmol) and 

PPh3 (3.0 equiv, 0.662 g, 2.53 mmol) in CCl4 (2.6 mL) and DMF (5.2 mL) afforded the title 

compound 4.19 (0.096 g, 0.29 mmol, 34%) (Rf = 0.50, 40% EtOAc/Hexane) as a dark yellow 

semi-solid. 
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IR (ATR, cm-1): 3 401 (w), 2 920 (w), 1 659 (m), 1 606 (m), 1 509 

(s), 1 409 (m), 1 346 (C-N str, s), 1 273 (s), 1 244 (s), 1 186 (m), 

1 167 (m), 1 112 (m), 893 (meta-substituted C-H oop bend, w), 845 

(m), 832 (para-substituted C-H oop bend, m), 785 (meta-

substituted C-H oop bend, s), 751 (s), 737 (s), 720 (m), 705 (meta-

substituted C-H oop bend, s). 1H NMR (600 MHz, CDCl3) δ 7.91 

(app. dt, ddd, J = 6.8, 1.2, 1.2 Hz, 1H, H8), 7.70 – 7.68 (m, 2H, H3), 7.67 (app. dt, ddd, J = 9.1, 

1.2, 1.2 Hz, 1H, H11), 7.42 (app. t, dd, J = 7.8, 7.6 Hz, 1H, H14b), 7.33 – 7.26 (m, 4H, 

H2,13&13b/15), 7.24 (ddd, J = 7.8, 2.0, 1.1 Hz, 1H, H13b/15), 7.19 (ddd, J = 9.1, 6.7, 1.2 Hz, 1H, 

H10), 6.72 (app. td, ddd, J = 6.8, 6.7, 1.2 Hz, 1H, H9), 4.57 (s, 2H, H16), 2.41 (s, 3H, H36). 
13C 

NMR (151 MHz, CDCl3) δ 144.9, 141.6, 139.6, 136.5, 134.6, 131.3, 130.0, 129.8, 129.7, 

128.7, 128.3, 128.0, 124.8, 123.6, 121.7, 117.6, 112.4, 46.4 (C16), 21.6 (C36). HRMS (TOF 

MS ESI+): m/z calcd for C21H18ClN2
+ [M+H]+, 333.1159, found 333.1155, error 1.2 ppm. 

9.3.15 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-3-(m-tolyl)-

imidazo[1,2-a]pyridine – 4.20 

Following procedure C described for compound 3.1 (Section 9.2.12.1), 

2-[4-(chloromethyl)phenyl]-3-(m-tolyl)imidazo[1,2-a]pyridine 4.19 (0.075 g, 0.23 mmol), 

4-azidopiperidin-1-ium chloride 3.17 (1.3 equiv, 0.047 g, 0.29 mmol) and Et3N (3 equiv, 

0.08 mL, 0.06 g, 0.6 mmol) in DMF (1.5 mL) afforded the title compound 4.20 (0.078 g, 

0.18 mmol, 81%) (Rf = 0.10, 40% EtOAc/Hexane) as a yellow semi-solid. 

IR (ATR, cm-1): 2 943 (s), 2 802 (m), 2 764 (m), 2 088 

(N=N=N str, s), 1 736 (s), 1 676 (w), 1 633 (w), 1 606 (w), 

1 508 (m), 1 447 (w), 1 468 (w), 1 414 (w), 1 360 (m), 

1 339 (C-N str, s), 1 310 (w), 1 239 (s), 1 182 (w), 1 143 

(m), 1 099 (m), 1 035 (m), 998 (m), 937 (w), 845 (para-

substituted C-H oop bend, m), 785 (s), 752 (s), 741 (s), 704 

(s). 1H NMR (600 MHz, CDCl3) δ 7.91 (app. dt, ddd, J = 6.8, 1.2, 1.2 Hz, 1H, H8), 7.68 – 7.62 

(m, 3H, H3&11), 7.41 (app. t, dd, J = 7.6, 7.6 Hz, 1H, H14b), 7.31 – 7.28 (m, 1H, H13b/15), 7.27 – 

7.26 (m, 1H, H13), 7.26 – 7.23 (m, 1H, H13b/15), 7.22 – 7.20 (m, 2H, H2), 7.18 (ddd, J = 9.1, 6.7, 

1.2 Hz, 1H, H10), 6.71 (app. td, ddd, J = 6.8, 6.7, 1.2 Hz, 1H, H9), 3.47 (s, 2H, H16), 3.38 – 3.35 

(m, 1H, H20), 2.77 – 2.72 (m, 2H, H18), 2.41 (s, 3H, H36), 2.18 – 2.11 (m, 2H, H18/19), 1.91 – 

1.83 (m, 2H, H18/19), 1.70 – 1.61 (m, 2H, H19), EtOAc contaminant. 13C NMR (151 MHz, 
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CDCl3) δ 144.8, 142.2, 139.4, 137.5, 133.3, 131.3, 130.0, 129.8, 129.6, 129.1, 128.0, 127.9, 

124.6, 123.5, 121.3, 117.6, 112.2, 62.8 (C16), 57.9 (C20), 51.3 (C18), 31.0 (C19), 21.6 (C36). 

HRMS (TOF MS ESI+): m/z calcd for C26H27N6
+ [M+H]+, 423.2297, found 423.2292, error 

1.2 ppm. 

9.3.16 N-{3-[1-(1-{4-[3-(m-Tolyl)imidazo[1,2-a]pyridin-2-yl]benzyl}-

piperidin-4-yl)-1H-1,2,3-triazol-4-yl]phenyl}acrylamide – 4.4 

Following the procedure described for the triazole 2.68 (Section 9.2.14), 

2-{4-[(4-azidopiperidin-1-yl)methyl]phenyl}-3-(m-tolyl)imidazo[1,2-a]pyridine 4.20 

(0.034 g, 0.081 mmol), N-(3-ethynylphenyl)acrylamide 4.10 (1.3 equiv, 18 mg, 0.11 mmol), 

CuI (catalytic) and DIPEA (3 equiv, 0.04 mL, 0.03 g, 0.2 mmol) in MeCN (2 mL) afforded the 

title compound 4.4 (15 mg, 0.025 mmol, 31%) (Rf = 0.48, 5% MeOH/EtOAc) as a yellow 

solid. 

Mp 130–132 °C. IR (ATR, cm-1): 

3 564 (m), 2 369 (CO2, s), 2 336 

(CO2, s), 1 674 (C=O str, s), 1 614 

(s), 1 532 (m), 1 479 (m), 1 444 (s), 

1 414 (s), 1 338 (C-N str, s), 1 248 

(m), 1 099 (w), 991 (m), 882 (meta-

substituted C-H oop bend, w), 847 (para-substituted C-H oop bend, m), 787 (meta-substituted 

C-H oop bend, s), 754 (m), 733 (m), 693 (meta-substituted C-H oop bend, s), 645 (w), 606 (m). 

1H NMR (600 MHz, CDCl3) δ  8.10 (s, 1H, H32), 8.05 (s, 1H, H27), 7.93 (d, J = 6.8 Hz, 1H, 

H8), 7.77 (s, 1H, H25), 7.73 (d, J = 9.1 Hz, 1H, H11), 7.66 – 7.62 (m, 1H, H29/31), 7.64 (d, J = 

7.9 Hz, 2H, H3), 7.62 – 7.58 (m, 1H, H29/31), 7.40 (app. t, dd, J = 7.7, 7.6 Hz, 1H, H14b), 7.34 

(app. t, dd, J = 7.9, 7.9 Hz, 1H, H30), 7.29 (d, J = 7.7 Hz, 1H, H13b/15), 7.26 – 7.18 (m, 3H, 

H10,13&13b/15), 7.22 (d, J = 7.9 Hz, 2H, H2), 6.75 (app. t, dd, J = 6.8, 6.7 Hz, 1H, H9), 6.43 (dd, 

J = 16.8, 1.4 Hz, 1H, H35), 6.32 (dd, J = 16.8, 10.1 Hz, 1H, H34), 5.73 (dd, J = 10.1, 1.4 Hz, 

1H, H35), 4.46 (app. tt, dddd, J = 11.5, 11.5, 4.2, 4.2 Hz, 1H, H20), 3.51 (s, 2H, H16), 3.01 – 

2.95 (m, 2H, H18), 2.39 (s, 3H, H36), 2.20 – 2.11 (m, 4H, H18&19), 2.10 – 2.00 (m, 2H, H19), 

EtOAc contaminant. 13C NMR (151 MHz, CDCl3) δ 163.9 (C33), 147.2 (C24), 144.8 (C11a), 

142.0 (C6), 139.5, 138.7 (C26), 137.6 (C1), 133.0 (C4), 131.6 (C28), 131.4, 131.3 (C34), 130.0, 

129.7, 129.6, 129.6, 129.0 (C2), 128.2, 128.0, 127.8 (C35), 125.1 (C10), 123.6 (C8), 121.7 (C31), 

121.4, 119.7 (C29), 117.8 (C25), 117.5 (C11), 117.1 (C27), 112.6 (C9), 62.5 (C16), 58.6 (C20), 52.3 
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(C18), 32.8 (C19), 21.6 (C36). HRMS (TOF MS ESI+): m/z calcd for C37H36N7O
+ [M+H]+, 

594.2981, found 594.2988, error 1.2 ppm, purity 93%. 

9.3.17 4-(6-Methylimidazo[1,2-a]pyridin-2-yl)benzonitrile – 4.22 

Following procedure C described for the compound 3.8 (Section 9.2.2.3), 

2-bromo-4’-cyanoacetophenone 3.16 (1.01 g, 4.50 mmol), 5-methylpyridin-2-amine 4.21 

(1.0 equiv, 0.488 g, 4.51 mmol) and NaHCO3 (1.1 equiv, 0.419 g, 4.99 mmol) in EtOH 

(10 mL) afforded the title compound 4.22 (0.895 g, 3.84 mmol, 85%) (Rf = 0.30, 

40% EtOAc/Hexane) as a dark yellow solid. 

Decompn. 224–226 °C. IR (ATR, cm-1): 3 127 (w), 3 037 (w), 

2 221 (C≡N str, s), 2 153 (w), 1 608 (s), 1 552 (w), 1 530 (w), 1 479 

(w), 1 416 (m), 1 385 (w), 1 344 (w), 1 261 (w), 1 215 (w), 1 177 

(m), 1 105 (w), 1 080 (w), 859 (w), 838 (para-substituted C-H oop 

bend, s), 813 (s), 742 (s), 708 (s). 1H NMR (300 MHz, CDCl3) δ 

8.03 – 7.98 (m, 2H, H3), 7.89 (app. dq, dddd, J = 1.8, 1.1, 1.1, 1.1 

Hz, 1H, H8), 7.82 (d, J = 0.7 Hz, 1H, H7), 7.70 – 7.64 (m, 2H, H2), 7.51 (d, J = 9.3 Hz, 1H, 

H11), 7.05 (dd, J = 9.3, 1.8 Hz, 1H, H10), 2.32 (d, J = 1.1 Hz, 3H, H36). 
13C NMR (75 MHz, 

CDCl3) δ 145.2, 143.5, 138.6, 132.6, 128.8, 126.3, 123.5, 122.9, 119.2, 117.2, 110.9, 109.3, 

18.2 (C36). HRMS (TOF MS ESI+): m/z calcd for C15H12N3
+ [M+H]+, 234.1031, found 

234.1035, error 1.7 ppm. 

9.3.18 4-(3-Bromo-6-methylimidazo[1,2-a]pyridin-2-yl)benzonitrile – 4.25 

Following procedure C described for the compound 3.6 (Section 9.2.3.3), 

4-(6-methylimidazo[1,2-a]pyridin-2-yl)benzonitrile 4.22 (0.804 g, 3.45 mmol) and Br2 

(1.0 equiv, 0.18 mL, 0.56 g, 3.5 mmol) in DCM (40 mL) afforded the title compound 4.25 

(1.06 g, 3.39 mmol, 98%) (Rf = 0.49, 40% EtOAc/Hexane) as a peach solid. 

Decompn. 190–192 °C. IR (ATR, cm-1): 3 080 (w), 3 027 (w), 

2 225 (C≡N str, s), 1 609 (s), 1 532 (w), 1 502 (w), 1 475 (s), 1 410 

(s), 1 386 (w), 1 344 (C-N str, s), 1 327 (m), 1 302 (w), 1 270 (w), 

1 249 (w), 1 170 (m), 1 149 (m), 1 110 (w), 1 024 (w), 977 (m), 863 

(w), 840 (para-substituted C-H oop bend, s), 823 (w), 798 (s), 758 

(w), 738 (w), 689 (w), 650 (m). 1H NMR (300 MHz, CDCl3) δ 8.34 

– 8.21 (m, 2H, H3), 8.00 (app. dt, ddd, J = 1.8, 1.1, 0.9 Hz, 1H, H8), 7.81 – 7.68 (m, 2H, H2), 
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7.68 (dd, J = 9.1, 0.9 Hz, 1H, H11), 7.24 (dd, J = 9.1, 1.8 Hz, 1H, H10), 2.44 (d, J = 1.1 Hz, 3H, 

H36). 
13C NMR (75 MHz, CDCl3) δ 144.2, 139.3, 136.6, 132.5, 130.3, 128.3, 124.5, 122.0, 

119.0, 116.9, 111.9, 93.1 (C7), 18.6 (C36). HRMS (TOF MS ESI+): m/z calcd for C15H11BrN3
+ 

[M+H]+, 312.0136, found 312.0132, error 1.3 ppm. 

9.3.19 4-(6-Methyl-3-phenylimidazo[1,2-a]pyridin-2-yl)benzonitrile – 4.26 

Following the Suzuki-Miyaura procedure described for compound 3.5 (Section 9.2.4), 

4-(3-bromo-6-methylimidazo[1,2-a]pyridin-2-yl)benzonitrile 4.25 (0.701 g, 2.24 mmol), 

phenylboronic acid 3.7 (1.2 equiv, 0.331 g, 2.72 mmol), K2CO3 (2.4 equiv, 0.750 g, 

5.43 mmol) and Pd(PPh3)4 (5 mol%, 0.132 g, 0.114 mmol) in 1,4-dioxane (4 mL) and H2O 

(2 mL) afforded the title compound 4.26 (0.528 g, 1.71 mmol, 76%) (Rf = 0.44, 

40% EtOAc/Hexane) as a pale yellow solid. 

Mp 196–198 °C. IR (ATR, cm-1): 3 054 (m), 2 973 (w), 2 923 (w), 

2 223 (C≡N str, s), 1 907 (w), 1 641 (w), 1 609 (s), 1 551 (m), 1 537 

(m), 1 512 (m), 1 456 (w), 1 443 (w), 1 411 (m), 1 386 (m), 1 335 

(C-N str, s), 1 273 (m), 1 255 (w), 1 226 (m), 1 182 (w), 1 157 (m), 

1 138 (w), 1 103 (w), 1 031 (w), 964 (w), 844 (para-substituted C-H 

oop bend, s), 803 (s), 774 (m), 758 (monosubstituted C-H oop bend, 

m), 741 (w), 710 (monosubstituted C-H oop bend, s), 694 (m). 1H NMR (600 MHz, CDCl3) 

δ 7.77 – 7.73 (m, 2H, H3), 7.67 (app. dt, ddd, J = 1.5, 1.2, 1.2 Hz, 1H, H8), 7.59 – 7.51 (m, 6H, 

H11,13,14&15), 7.44 – 7.41 (m, 2H, H2), 7.09 (dd, J = 9.2, 1.5 Hz, 1H, H10), 2.27 (d, J = 1.2 Hz, 

3H, H36). 
13C NMR (151 MHz, CDCl3) δ 144.3, 140.2, 139.2, 132.2, 130.8, 130.0, 129.6, 

128.8, 128.2, 122.7, 122.4, 121.1, 119.3, 117.2, 110.6, 18.5 (C36). Two carbon peaks are 

suspected to overlap, presenting as one. HRMS (TOF MS ESI+): m/z calcd for C21H16N3
+ 

[M+H]+, 310.1344, found 310.1344, error 0. 

9.3.20 4-(6-Methyl-3-phenylimidazo[1,2-a]pyridin-2-yl)benzaldehyde – 4.27 

Following the procedure described for the benzaldehyde 3.3 (Section 9.2.5), 

4-(6-methyl-3-phenylimidazo[1,2-a]pyridin-2-yl)benzonitrile 4.26 (0.429 g, 1.39 mmol) and 

RaNi in formic acid (4 mL) afforded the title compound 4.27 (0.314 g, 1.01 mmol, 73%) 

(Rf = 0.32, 40% EtOAc/Hexane) as an off-white solid. 
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Mp 168–170 °C. IR (ATR, cm-1): 3 061 (w), 2 848 (w), 1 695 (C=O 

str, s), 1 603 (s), 1 570 (w), 1 531 (w), 1 512 (m), 1 443 (m), 1 411 

(w), 1 388 (w), 1 336 (C-N str, m), 1 304 (m), 1 253 (w), 1 211 (s), 

1 158 (m), 1 104 (w), 1 071 (w), 964 (m), 842 (para-substituted C-H 

oop bend, s), 820 (m), 807 (s), 762 (monosubstituted C-H oop bend, 

s), 739 (w), 695 (monosubstituted C-H oop bend, s), 676 (w). 1H 

NMR (600 MHz, CDCl3) δ 9.96 (s, 1H, H16), 7.85 – 7.80 (m, 2H, H2/3), 7.79 – 7.75 (m, 2H, 

H2/3), 7.69 (app. dt, ddd, J = 1.9, 1.1, 1.1 Hz, 1H, H8), 7.59 (dd, J = 9.2, 1.1 Hz, 1H, H11), 7.57 

– 7.49 (m, 3H, H13/14&15), 7.47 – 7.42 (m, 2H, H13/14), 7.09 (dd, J = 9.2, 1.9 Hz, 1H, H10), 2.27 

(d, J = 1.1 Hz, 3H, H36). 
13C NMR (151 MHz, CDCl3) δ 192.1 (C16), 144.3, 140.8, 140.8, 

135.1, 130.9, 129.9, 129.9, 129.8, 129.4, 128.6, 128.3, 122.6, 122.5, 121.1, 117.2, 18.5 (C36). 

HRMS (TOF MS ESI+): m/z calcd for C21H17N2O
+ [M+H]+, 313.1341, found 313.1330, error 

3.5 ppm. 

9.3.21 [4-(6-Methyl-3-phenylimidazo[1,2-a]pyridin-2-yl)phenyl]methanol – 4.28 

Following the procedure described for the benzyl alcohol 3.18 (Section 9.2.10), 

4-(6-methyl-3-phenylimidazo[1,2-a]pyridin-2-yl)benzaldehyde 4.27 (0.258 g, 0.825 mmol) 

and NaBH4 (2.1 equiv, 0.066 g, 1.7 mmol) in MeOH (8 mL) afforded the title compound 4.28 

(0.197 g, 0.626 mmol, 76%) (Rf = 0.20, 60% EtOAc/Hexane) as a white solid. 

Mp 196–198 °C. IR (ATR, cm-1): 3 180 (O-H str, s), 2 914 (m), 

2 857 (m), 2 361 (CO2, m), 1 537 (m), 1 513 (m), 1 478 (w), 1 441 

(m), 1 410 (s), 1 390 (s), 1 363 (m), 1 336 (C-N str, s), 1 310 (w), 

1 276 (m), 1 231 (m), 1 206 (m), 1 159 (w), 1 136 (w), 1 105 (w), 

1 036 (C-O str, s), 1 016 (s), 972 (m), 846 (para-substituted C-H 

oop bend, s), 802 (s), 766 (monosubstituted C-H oop bend, s), 704 

(monosubstituted C-H oop bend, s), 652 (m), 607 (w). 1H NMR (600 MHz, CDCl3) δ 7.71 

(app. dt, ddd, J = 1.5, 1.2, 1.2 Hz, 1H, H8), 7.59 – 7.55 (m, 3H, H3&11), 7.53 – 7.49 (m, 2H, 

H13/14), 7.49 – 7.45 (m, 1H, H15), 7.45 – 7.40 (m, 2H, H13/14), 7.24 – 7.20 (m, 2H, H2), 7.05 (dd, 

J = 9.1, 1.5 Hz, 1H, H10), 4.65 (s, 2H, H16), 3.00 (br s, 1H, OH), 2.25 (d, J = 1.2 Hz, 3H, H36). 

13C NMR (151 MHz, CDCl3) δ 144.0, 142.1, 140.5, 133.5, 130.9, 130.9, 130.2, 129.6, 128.9, 

128.2, 128.1, 127.0, 122.1, 121.0, 116.9, 65.0 (C16), 18.4 (C36). HRMS (TOF MS ESI+): m/z 

calcd for C21H19N2O
+ [M+H]+, 315.1497, found 315.1495, error 0.6 ppm. 
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9.3.22 2-[4-(Chloromethyl)phenyl]-6-methyl-3-phenylimidazo[1,2-a]pyridine – 

4.23 

Following the procedure described for the benzyl chloride 3.20 (Section 9.2.11), 

[4-(6-methyl-3-phenylimidazo[1,2-a]pyridin-2-yl)phenyl]methanol 4.28 (0.153 g, 

0.487 mmol) and PPh3 (2.9 equiv, 0.375 g, 1.43 mmol) in CCl4 (1.5 mL) and DMF (3 mL) 

afforded the title compound 4.23 (0.152 g, 0.455 mmol, 93%) (Rf = 0.65, 40% EtOAc/Hexane) 

as a pale peach solid. 

Mp 145–147 °C. IR (ATR, cm-1): 3 057 (m), 2 921 (w), 1 728 (w), 

1 613 (m), 1 537 (s), 1 512 (m), 1 443 (m), 1 411 (m), 1 387 (s), 

1 333 (C-N str, s), 1 272 (s), 1 261 (s), 1 222 (m), 1 159 (m), 1 102 

(m), 1 031 (w), 1 020 (w), 966 (w), 854 (m), 836 (para-substituted 

C-H oop bend, m), 789 (s), 758 (monosubstituted C-H oop bend, 

s), 738 (w), 705 (monosubstituted C-H oop bend, s), 672 (C-Cl str, 

s), 648 (m), 620 (w). 1H NMR (600 MHz, CDCl3) δ 7.69 (app. dt, ddd, J = 1.5, 1.2, 1.1 Hz, 

1H, H8), 7.66 – 7.63 (m, 2H, H3), 7.58 (dd, J = 9.2, 1.1 Hz, 1H, H11), 7.56 – 7.53 (m, 2H, 

H13/14), 7.52 – 7.48 (m, 1H, H15), 7.46 – 7.43 (m, 2H, H13/14), 7.30 – 7.27 (m, 2H, H2), 7.06 (dd, 

J = 9.2, 1.5 Hz, 1H, H10), 4.56 (s, 2H, H16), 2.26 (d, J = 1.2 Hz, 3H, H36). 
13C NMR (151 MHz, 

CDCl3) δ 144.1, 141.7, 136.4, 134.7, 131.0, 130.2, 129.7, 129.1, 128.7, 128.3, 128.1, 122.1, 

121.2, 121.0, 117.1, 46.4 (C16), 18.5 (C36). HRMS (TOF MS ESI+): m/z calcd for 

C21H18ClN2
+ [M+H]+, 333.1159, found 333.1159, error 0. 

9.3.23 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-6-methyl-

3-phenylimidazo[1,2-a]pyridine – 4.24 

Following procedure C described for compound 3.1 (Section 9.2.12.1), 

2-[4-(chloromethyl)phenyl]-6-methyl-3-phenylimidazo[1,2-a]pyridine 4.23 (0.101 g, 

0.30 mmol), 4-azidopiperidin-1-ium chloride 3.17 (1.3 equiv, 0.064 g, 0.40 mmol) and Et3N 

(2 equiv, 0.08 mL, 0.06 g, 0.6 mmol) in DMF (2 mL) afforded the title compound 4.24 

(0.100 g, 0.237 mmol, 78%) (Rf = 0.37, 5% MeOH/EtOAc) as a yellow solid. 
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Mp 134–136 °C. IR (ATR, cm-1): 2 929 (m), 2 807 (m), 

2 760 (m), 2 361 (CO2, w), 2 083 (N=N=N str, s), 1 536 

(w), 1 511 (m), 1 474 (w), 1 443 (m), 1 410 (w), 1 387 (s), 

1 333 (C-N str, s), 1 307 (m), 1 257 (s), 1 156 (w), 1 136 

(w), 1 092 (m), 1 040 (m), 995 (m), 965 (w), 835 (w), 793 

(s), 759 (monosubstituted C-H oop bend, s), 700 

(monosubstituted C-H oop bend, s). 1H NMR (600 MHz, CDCl3) δ 7.70 – 7.68 (m, 1H, H8), 

7.62 – 7.59 (m, 2H, H3), 7.57 (dd, J = 9.1, 1.0 Hz, 1H, H11), 7.55 – 7.52 (m, 2H, H13/14), 7.50 – 

7.47 (m, 1H, H15), 7.46 – 7.44 (m, 2H, H13/14), 7.21 – 7.18 (m, 2H, H2), 7.04 (dd, J = 9.1, 1.7 

Hz, 1H, H10), 3.46 (s, 2H, H16), 3.40 – 3.32 (m, 1H, H20), 2.78 – 2.71 (m, 2H, H18), 2.26 (d, J 

= 1.1 Hz, 3H, H36), 2.18 – 2.10 (m, 2H, H18/19), 1.91 – 1.83 (m, 2H, H18/19), 1.69 – 1.60 (m, 2H, 

H19). 
13C NMR (151 MHz, CDCl3) δ 144.0, 142.2, 137.4, 133.4, 131.0, 130.4, 129.7, 129.1, 

129.1, 128.9, 127.9, 122.0, 121.0, 120.8, 117.0, 62.8 (C16), 58.0 (C20), 51.3 (C18), 31.0 (C19), 

18.4 (C36). HRMS (TOF MS ESI+): m/z calcd for C26H27N6
+ [M+H]+, 423.2297, found 

423.2303, error 1.4 ppm. 

9.3.24 N-[3-(1-{1-[4-(6-Methyl-3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-1H-1,2,3-triazol-4-yl)phenyl]acrylamide – 4.5 

Following the procedure described for the triazole 2.68 (Section 9.2.14), 

2-{4-[(4-azidopiperidin-1-yl)methyl]phenyl}-6-methyl-3-phenylimidazo[1,2-a]pyridine 4.24 

(0.050 g, 0.12 mmol), N-(3-ethynylphenyl)acrylamide 4.10 (1.2 equiv, 24 mg, 0.14 mmol), 

CuI (catalytic) and DIPEA (2 equiv, 0.04 mL, 0.03 g, 0.2 mmol) in MeCN (2 mL) afforded the 

title compound 4.5 (0.028 g, 0.047 mmol, 40%) (Rf = 0.23, 5% MeOH/EtOAc) as a pale 

yellow solid. 

Mp 217–219 °C. IR (ATR, cm-1): 

3 400 (N-H str, w), 2 921 (m), 2 291 

(m), 1 679 (C=O str, s), 1 614 (m), 

1 561 (w), 1 536 (m), 1 513 (m), 

1 488 (s), 1 450 (m), 1 412 (s), 1 389 

(m), 1 377 (m), 1 336 (C-N str, m), 

1 316 (m), 1 290 (w), 1 200 (m), 1 102 (m), 1 078 (w), 1 029 (m), 986 (m), 955 (m), 795 (s), 

759 (m), 699 (s), 690 (m). 1H NMR (400 MHz, CDCl3&MeOD-d4) δ 8.03 (s, 1H, H27), 7.81 

(s, 1H, H25), 7.73 – 7.67 (m, 1H, H8), 7.65 – 7.49 (m, 8H, H3,13,14,29&31), 7.48 – 7.41 (m, 3H, 
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H11,15&32), 7.39 (app. t, dd, J = 7.9, 7.9 Hz, 1H, H30), 7.24 (d, J = 8.2 Hz, 2H, H2), 7.05 (dd, J = 

9.2, 1.7 Hz, 1H, H10), 6.45 (dd, J = 16.8, 1.3 Hz, 1H, H35), 6.27 (dd, J = 16.8, 10.2 Hz, 1H, 

H34), 5.79 (dd, J = 10.2, 1.3 Hz, 1H, H35), 4.56 – 4.46 (m, 1H, H20), 3.54 (s, 2H, H16), 3.07 – 

3.00 (m, 2H, H18), 2.27 (s, 3H, H36), 2.24 – 2.16 (m, 4H, H18&19), 2.16 – 2.05 (m, 2H, H19), 

EtOAc contaminant. 13C NMR (75 MHz, CDCl3&MeOD-d4) δ 164.4 (C33), 147.2 (C24), 143.9 

(C11a), 141.7 (C6), 139.2, 136.9 (C1), 133.2 (C4), 131.3 (C28), 130.9 (C13), 130.8, 129.9 (C12), 

129.7 (C30), 129.7 (C14), 129.2 (C2), 129.0 (C15), 128.4, 128.0 (C3), 127.6, 122.3, 121.2 (C31), 

121.0, 121.0, 119.9 (C29), 118.0 (C25), 116.5, 116.5 (C27), 62.5 (C16), 58.6 (C20), 52.2 (C18), 

32.5 (C19), 18.4 (C36). HRMS (TOF MS ESI+): m/z calcd for C37H36N7O
+ [M+H]+, 594.2981, 

found 594.2985, error 0.7 ppm, purity ~98%. 

9.4 Experimental work pertaining to Chapter 5  

9.4.1 4-(5-Chloro-6-nitro-2-oxo-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-

piperidin-1-ium nitrate – 5.5 

A 25 mL two-neck round-bottomed flask was charged with 5-chloro-

1-(piperidine-4-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one 5.4 (0.258 g, 1.02 mmol), toluene 

(5 mL) and 55% HNO3 (11 equiv, 1.25 mL, 0.688 g, 10.9 mmol). The milky white reaction 

mixture was stirred at 60 °C for 2.5 h. The then yellow mixture was cooled in an ice bath and 

diluted with H2O (20 mL). The resulting yellow precipitate was filtered through a sinter funnel, 

washed with cold H2O and solvent was removed in vacuo to afford the title compound 5.5 

(0.355 g, 0.986 mmol, 96%) as a pale-yellow solid with no further purification required. 

The reaction was done three times using toluene as solvent, with an average yield of 95%. The 

reaction was also done three times with 1,2-dichlorobenzene as solvent, with an average yield 

of 97%. 

Decompn. 220–222 °C. IR (ATR, cm-1): 3 487 (N-H str, w), 3 433 

(w), 3 075 (w), 3 065 (w), 3 003 (m), 2 839 (m), 1 692 (C=O str, s), 

1 607 (w), 1 525 (nitro str, m), 1 494 (m), 1 458 (m), 1 412 (m), 

1 383 (s), 1 326 (nitro str, s), 1 297 (s), 1 176 (w), 1 151 (w), 1 014 

(w), 755 (C-Cl str, m), 712 (m), 628 (w). 1H NMR (600 MHz, 

DMSO-d6) δ 11.75 (s, 1H, H23), 8.59 (d, J = 11.3 Hz, 1H, H17), 8.35 

(d, J = 11.3 Hz, 1H, H17), 8.06 (s, 1H, H27), 7.27 (s, 1H, H24), 4.58 (app. tt, dddd, J = 12.3, 12.3, 

4.2, 4.2 Hz, 1H, H20), 3.45 (d, J = 12.4 Hz, 2H, H18), 3.09 (d, J = 12.4 Hz, 1H, H18), 3.05 (d, J 
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= 12.4 Hz, 1H, H18), 2.55 – 2.45 (m, 2H, H19), 1.95 – 1.89 (m, 2H, H19).  
13C NMR (151 MHz, 

DMSO-d6) δ 153.8 (C22), 140.7 (C26), 133.1, 128.1, 119.3, 110.6, 106.1, 47.7 (C20), 43.1 (C18), 

25.2 (C19). HRMS (TOF MS ESI+): m/z calcd for C12H14ClN4O3
+ [M+H]+, 297.0754, found 

297.0754 (thus without NO3
-), error 0. 

9.4.2 6-Amino-1-(piperidin-4-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one – 5.6 

A 50 mL two-neck round-bottomed flask was charged with 

4-(5-chloro-6-nitro-2-oxo-2,3-dihydro-1H-benzo[d]imidazol-1-yl)piperidin-1-ium nitrate 5.5 

(0.396 g, 1.10 mmol), 10% Pd/C (0.039 g) and EtOH (8 mL). The reaction mixture was stirred 

at 80 °C for 2 h and then cooled to RT. Ammonium formate (12 equiv, 0.80 g, 13 mmol) was 

added and the reaction mixture was stirred at 80 °C for a further 7 h after which it allowed to 

cool to RT, filtered through Celite and concentrated in vacuo. The yellow semi-solid was run 

through a short silica plug (10% MeOH/DCM) and the solvent was removed to yield the 

product 5.6 (0.203 g, 0.876 mmol, 79%) (Rf = 0.03, 15% MeOH/DCM) as a yellow solid 

which did not require further purification. 

Mp 128–130 °C. IR (ATR, cm-1): 3 038 (N-H str, s), 2 839 (m), 2 518 

(w), 1 672 (C=O str, s), 1 631 (s), 1 500 (m), 1 473 (m), 1 456 (m), 1 373 

(s), 1 304 (C-N str, s), 1 218 (m), 1 185 (m), 1 127 (m), 1 096 (m), 1 037 

(w), 903 (w), 825 (w), 805 (w), 749 (w), 699 (m), 643 (w), 611 (w). 1H 

NMR (400 MHz, DMSO-d6) δ 10.47 (s, 1H, H23), 8.93 (br s, 2H, NH2), 

6.74 (d, J = 2.0 Hz, 1H, H27), 6.71 (d, J = 8.2 Hz, 1H, H24), 6.36 (dd, J 

= 8.2, 2.0 Hz, 1H, H25), 5.45 (br s, 1H, H17), 4.38 (app. tt, dddd, J = 12.2, 12.2, 4.1, 4.1 Hz, 1H, 

H20), 3.45 – 3.31 (m, 2H, H18), 3.12 – 3.00 (m, 2H, H18), 2.66 – 2.53 (m, 2H, H19), 1.81 (br d, 

J = 14.0 Hz, 2H, H19). 
13C NMR (101 MHz, DMSO-d6) δ 153.8 (C22), 141.0, 129.8, 120.2, 

109.3, 108.2, 96.6, 47.0 (C20), 43.0 (C18), 25.3 (C19). HRMS (TOF MS ESI+): m/z calcd for 

C12H17N4O
+ [M+H]+, 233.1402, found 233.1400, error 0.9 ppm. 

9.4.3 tert-Butyl [2-oxo-3-(piperidin-4-yl)-2,3-dihydro-1H-benzo[d]imidazol-5-yl]-

carbamate – 5.7 

9.4.3.1 A: The first attempts at Boc-protection (unsuccessful) 

A 50 mL round-bottomed flask was charged with 6-amino-

1-(piperidin-4-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one 5.6 (0.238 g, 1.02 mmol) and 

10% AcOH in H2O (9.2 mL). Boc2O (1.0 equiv, 0.24 mL, 0.23 g, 1.0 mmol) in 1,4-dioxane 
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(9.2 mL) was added to the flask in a dropwise manner. The reaction mixture was stirred at RT 

for 18 h and subsequently washed with ether (2 × 25 mL), basified with 2M NaOH (2.5 mL) 

and extracted with DCM (2 × 50 mL). The combined organic extracts were dried over MgSO4, 

filtered and concentrated in vacuo to afford the crude material (0.028 g) which was not product. 

This reaction was attempted a further three times (using either aqueous AcOH or HCl in MeOH 

or 1,4-dioxane as proton source), with no success. 

9.4.4 5-Chloro-6-nitro-1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-1,3-dihydro-2H-benzo[d]imidazol-2-one – 5.10 

Following procedure C described for compound 3.1 (Section 9.2.12.1), 

2-[4-(chloromethyl)phenyl]-3-phenylimidazo[1,2-a]pyridine 3.20 (0.307 g, 0.963 mmol), 

4-(5-chloro-6-nitro-2-oxo-2,3-dihydro-1H-benzo[d]imidazol-1-yl)piperidin-1-ium nitrate 5.5 

(1.2 equiv, 0.421 g, 1.17 mmol) and Et3N (2.1 equiv, 0.28 mL, 0.20 g, 2.0 mmol) in DMF 

(6 mL) afforded the title compound 5.10 (0.369 g, 0.637 mmol, 66%) (Rf = 0.34, 

10% MeOH/DCM) as a bright yellow solid. 

This reaction was done twice, with an average yield of 63%. 

Mp 198–199 °C. IR (ATR, cm-1): 3 071 (m), 

2 927 (m), 2 816 (m), 1 712 (C=O str, s), 1 629 

(w), 1 604 (w), 1 519 (nitro str, s), 1 494 (s), 

1 392 (w), 1 354 (m), 1 327 (nitro str, s), 1 297 

(m), 1 281 (m), 1 246 (m), 1 183 (w), 1 149 (m), 

1 128 (w), 1 114 (w), 1 099 (w), 1 028 (w), 991 

(w), 972 (w), 870 (w), 854 (w), 837 (m), 765 (w), 752 (C-Cl str, m), 739 (w), 723 (m), 701 (s), 

669 (w), 628 (m). 1H NMR (300 MHz, CDCl3) δ 10.81 (s, 1H, H23), 7.97 (app. dt, ddd, J = 

6.9, 1.2, 1.1 Hz, 1H, H8), 7.83 (s, 1H, H27), 7.74 (app. dt, ddd, J = 9.0, 1.2, 1.1 Hz, 1H, H11), 

7.68 – 7.62 (m, 2H, H3), 7.61 – 7.45 (m, 5H, H13,14&15), 7.31 – 7.27 (m, 2H, H2), 7.22 (ddd, J = 

9.0, 6.8, 1.2 Hz, 1H, H10), 7.03 (s, 1H, H24), 6.75 (app. td, ddd, J = 6.9, 6.8, 1.2 Hz, 1H, H9), 

4.29 (app. tt, dddd, J = 12.4, 12.4, 4.2, 4.2 Hz, 1H, H20), 3.56 (s, 2H, H16), 3.05 (d, J = 11.3 Hz, 

2H, H18), 2.39 (app. qd, dddd, J = 12.1, 12.1, 12.1, 3.6 Hz, 2H, H19), 2.15 (app. t, dd, J = 11.6, 

11.3 Hz, 2H, H18), 1.79 (br d, J = 11.9 Hz, 2H, H19). 
13C NMR (75 MHz, CDCl3) δ 155.3 

(C22), 145.0, 142.3, 141.7, 137.6, 133.2, 132.3, 130.9, 129.9, 129.7, 129.2, 129.1, 128.2, 128.0, 

125.0, 123.5, 121.6, 121.2, 117.6, 112.5, 111.7, 107.1, 62.7 (C16), 53.0 (C18), 52.0 (C20), 29.5 
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(C19). HRMS (TOF MS ESI+): m/z calcd for C32H28ClN6O3
+ [M+H]+, 579.1911, found 

579.1926, error 2.6 ppm. 

9.4.5 6-Amino-1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-1,3-dihydro-2H-benzo[d]imidazol-2-one – 5.9 (unsuccessful) 

9.4.5.1 A: The first attempt, starting with 5.10 (unsuccessful) 

Following the procedure described for the aniline 5.6 (Section 9.4.2), 5-chloro-

6-nitro-1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-1,3-dihydro-2H-

benzo[d]imidazol-2-one 5.10 (0.054 g, 0.093 mmol), 10% Pd/C (7 mg) and ammonium 

formate (16 equiv, 0.091 g, 1.4 mmol) in EtOH (2 mL) afforded the title compound 5.9 (3 mg, 

0.005 mmol, 5%) (Rf = 0.26, 10% MeOH/DCM) as a brown solid. Additionally, the 

compound 5.11 (22 mg, 0.040 mmol, 43%) (Rf = 0.30, 10% MeOH/DCM) was isolated as an 

off-white solid. 

Herewith follows the characterisation of 6-amino-5-chloro-

1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-1,3-dihydro-2H-

benzo[d]imidazol-2-one 5.11. There was an insufficient amount of title compound 5.9 for 

characterisation (it will follow below with a different procedure). 

1H NMR (300 MHz, CDCl3) δ 9.82 (s, 1H, H23), 

8.54 (s, NH2), 7.93 (app. dt, ddd, J = 6.9, 1.2, 1.1 

Hz, 1H, H8), 7.71 (app. dt, ddd, J = 9.0, 1.1, 1.1 

Hz, 1H, H11), 7.69 – 7.65 (m, 2H, H3), 7.62 – 7.40 

(m, 5H, H13,14&15), 7.34 – 7.26 (m, 2H, H2), 7.21 

(ddd, J = 9.0, 6.7, 1.2 Hz, 1H, H10), 6.89 (s, 1H, 

H24/27), 6.88 (s, 1H, H24/27), 6.74 (app. td, ddd, J = 6.9, 6.7, 1.1 Hz, 1H, H9), 4.50 – 4.29 (m, 

1H, H20), 3.73 (s, 2H, H16), 3.20 (d, J = 11.2 Hz, 2H, H18), 2.64 – 2.44 (m, 2H, H18/19), 2.40 – 

2.22 (m, 2H, H18/19), 1.78 (br d, J = 12.1 Hz, 2H, H19). HRMS (TOF MS ESI+): m/z calcd for 

C32H30ClN6O
+ [M+H]+, 549.2170, found 549.2187, error 3.1 ppm. 

9.4.5.2 B: The second attempt, starting with 5.11 (unsuccessful) 

A 10 mL round-bottomed flask was charged with 6-amino-5-chloro-

1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-1,3-dihydro-2H-

benzo[d]imidazol-2-one 5.11 (0.049 g, 0.089 mmol), EtOH (2 mL) and 10% Pd/C (6 mg). The 
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flask was fitted with a H2 balloon and it was stirred at RT for 6 d. The reaction mixture was 

filtered, and the crude material was purified by column chromatography (5% to 

10% MeOH/DCM) to afford the starting material 5.11 (0.034 g, 0.062 mmol, 70% recovery) 

as an off-white solid. 

9.4.6 N-(6-Chloro-2-oxo-3-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-2,3-dihydro-1H-benzo[d]imidazol-5-yl)acrylamide – 5.13 

Following the procedure described for propionamide 3.2 (Section 9.2.13), 6-amino-5-chloro-

1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-1,3-dihydro-2H-

benzo[d]imidazol-2-one 5.11 (11 mg, 0.020 mmol), Et3N (8.9 equiv, 0.025 mL, 18 mg, 

0.18 mmol) and acryloyl chloride 3.22 (2 equiv, 0.003 mL, 4 mg, 0.04 mmol) in DCM (1 mL) 

afforded the title compound 5.13 (8 mg, 0.01 mmol, 68%) (Rf = 0.33, 10% MeOH/DCM) as a 

yellow solid. 

Mp 80–82 °C. IR (ATR, cm-1): 2 920 (m), 2 850 

(m), 1 729 (C=O str, s), 1 694 (C=O str, m), 

1 622 (w), 1 604 (w), 1 514 (m), 1 481 (m), 

1 447 (w), 1 403 (m), 1 366 (w), 1 344 (C-N str, 

s), 1 259 (w), 1 236 (w), 1 203 (m), 1 168 (w), 

1 139 (m), 1 100 (m), 1 071 (m), 1 027 (m), 

1 003 (m), 973 (m), 914 (w), 872 (w), 839 (w), 

792 (m), 753 (C-Cl, s), 730 (s), 699 (s). 1H NMR 

(300 MHz, CDCl3) δ 10.00 (s, 1H, H23), 8.38 (s, 1H, H28), 7.95 (app. dt, ddd, J = 6.9, 1.2, 1.2 

Hz, 1H, H8), 7.74 – 7.68 (m, 1H, H11), 7.72 (s, 1H, H24/27), 7.64 (d, J = 8.2 Hz, 2H, H3), 7.60 – 

7.42 (m, 5H, H13,14&15), 7.30 (d, J = 8.2 Hz, 2H, H2), 7.20 (ddd, J = 9.1, 6.8, 1.2 Hz, 1H, H10), 

7.07 (s, 1H, H24/27), 6.73 (app. td, ddd, J = 6.9, 6.8, 1.2 Hz, 1H, H9), 6.47 (dd, J = 16.8, 1.4 Hz, 

1H, H31), 6.31 (dd, J = 16.8, 10.0 Hz, 1H, H30), 5.82 (dd, J = 10.0, 1.4 Hz, 1H, H31), 4.23 (app. 

tt, dddd, J = 12.2, 12.2, 3.8, 3.8 Hz, 1H, H20), 3.56 (s, 2H, H16), 3.05 (d, J = 11.2 Hz, 2H, H18), 

2.62 – 2.44 (m, 2H, H18/19), 2.23 –2.07 (m, 2H, H18/19), 1.76 (br d, J = 11.8 Hz, 2H, H19).   
13C 

NMR (75 MHz, CDCl3) δ 163.6 (C29), 155.4 (C22), 144.9 (C11a), 142.4 (C6), 137.5 (C1&?), 

133.1 (C4), 131.2 (C30), 130.9 (C14), 130.1 (C12), 129.7 (C13), 129.3 (C2), 129.1 (C15), 128.8, 

128.3, 128.1 (C3), 125.2, 124.8 (C10), 123.4 (C8), 121.1 (C7), 117.6 (C11), 116.5 (C25), 112.4 

(C9), 109.9 (C24), 103.9 (C27), 62.6 (C16), 53.1 (C18), 51.8 (C20), 29.1 (C19), EtOAc contaminant. 
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HRMS (TOF MS ESI+): m/z calcd for C35H32ClN6O2
+ [M+H]+, 603.2275, found 603.2292, 

error 2.8 ppm, purity 99.5%. 

9.4.7 tert-Butyl [2-oxo-3-(piperidin-4-yl)-2,3-dihydro-1H-benzo[d]imidazol-5-yl]-

carbamate – 5.7 

9.4.7.1 B: The successful protection procedure 

A 25 mL two-neck round-bottomed flask was charged with 6-amino-

1-(piperidin-4-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one 5.6 (0.100 g, 0.431 mmol) and 

10% AcOH in H2O (4 mL). Boc2O (1.0 equiv, 0.10 mL, 0.095 g, 0.43 mmol) in 1,4-dioxane 

(4 mL) was added to the flask in a dropwise manner. The reaction mixture was stirred at RT 

for 18 h and then basified with 2M NaOH to pH 10 as indicated by universal indicator paper. 

It was extracted with 10% MeOH/DCM (8 × 25 mL) and the combined organic extracts were 

dried over MgSO4 and filtered. The solvent was removed in vacuo to yield the crude product 

which was purified by column chromatography (10% MeOH/DCM) to afford the title 

compound 5.7 (0.041 g, 0.12 mmol, 29%) (Rf = 0.08, 10% MeOH/DCM) as a yellow solid. 

Mp 146–148 °C. 1H NMR (400 MHz, CDCl3) δ 7.54 (s, 1H, H27), 

6.98 (dd, J = 8.4, 2.0 Hz, 1H, H24/25), 6.86 (dd, J = 8.4, 1.9 Hz, 1H, 

H24/25), 4.36 (app. tt, dddd, J = 12.4, 12.4, 4.3, 4.3 Hz, 1H, H20), 

3.31 (d, J = 13.1 Hz, 2H, H18), 2.81 (app. t, dd, J = 13.1, 11.3 Hz, 

2H, H18), 2.55 – 2.42 (m, 2H, H19), 1.82 (d, J = 12.8 Hz, 2H, H19), 

1.51 (d, J = 2.3 Hz, 9H, H35). HRMS (TOF MS ESI+): m/z calcd 

for C17H25N4O3
+ [M+H]+, 333.1927, found 333.1918, error 

2.7 ppm. 

9.4.8 tert-Butyl (2-oxo-3-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-2,3-dihydro-1H-benzo[d]imidazol-5-yl)carbamate – 5.8 

Following procedure C described for compound 3.1 (Section 9.2.12.1), 

2-[4-(chloromethyl)phenyl]-3-phenylimidazo[1,2-a]pyridine 3.20 (0.055 g, 0.17 mmol), 

tert-butyl [2-oxo-3-(piperidin-4-yl)-2,3-dihydro-1H-benzo[d]imidazol-5-yl]carbamate 5.7 

(0.8 equiv, 0.045 g, 0.14 mmol) and Et3N (2 equiv, 0.04 mL, 0.03 g, 0.3 mmol) in DMF (1 mL) 

afforded the title compound 5.8 (0.055 g, 0.089 mmol, 52%) (Rf = 0.40, 10% MeOH/DCM) as 

a yellow solid. 
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Mp 196–198 °C. IR (ATR, cm-1): 3 243 (N-H 

str, m), 2 931 (m), 2 357 (CO2, m), 1 686 (C=O 

str, s), 1 634 (m), 1 500 (s), 1 453 (m), 1 365 (s), 

1 344 (m), 1 270 (w), 1 239 (s), 1 157 (C-O str, 

s), 1 051 (w), 753 (m), 731 (m), 700 (s). 1H 

NMR (400 MHz, CDCl3) δ 9.30 (s, 1H, H23), 

7.94 (app. dt, ddd, J = 6.9, 1.2, 1.2 Hz, 1H, H8), 

7.70 (app. dt, ddd, J = 9.1, 1.2, 1.2 Hz, 1H, H11), 

7.69 – 7.62 (m, 2H, H3), 7.59 – 7.43 (m, 5H, H13,14&15), 7.37 (s, 1H, H24/27), 7.32 – 7.25 (m, 2H, 

H2), 7.20 (ddd, J = 9.1, 6.7, 1.2 Hz, 1H, H10), 6.99 – 6.91 (m, 2H, H25&28), 6.73 (app. td, ddd, J 

= 6.9, 6.7, 1.2 Hz, 1H, H9), 6.59 (s, 1H, H24/27), 4.36 – 4.25 (m, 1H, H20), 3.57 (s, 2H, H16), 

3.05 (d, J = 11.3 Hz, 2H, H18), 2.55 – 2.42 (m, 2H, H18), 2.18 (app. t, dd, J = 11.9, 11.6 Hz, 

2H, H19), 1.76 (br d, J = 11.9 Hz, 2H, H19), 1.53 (s, 9H, H35). 
13C NMR (151 MHz, CDCl3) δ 

155.3 (C22/32), 153.4 (C22/32), 145.0, 142.4, 137.7, 133.2, 132.6, 130.9, 130.1, 129.8, 129.7, 

129.2, 129.1, 128.0, 124.8, 124.1, 123.4, 121.2, 121.1, 117.7, 112.9, 112.4, 109.5, 80.6 (C34), 

62.6 (C16), 53.1 (C18), 51.1 (C20), 29.2 (C19), 28.6 (C35). HRMS (TOF MS ESI+): m/z calcd 

for C37H39N6O3
+ [M+H]+, 615.3084, found 615.3064, error 3.3 ppm. 

9.4.9 6-Amino-1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-1,3-dihydro-2H-benzo[d]imidazol-2-one – 5.9 

9.4.9.1 C: The third attempt, from deprotection of 5.8 

Following procedure B described for 4-azidopiperidine 3.4 (Section 9.2.7.2), tert-butyl 

(2-oxo-3-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-2,3-dihydro-1H-

benzo[d]imidazol-5-yl)carbamate 5.8 (0.045 g, 0.073 mmol) and 4.0 M HCl in 1,4-dioxane 

(1 mL), 1,4-dioxane (0.5 mL) and MeOH (0.5 mL) afforded the title compound 5.9 (19 mg, 

0.037 mmol, 51%) (Rf = 0.26, 10% MeOH/DCM) as a brown solid. 

Decompn. ~220 °C. 1H NMR (300 MHz, 

CDCl3) δ 9.83 (s, 1H, H23), 7.93 (app. dt, ddd, J 

= 6.9, 1.2, 1.2 Hz, 1H, H8), 7.70 (app. dt, ddd, J 

= 9.1, 1.2, 1.2 Hz, 1H, H11), 7.68 – 7.62 (m, 2H, 

H3), 7.60 – 7.41 (m, 5H, H13,14&15), 7.30 – 7.25 

(m, 2H, H2), 7.19 (ddd, J = 9.1, 6.8, 1.2 Hz, 1H, 

H10), 6.79 (d, J = 8.2 Hz, 1H, H24), 6.72 (app. td, ddd, J = 6.9, 6.8, 1.2 Hz, 1H, H9), 6.68 (d, J 
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= 2.0 Hz, 1H, H27), 6.36 (dd, J = 8.2, 2.0 Hz, 1H, H25), 4.32 (app. tt, dddd, J = 12.3, 12.3, 4.1, 

4.1 Hz, 1H, H20), 3.56 (s, 2H, H16), 3.05 (d, J = 11.1 Hz, 2H, H18), 2.43 (app. qd, dddd, J = 

12.6, 12.6, 12.5, 3.8 Hz, 2H, H19), 2.24 – 2.10 (m, 2H, H18), 1.76 (dd, J = 13.2, 4.3 Hz, 2H, 

H19). 
13C NMR (75 MHz, CDCl3) δ 155.5 (C22), 144.9, 142.3, 141.2, 137.3, 133.2, 130.9, 

130.2, 130.0, 129.7, 129.2, 129.0, 128.0, 124.8, 123.4, 121.1, 121.0, 117.6, 112.4, 110.2, 108.6, 

98.0, 62.8 (C16), 53.2 (C18), 50.6 (C20), 29.2 (C19). HRMS (TOF MS ESI+): m/z calcd for 

C32H31N6O
+ [M+H]+, 515.2559, found 515.2556, error 0.6 ppm. 

9.4.10 N-(2-Oxo-3-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]-

piperidin-4-yl}-2,3-dihydro-1H-benzo[d]imidazol-5-yl)acrylamide – 2.60 

Following the procedure described for propionamide 3.2 (Section 9.2.13), 6-amino-

1-{1-[4-(3-phenylimidazo[1,2-a]pyridin-2-yl)benzyl]piperidin-4-yl}-1,3-dihydro-2H-

benzo[d]imidazol-2-one 5.9 (20 mg, 0.039 mmol), Et3N (4 equiv, 0.02 mL, 0.01 g, 0.1 mmol) 

and acryloyl chloride 3.22 (1 equiv, 0.004 mL, 4 mg, 0.05 mmol) in DCM (2 mL) afforded the 

title compound 2.60 (13 mg, 0.022 mmol, 56%) (Rf = 0.28, 10% MeOH/DCM) as a yellow 

solid. 

Mp 221–223 °C. IR (ATR, cm-1): 3 077 (w), 

2 927 (w), 2 804 (w), 1 682 (C=O str, s), 1 616 

(m), 1 558 (w), 1 496 (s), 1 465 (m), 1 378 (m), 

1 343 (m), 1 297 (w), 1 273 (w), 1 235 (m), 

1 185 (w), 1 146 (w), 1 089 (w), 1 041 (w), 1 020 

(w), 972 (w), 911 (w), 840 (w), 806 (m), 752 (m), 

727 (s), 699 (s). 1H NMR (300 MHz, CDCl3) δ 

9.99 (s, 1H, H23), 8.46 (s, 1H, H28), 7.95 (app. dt, ddd, J = 6.9, 1.2, 1.2 Hz, 1H, H8), 7.78 – 7.72 

(m, 1H, H11), 7.72 (s, 1H, H27), 7.63 (d, J = 8.2 Hz, 2H, H3), 7.59 – 7.40 (m, 5H, H13,14&15), 

7.27 – 7.22 (m, 2H, H2), 7.20 (ddd, J = 9.1, 6.8, 1.2 Hz, 1H, H10), 7.11 (br d, J = 8.4 Hz, 1H, 

H25), 6.77 (d, J = 8.4 Hz, 1H, H24), 6.74 (app. td, ddd, J = 6.9, 6.8, 1.1 Hz, 1H, H9), 6.40 (dd, J 

= 16.9, 2.1 Hz, 1H, H31), 6.30 (dd, J = 16.9, 9.6 Hz, 1H, H30), 5.65 (dd, J = 9.6, 2.1 Hz, 1H, 

H31), 4.37 – 4.16 (m, 1H, H20), 3.57 (s, 2H, H16), 3.02 (d, J = 11.0 Hz, 2H, H18), 2.56 – 2.38 

(m, 2H, H19), 2.22 – 2.08 (m, 2H, H18), 1.71 (d, J = 12.3 Hz, 2H, H19).  
13C NMR (75 MHz, 

CDCl3) δ 164.0 (C29), 155.3 (C22), 145.0 (C11a), 142.2 (C6), 136.6 (C1), 133.3 (C4), 132.3 (C27a), 

131.5 (C30), 130.9 (C14), 129.8 (C12), 129.7 (C13), 129.6 (C2), 129.5 (C23a), 129.1 (C15), 128.2 

(C3), 127.4 (C31), 125.0 (C10&26), 123.5 (C8), 121.2 (C7), 117.6 (C11), 113.9 (C25), 112.5 (C9), 
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109.5 (C24), 103.0 (C27), 62.5 (C16), 53.0 (C18), 50.9 (C20), 28.9 (C19). HRMS (TOF MS ESI+): 

m/z calcd for C35H33N6O2
+ [M+H]+, 569.2665, found 569.2667, error 0.4 ppm, purity ~98%. 

Atom 

# 

13C shift 

(ppm) 

1H shift (ppm) COSY 

(ppm) 

TOCSY 

(ppm) 

HMBC (ppm) 

1 136.6 - - - 7.63 (3), 3.57 

(16) 

2 129.6 7.26 [7.27 – 7.22], m, 

2H 

7.63 (3), 

3.57 (16) 

7.63 (3) 7.26 (2), 3.57 

(16) 

3 128.2 7.63, d, J = 8.2 Hz, 2H 7.26 (2), 

3.57 (16) 

7.26 (2) 7.26 (2) 

4 133.3 - - - 7.26 (2) 

6 142.2 - - - 7.63 (3) 

7 121.2 - - - 7.95 (8), 7.49 

(14) 

8 123.5 7.95, app. dt, ddd, J = 

6.9, 1.2, 1.2 Hz, 1H 

6.74 (9), 

7.20 (10), 

7.74 (11) 

6.74 (9), 

7.20 (10), 

7.74 (11) 

6.74 (9), 7.20 

(10) 

9 112.5 6.74, app. td, ddd, J = 

6.9, 6.8, 1.1 Hz, 1H 

7.95 (8), 

7.20 (10), 

7.74 (11) 

7.95 (8), 

7.20 (10), 

7.74 (11) 

7.95 (8), 7.20 

(10), 7.74 (11) 

10 125.0 7.20, ddd, J = 9.1, 6.8, 

1.2 Hz, 1H 

7.95 (8), 

6.74 (9), 

7.74 (11) 

7.95 (8), 

6.74 (9), 

7.74 (11) 

7.95 (8) 

11 117.6 7.74 [7.78 – 7.72], m, 

1H 

7.95 (8), 

6.74 (9), 

7.20 (10) 

7.95 (8), 

6.74 (9), 

7.20 (10) 

7.95 (8), 6.74 (9) 

11a 145.0 - - - 7.95 (8), 7.20 

(10), 7.74 (11) 

12 129.8 - - - 7.49 (13) 

13 129.7 7.49 [7.59 – 7.40], m, 

2H 

- - 7.63 (3) 

14 130.9 7.49 [7.59 – 7.40], m, 

2H 

- - 7.49 (15) 

15 129.1 7.49 [7.59 – 7.40], m, 

1H 

- - 7.49 (14) 

16 62.5 3.57, s, 2H 7.26 (2), 

7.63 (3) 

- 7.26 (2) 

18 53.0 3.02, d, J = 11.0 Hz, 2H 2.15 (18), 

1.71 (19), 

2.48 (19), 

4.27 (20) 

2.15 (18), 

1.71 (19), 

2.48 (19), 

4.27 (20) 

3.57 (16) 

2.15 [2.22 – 2.08], m, 

2H 

3.02 (18), 

1.71 (19), 

2.48 (19) 

3.02 (18), 

1.71 (19), 

2.48 (19), 

4.27 (20) 
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Atom 

# 

13C shift 

(ppm) 

1H shift (ppm) COSY 

(ppm) 

TOCSY 

(ppm) 

HMBC (ppm) 

19 28.9 2.48 [2.56 – 2.38], m, 

2H 

3.02 (18), 

2.15 (18), 

1.71 (19), 

4.27 (20) 

3.02 (18), 

2.15 (18), 

1.71 (19), 

4.27 (20) 

- 

1.71, d, J = 12.3 Hz, 2H 3.02 (18), 

2.15 (18), 

2.48 (19), 

4.27 (20) 

3.02 (18), 

2.15 (18), 

2.48 (19), 

4.27 (20) 

20 50.9 4.27 [4.37 – 4.16], m, 

1H 

3.02 (18), 

2.48 (19), 

1.71 (19) 

3.02 (18), 

2.15 (18), 

2.48 (19), 

1.71 (19) 

- 

22 155.3 - - - 9.99 (23) 

23 - 9.99, s, 1H 7.72 (27) -  

23a 129.5 - - - 9.99 (23), 6.77 

(24) 

24 109.5 6.77, d, J = 8.4 Hz, 1H 7.11 (25) 7.11 (25), 

7.72 (27) 

- 

25 113.9 7.11, br d, J = 8.4 Hz, 

1H 

6.77 (24), 

7.72 (27) 

6.77 (24) 7.72 (27) 

26 125.0 - - - 7.11 (25), 7.72 

(27) 

27 103.0 7.72, s, 1H 9.99 (23), 

7.11 (25), 

8.46 (28) 

6.77 (24) 7.11 (25), 8.46 

(28) 

27a 132.3 - - - 6.77 (24), 7.72 

(27) 

28 - 8.46, s, 1H 7.72 (27) -  

29 164.0 - - - 8.46 (28), 6.30 

(30), 6.40 (31), 

5.65 (31) 

30 131.5 6.30, dd, J = 16.9, 9.6 

Hz, 1H 

6.40 (31), 

5.65 (31) 

6.40 (31), 

5.65 (31) 

6.40 (31) 

31 127.4 6.40, dd, J = 16.9, 2.1 

Hz, 1H 

6.30 (30) 6.30 (30), 

5.56 (31) 

6.30 (30) 

5.65, dd, J = 9.6, 2.1 

Hz, 1H 

6.30 (30) 6.30 (30), 

6.40 (31) 

9.4.11 tert-Butyl (2-ethynylphenyl)carbamate – 5.19 

9.4.11.1 A: Triethylamine used as base 

A 25 mL two-neck round-bottomed flask was charged with 2-ethynylaniline 4.13 (0.10 mL, 

0.10 g, 0.88 mmol) and THF (5 mL) and cooled to 0 °C. Boc2O (1.3 equiv, 0.27 mL, 0.26 g, 

1.2 mmol) and Et3N (2.0 equiv, 0.25 mL, 0.18 g, 1.8 mmol) were added and the flask was fitted 

with a reflux condenser. The reaction mixture was heated at 55 °C for 66 h. Additional Boc2O 
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(0.7 equiv, 0.15 mL, 0.14 g, 0.65 mmol) and DMAP (catalytic) were added during this time. 

The reaction mixture was allowed to cool to RT, diluted with saturated aqueous NaHCO3 

(50 mL) and extracted with EtOAc (3 × 50 mL). The combined organic extracts were washed 

with brine (50 mL), dried over MgSO4, filtered and concentrated in vacuo to yield the crude 

material which was purified by column chromatography (2.5% EtOAc/Hexane) to afford the 

title compound 5.19 (0.032 g, 0.15 mmol, 17%) (Rf = 0.74, 20% EtOAc/Hexane) as a thick 

white oil. 

1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.6 Hz, 1H, H29), 7.42 (dd, J = 

7.6, 1.6 Hz, 1H, H32), 7.33 (ddd, J = 8.6, 7.4, 1.6 Hz, 1H, H30), 7.27 (br s, 

1H, H33), 6.96 (app. td, ddd, J = 7.6, 7.4, 1.2 Hz, 1H, H31), 3.48 (s, 1H, H26), 

1.54 (s, 9H, H40). 
13C NMR (101 MHz, CDCl3) δ 152.5 (C37), 140.4, 132.4, 

130.3, 122.1, 117.7, 110.0, 84.2 (C26), 81.0 (C39), 79.5 (C25), 28.4 (C40). The 

NMR spectra corresponded to that published in the literature.13 

9.4.11.2 B: 4-Dimethylaminopyridine used as base 

A 50 mL two-neck round-bottomed flask was charged with THF (2 mL), 2-ethynylaniline 4.13 

(0.10 mL, 0.10 g, 0.88 mmol) and Boc2O (1.2 equiv, 0.25 mL, 0.24 g, 1.1 mmol). The flask 

was fitted with a reflux condenser and heated at 70 °C for 16 h. The reaction mixture was 

cooled to RT, DMAP (1.6 equiv, 0.169 g, 1.38 mmol) was added and it was heated at 70 °C 

for 21 h. Additional THF (2 mL) was added during this time. The reaction mixture was then 

allowed to cool to RT, diluted with EtOAc (150 mL) and washed with 1 M HCl (25 mL), 

saturated aqueous NaHCO3 (25 mL) and brine (50 mL). It was then dried over MgSO4, filtered 

and concentrated in vacuo to yield the crude material which was purified by column 

chromatography (Hexane to 2.5% EtOAc/Hexane) to afford the title compound 5.19 (0.138 g, 

0.634 mmol, 72%) (Rf = 0.74, 20% EtOAc/Hexane) as a thick white oil. 

This reaction was done twice with an average yield of 69%. 

The 1H NMR spectrum corresponded to that of the previous synthesis of this compound. 

9.4.12 tert-Butyl (3-ethynylphenyl)carbamate – 5.18 

9.4.12.1 B: 4-Dimethylaminopyridine used as base 

Following procedure B described for aniline 5.19 (Section 9.4.11.2), 3-ethynylaniline 3.14 

(0.20 mL, 0.22 g, 1.9 mmol), Boc2O (1.1 equiv, 0.48 mL, 0.46 g, 2.1 mmol) and DMAP 
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(1.5 equiv, 0.346 g, 2.84 mmol) in THF (3.5 mL) afforded the title compound 5.18 (0.134 g, 

0.617 mmol, 32%) (Rf = 0.61, 20% EtOAc/Hexane) as a white semi-solid. 

This reaction was done twice, but the yield for the second reaction could not be determined due 

to the presence of solvent. 

1H NMR (400 MHz, CDCl3) δ 7.52 (app. t, dd, J = 1.6, 1.6 Hz, 

1H, H28), 7.35 (ddd, J = 8.0, 1.8, 1.6 Hz, 1H, H30), 7.23 (app. t, 

dd, J = 8.0, 7.7 Hz, 1H, H31), 7.16 (app. dt, ddd, J = 7.7, 1.8, 1.6 

Hz, 1H, H32), 6.48 (br s, 1H, H33), 3.04 (s, 1H, H26), 1.52 (s, 9H, 

H40). 
13C NMR (101 MHz, CDCl3) δ 152.7 (C37), 138.5, 129.1, 

126.9, 122.9, 122.0, 119.1, 83.5 (C25), 81.0 (C39), 77.3 (C26), 28.4 (C40). The NMR spectra 

corresponded to that published in the literature.14 

9.4.13 tert-Butyl (4-ethynylphenyl)carbamate – 5.20 

9.4.13.1 A: Triethylamine used as base 

Following procedure A described for aniline 5.19 (Section 9.4.11.1), 4-ethynylaniline 3.25 

(0.203 g, 1.74 mmol), Boc2O (1.3 equiv, 0.51 mL, 0.48 g, 2.2 mmol) and Et3N (2.0 equiv, 

0.48 mL, 0.35 g, 3.4 mmol) in THF (10 mL) afforded the title compound 5.20 (0.211 g, 

0.971 mmol, 56%) (Rf = 0.39, 10% EtOAc/Hexane) as an off-white solid. 

IR (ATR, cm-1): 3 385 (alkyne C-H str, s), 3 293 (m), 3 224 

(m), 3 009 (w), 2 984 (m), 2 936 (w), 2 358 (CO2, w), 2 104 

(C≡C str, w), 1 780 (m), 1 704 (C=O str, s), 1 608 (m), 1 583 

(m), 1 518 (s), 1 500 (s), 1 459 (w), 1 407 (m), 1 390 (m), 1 364 

(m), 1 315 (m), 1 297 (w), 1 265 (m), 1 252 (m), 1 229 (s), 1 153 (C-O str, s), 1 110 (m), 1 055 

(m), 1 028 (w), 1 018 (w), 835 (para-substituted C-H oop bend, s), 774 (m), 761 (w), 643 (w), 

636 (w). 1H NMR (300 MHz, CDCl3) δ 7.44 – 7.38 (m, 2H, H28/29), 7.35 – 7.30 (m, 2H, H28/29), 

6.59 (br s, 1H, H31), 3.01 (s, 1H, H26), 1.51 (s, 9H, H40). 
13C NMR (75 MHz, CDCl3) δ 152.5 

(C37), 139.0, 133.1, 118.1, 116.4, 83.7 (C25), 81.1 (C39), 76.5 (C26), 28.4 (C40). The NMR 

spectra corresponded to that published in the literature.15 

9.4.13.2 B: 4-Dimethylaminopyridine used as base 

Following procedure B described for aniline 5.19 (Section 9.4.11.2), 4-ethynylaniline 3.25 

(0.602 g, 5.14 mmol), Boc2O (1.1 equiv, 1.30 mL, 1.24 g, 5.66 mmol) and DMAP (1.5 equiv, 
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0.945 g, 7.74 mmol) in THF (9.5 mL) afforded the title compound 5.20 (0.868 g, 3.49 mmol, 

68%) (Rf = 0.39, 10% EtOAc/Hexane) as an off-white solid. 

The 1H NMR spectrum corresponded to that of the previous synthesis of this compound. 

9.4.14 tert-Butyl {2-[1-(piperidin-4-yl)-1H-1,2,3-triazol-4-yl]phenyl}carbamate – 

5.21 

Following the procedure described for the triazole 2.69 (Section 9.2.16), 

4-azidopiperidin-1-ium chloride 3.17 (1.3 equiv, 0.123 g, 0.759 mmol), tert-butyl 

(2-ethynylphenyl)carbamate 5.19 (0.130 g, 0.598 mmol), CuSO4·5H2O (7 mol%, 10 mg, 

0.040 mmol), sodium ascorbate (11 mol%, 14 mg, 0.068 mmol) and Et3N (1.2 equiv, 0.10 mL, 

0.073 g, 0.72 mmol) in H2O (1 mL) and t-BuOH (1 mL) afforded the title compound 5.21 

(0.126 g, 0.365 mmol, 80%) (Rf = 0.40, 10% MeOH/DCM) as a pale yellow solid. 

This reaction was done twice with an average yield of 80%. 

Mp 178–180 °C. IR (ATR, cm-1): 3 289 (N-H str, m), 3 129 (w), 

2 971 (s), 2 788 (m), 2 361 (CO2, m), 2 095 (m), 1 727 (C=O str, 

s), 1 613 (w), 1 591 (s), 1 525 (s), 1 477 (w), 1 448 (m), 1 389 (w), 

1 365 (m), 1 303 (s), 1 235 (s), 1 154 (C-O str, s), 1 075 (w), 1 046 

(m), 1 023 (m), 978 (w), 828 (w), 758 (ortho-substituted C-H oop 

bend, s), 652 (m). 1H NMR (600 MHz, DMSO-d6) δ 10.56 (s, 

1H, H33), 8.79 (s, 1H, H26), 8.18 (d, J = 8.5 Hz, 1H, H29), 7.75 (dd, 

J = 7.7, 1.6 Hz, 1H, H32), 7.31 (app. td, ddd, J = 8.5, 7.4, 1.6 Hz, 1H, H30), 7.10 (app. td, ddd, 

J = 7.7, 7.4, 1.3 Hz, 1H, H31), 4.76 (app. tt, dddd, J = 11.7, 11.7, 4.1, 4.1 Hz, 1H, H21), 3.28 – 

3.21 (m, 2H, H19), 2.89 (app. td, ddd, J = 12.5, 12.4, 2.7 Hz, 2H, H19), 2.27 – 2.20 (m, 2H, H20), 

2.09 (app. qd, dddd, J = 12.4, 12.3, 11.7, 4.1 Hz, 2H, H20), 1.48 (s, 9H, H40). 
13C NMR (151 

MHz, DMSO-d6) δ 152.5 (C37), 146.0, 136.0, 128.5, 127.6, 122.6, 121.3, 119.5, 117.6, 79.6 

(C39), 56.7 (C21), 43.2 (C19), 30.9 (C20), 28.0 (C40). HRMS (TOF MS ESI+): m/z calcd for 

C18H26N5O2
+ [M+H]+, 344.2087, found 344.2086, error 0.3 ppm. 

9.4.15 tert-Butyl {3-[1-(piperidin-4-yl)-1H-1,2,3-triazol-4-yl]phenyl}carbamate – 

5.15 

Following the procedure described for the triazole 2.69 (Section 9.2.16), 

4-azidopiperidin-1-ium chloride 3.17 (1.6 equiv, 0.228 g, 1.81 mmol), tert-butyl 

(3-ethynylphenyl)carbamate 5.18 (0.249 g, 1.15 mmol), CuSO4·5H2O (6 mol%, 18 mg, 
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0.071 mmol) and sodium ascorbate (12 mol%, 0.027 g, 0.13 mmol) in H2O (2 mL) and t-BuOH 

(2 mL) afforded the title compound 5.15 (0.238 g, 0.694 mmol, 60%) (Rf = 0.25, 

10% MeOH/DCM) as an off-white solid. 

This reaction was done twice with an average yield of 60%. 

Mp 160–162 °C. IR (ATR, cm-1): 3 312 (m), 3 238 

(N-H str, m), 2 958 (s), 2 819 (w), 2 363 (w), 2 095 (m), 

1 710 (C=O str, s), 1 616 (m), 1 591 (m), 1 567 (m), 

1 531 (m), 1 482 (w), 1 443 (m), 1 391 (w), 1 366 (m), 

1 319 (w), 1 277 (m), 1 241 (s), 1 201 (w), 1 156 (C-O 

str, s), 1 052 (m), 1 024 (w), 923 (w), 881 (meta-substituted C-H oop bend, w), 851 (m), 824 

(w), 781 (meta-substituted C-H oop bend, m), 720 (w), 692 (meta-substituted C-H oop bend, 

m). 1H NMR (600 MHz, DMSO-d6) δ 9.43 (s, 1H, H33), 8.54 (s, 1H, H26), 8.08 (app. t, dd, J 

= 1.7, 1.6 Hz, 1H, H28), 7.40 (app. dt, ddd, J = 7.6, 1.6, 1.5 Hz, 1H, H30), 7.34 (app. dt, ddd, J 

= 8.0, 1.7, 1.5 Hz, 1H, H32), 7.30 (app. t, dd, J = 8.0, 7.6 Hz, 1H, H31), 4.61 (app. tt, dddd, J = 

11.8, 11.8, 4.1, 4.1 Hz, 1H, H21), 3.13 (d, J = 12.7 Hz, 2H, H19), 2.71 (app. td, ddd, J = 12.7, 

12.2, 2.5 Hz, 2H, H19), 2.09 (d, J = 12.2 Hz, 2H, H20), 1.94 (app. qd, dddd, J = 12.2, 12.2, 11.8, 

4.1 Hz, 2H, H20), 1.49 (s, 9H, H40). 
13C NMR (151 MHz, DMSO-d6) δ 152.8 (C37), 146.1, 

140.0, 131.3, 129.0, 119.6, 119.2, 117.7, 114.8, 79.0 (C39), 57.5 (C21), 44.4 (C19), 32.6 (C20), 

28.1 (C40). HRMS (TOF MS ESI+): m/z calcd for C18H26N5O2
+ [M+H]+, 344.2087, found 

344.2083, error 1.2 ppm. 

9.4.16 tert-Butyl {4-[1-(piperidin-4-yl)-1H-1,2,3-triazol-4-yl]phenyl}carbamate – 

5.22 

Following the procedure described for the triazole 2.69 (Section 9.2.16), 

4-azidopiperidin-1-ium chloride 3.17 (1.2 equiv, 0.196 g, 1.20 mmol), tert-butyl 

(4-ethynylphenyl)carbamate 5.20 (0.211 g, 0.971 mmol), CuSO4·5H2O (6 mol%, 14 mg, 

0.056 mmol), sodium ascorbate (11 mol%, 22 mg, 0.11 mmol) and Et3N (1.2 equiv, 0.16 mL, 

0.12 g, 1.1 mmol) in H2O (1.5 mL) and t-BuOH (1.5 mL) afforded the title compound 5.22 

(0.099 g, 0.29 mmol, 30%) (Rf = 0.23, 10% MeOH/DCM) as a pale yellow solid. 
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This reaction was done twice with an average yield of 30%. 

Mp 180–182 °C. IR (ATR, cm-1): 3 388 (N-H str, s), 

2 944 (m), 2 682 (m), 2 469 (w), 2 362 (w), 2 094 (m), 

1 701 (C=O str, s), 1 589 (m), 1 514 (s), 1 445 (m), 

1 413 (m), 1 366 (m), 1 312 (m), 1 230 (s), 1 155 (C-O 

str, s), 1 054 (m), 827 (para-substituted C-H oop bend, 

m). 1H NMR (300 MHz, DMSO-d6) δ 9.46 (s, 1H, H31), 8.55 (s, 1H, H26), 7.74 (d, J = 8.7 Hz, 

2H, H28), 7.52 (d, J = 8.7 Hz, 2H, H29), 4.89 – 4.73 (m, 1H, H21), 3.35 (app. dt, ddd, J = 13.2, 

3.7, 3.7 Hz, 2H, H19), 3.22 – 2.84 (m, 2H, H19), 2.36 – 2.12 (m, 2H, H20), 2.09 – 1.94 (m, 1H, 

H20), 1.79 – 1.60 (m, 1H, H20), 1.48 (s, 9H, H40). 
13C NMR (75 MHz, DMSO-d6) δ 152.7 

(C37), 146.1, 139.3, 125.6, 124.5, 119.2, 118.3, 79.1 (C39), 54.8 (C21), 45.3 (C19), 29.1 (C20), 

28.1 (C40). HRMS (TOF MS ESI+): m/z calcd for C18H26N5O2
+ [M+H]+, 344.2087, found 

344.2090, error 0.9 ppm. 

Atom # 13C shift 

(ppm) 

1H shift (ppm) NOESY (ppm) 

19 45.3 3.35, app. dt, ddd, J = 13.2, 3.7, 3.7 Hz, 

2H 

3.03 [3.22 – 2.84], m, 2H 

4.80 (21) 

20 29.1 2.24 [2.36 – 2.12], m, 2H 

2.01 [2.09 – 1.94], m, 1H 

1.70 [1.79 – 1.60], m, 1H 

4.80 (21), 8.55 

(26) 

21 54.8 4.80 [4.89 – 4.73], m, 1H 3.03 (19), 2.24 

(20) 

25 * -  

26 * 8.55, s, 1H 2.24 (20), 7.74 

(28) 

27 * - - 

28 * 7.74, d, J = 8.7 Hz, 2H 8.55 (26) 

29 * 7.52, d, J = 8.7 Hz, 2H 9.46 (31) 

30 * - - 

31 - 9.46, s, 1H 7.52 (29) 

37 152.7 - - 

39 79.1 - - 

40 28.1 1.48, s, 9H - 
*13C signal unassigned. 

Stellenbosch University https://scholar.sun.ac.za



Chapter 9 Experimental 

265 

 

9.4.17 4-(5-Oxo-3-phenyl-5,6-dihydro-1,6-naphthyridin-2-yl)benzaldehyde – 5.14 

This compound was synthesised by Steven Smith and Niklas Uhlenbrock according to their 

published literature procedure and used as is.16 Yellow solid. Rf = 0.52, 10% MeOH/DCM. 

Mp 209–211 °C. IR (ATR, cm-1): 3 167 (m), 3 054 (m), 2 906 (m), 

1 700 (m), 1 655 (C=O str, s), 1 626 (C=O str, s), 1 603 (s), 1 589 

(s), 1 531 (w), 1 461 (w), 1 396 (m), 1 302 (w), 1 239 (w), 1 206 

(m), 1 100 (w), 1 073 (w), 1 015 (w), 880 (w), 834 (w), 814 (para-

substituted C-H oop bend, s), 774 (monosubstituted C-H oop bend, 

w), 699 (monosubstituted C-H oop bend, m). 1H NMR (600 MHz, 

CDCl3) δ 11.50 (s, 1H, H10), 10.01 (s, 1H, H17), 8.74 (s, 1H, H8), 7.80 (d, J = 8.2 Hz, 2H, H2/3), 

7.62 (d, J = 8.2 Hz, 2H, H2/3), 7.42 (dd, J = 7.3, 2.4 Hz, 1H, H11), 7.33 – 7.27 (m, 3H, H14/15&16), 

7.25 – 7.20 (m, 2H, H14/15), 6.93 (d, J = 7.3 Hz, 1H, H12). 
13C NMR (151 MHz, CDCl3) δ 

192.1 (C17), 164.5 (C9), 161.3, 153.4, 145.7, 138.5, 138.0, 136.1, 135.3, 131.9, 130.8, 129.8, 

129.5, 128.8, 128.0, 121.2, 108.6. HRMS (TOF MS ESI+): m/z calcd for C21H15N2O2
+ 

[M+H]+, 327.1134, found 327.1128, error 1.8 ppm. 

9.4.18 2-[4-(Hydroxymethyl)phenyl]-3-phenyl-1,6-naphthyridin-5(6H)-one – 5.23 

Following the procedure described for the benzyl alcohol 3.18 (Section 9.2.10), 

4-(5-oxo-3-phenyl-5,6-dihydro-1,6-naphthyridin-2-yl)benzaldehyde 5.14 (0.101 g, 

0.309 mmol) and NaBH4 (1.3 equiv, 15 mg, 0.41 mmol) in MeOH (2 mL) afforded the title 

compound 5.23 (0.066 g, 0.20 mmol, 65%) (Rf = 0.16, 60% EtOAc/Hexane) as a white solid. 

The reaction was done three times with an average yield of 59%. 

Decompn. 228–230 °C. 1H NMR (300 MHz, 

CDCl3&MeOD-d4) δ 8.61 (d, J = 0.7 Hz, 1H, H8), 7.35 (d, J = 

8.4 Hz, 2H, H3), 7.28 (d, J = 7.4 Hz, 1H, H11), 7.25 – 7.14 (m, 

7H, H2,14,15&16), 6.84 (dd, J = 7.4, 0.7 Hz, 1H, H12), 4.60 (s, 2H, 

H17). 
13C NMR (75 MHz, CDCl3&MeOD-d4) δ 163.7, 162.6, 

153.2, 141.9, 138.9, 138.5, 137.9, 135.2, 131.6, 130.1, 129.7, 

128.5, 127.6, 126.5, 120.8, 108.0, 64.4 (C17). HRMS (TOF MS ESI+): m/z calcd for 

C21H17N2O2
+ [M+H]+, 329.1290, found 329.1288, error 0.6 ppm. 
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9.4.19 2-[4-(Chloromethyl)phenyl]-3-phenyl-1,6-naphthyridin-5(6H)-one – 5.24 

(unsuccessful) 

Following the procedure described for the benzyl chloride 3.20 (Section 9.2.11), 

2-[4-(hydroxymethyl)phenyl]-3-phenyl-1,6-naphthyridin-5(6H)-one 5.23 (0.034 g, 

0.10 mmol), and PPh3 (2.8 equiv, 0.076 g, 0.29 mmol) in CCl4 (0.5 mL) and DMF (1 mL) 

afforded no product. 

This reaction was attempted twice, with no success. 

An IR spectrum was obtained of the recovered crude material. 

IR (ATR, cm-1): 3 301 (O-H str, s), 2 977 (m), 2 921 (m), 2 360 (CO2, m), 1 734 (m), 1 652 

(s), 1 627 (C=O str, s), 1 583 (s), 1 534 (m), 1 463 (m), 1 398 (s), 1 238 (m), 1 120 (m), 1 056 

(m), 1 016 (m), 942 (m), 875 (m), 815 (para-substituted C-H oop bend, s), 777 

(monosubstituted C-H oop bend, m), 723 (m), 699 (monosubstituted C-H oop bend, s). 

9.4.20 2-[4-(Iodomethyl)phenyl]-3-phenyl-1,6-naphthyridin-5(6H)-one – 5.28 

(unsuccessful) 

A 25 mL two-neck round-bottomed flask was charged with I2 (1.2 equiv, 0.027 g, 0.11 mmol), 

DCM (0.5 mL) and PPh3 (1.1 equiv, 0.027 g, 0.10 mmol). The reaction mixture was stirred at 

RT for 5 min, followed by the addition of 2-[4-(hydroxymethyl)-

phenyl]-3-phenyl-1,6-naphthyridin-5(6H)-one 5.23 (0.030 g, 0.092 mmol) and DCM 

(0.5 mL). It was stirred at RT for 48 h and then combined with another failed reaction for 

recovery of starting material. 

9.4.21 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-3-phenyl-1,6-

naphthyridin-5(6H)-one – 5.25 

9.4.21.1 A: The Mitsunobu-type reaction (unsuccessful) 

A 25 mL two-neck round-bottomed flask was charged with 

2-[4-(hydroxymethyl)phenyl]-3-phenyl-1,6-naphthyridin-5(6H)-one 5.23 (0.029 g, 

0.090 mmol), THF (1 mL), PPh3 (1.6 equiv, 0.037 g, 0.14 mmol) and 

4-azidopiperidin-1-ium chloride 3.17  (1.4 equiv, 20 mg, 0.13 mmol) and then evacuated and 

backfilled with N2. The reaction mixture was cooled to approximately -4 °C by means of an 

ice and NaCl bath and DBAD (1.7 equiv, 0.036 g, 0.16 mmol) was added. The reaction mixture 

was stirred at RT for 19 h during which toluene (0.25 mL) was added. It was then diluted with 

Stellenbosch University https://scholar.sun.ac.za



Chapter 9 Experimental 

267 

 

saturated aqueous NaHCO3 (50 mL) and extracted with DCM (3 × 50 mL). The combined 

organic extracts were washed with aqueous Na2S2O3 (50 mL), dried over MgSO4, filtered and 

concentrated in vacuo. The crude material was combined with material of another failed 

reaction for recovery of starting material. 

This reaction was attempted twice, with no success. 

9.4.22 tert-Butyl [3-(1-{1-[4-(5-oxo-3-phenyl-5,6-dihydro-1,6-naphthyridin-2-yl)-

benzyl]piperidin-4-yl}-1H-1,2,3-triazol-4-yl)phenyl]carbamate – 5.16 

(unsuccessful) 

Following procedure A for compound 5.25 (Section 9.4.21.1), 2-[4-(hydroxymethyl)phenyl]-

3-phenyl-1,6-naphthyridin-5(6H)-one 5.23 (25 mg, 0.076 mmol), PPh3 (1.9 equiv, 0.038 g, 

0.14 mmol), tert-butyl {3-[1-(piperidin-4-yl)-1H-1,2,3-triazol-4-yl]phenyl}carbamate 5.15 

(1.9 equiv, 0.050 g, 0.15 mmol) and DBAD (2.0 equiv, 0.035 g, 0.15 mmol) in DMF (1 mL) 

afforded no target compound. 

9.4.23 2-{4-[(4-Azidopiperidin-1-yl)methyl]phenyl}-3-phenyl-1,6-

naphthyridin-5(6H)-one – 5.25 

9.4.23.1 B: The Leuckart-Wallach reaction 

Following procedure B described for compound 3.1, 4-(5-oxo-3-phenyl-

5,6-dihydro-1,6-naphthyridin-2-yl)benzaldehyde 5.14 (0.260 g, 0.798 mmol), 

4-azidopiperidin-1-ium chloride 3.17  (1.5 equiv, 0.189 g, 1.16 mmol) and 95% formic acid 

(5.2 equiv, 0.20 mL, 0.19 g, 4.1 mmol) in MeCN (10 mL) afforded the title compound 5.25 

(0.026 g, 0.060 mmol, 8%, 35% brsm) (Rf = 0.12, 80% EtOAc/Hexane) as a yellow solid. 

Additionally, starting material 5.14 (0.204 g, 0.626 mmol, 78% recovery) was isolated as a 

yellow solid. 

Mp 196–198 °C. 1H NMR (300 MHz, CDCl3) δ 11.25 

(br d, J = 21.1 Hz, 1H, H10), 8.69 (s, 1H, H8), 7.39 (d, J = 

8.2 Hz, 2H, H3), 7.33 – 7.18 (m, 8H, H2,11,14,15&16), 6.93 

(d, J = 7.4 Hz, 1H, H12), 3.48 (s, 2H, H17), 3.47 – 3.30 (m, 

1H, H21), 2.78 – 2.67 (m, 2H, H19), 2.21 – 2.07 (m, 2H, 

H19), 1.93 – 1.83 (m, 2H, H20), 1.73 – 1.57 (m, 2H, H20). 

HRMS (TOF MS ESI+): m/z calcd for C26H25N6O
+ [M+H]+, 437.2090, found 437.2093, error 
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0.7 ppm. Only a small amount of material was available and full characterization of title 

compound 5.25 was therefore not done. 

9.4.24 N-[3-(1-{1-[4-(5-Oxo-3-phenyl-5,6-dihydro-1,6-naphthyridin-2-yl)benzyl]-

piperidin-4-yl}-1H-1,2,3-triazol-4-yl)phenyl]acrylamide – 5.1 

Following the procedure described for the triazole 2.68 (Section 9.2.14), 

2-{4-[(4-azidopiperidin-1-yl)methyl]phenyl}-3-phenyl-1,6-naphthyridin-5(6H)-one 5.25 

(25 mg, 0.057 mmol), N-(3-ethynylphenyl)acrylamide 4.10 (1.3 equiv, 13 mg, 0.077 mmol), 

CuI (catalytic) and DIPEA (2 equiv, 0.02 mL, 15 mg, 0.1 mmol) in MeCN (1 mL) afforded the 

title compound 5.1 (14 mg, 0.023 mmol, 40%) (Rf = 0.05, EtOAc) as a yellow solid. 

Mp 252–254 °C. IR (ATR, cm-1): 

3 405 (N-H str, m), 3 230 (m), 2 921 

(m), 1 652 (C=O str, s), 1 629 (C=O 

str, s), 1 589 (s), 1 567 (m), 1 532 

(m), 1 470 (w), 1 445 (m), 1 398 (s), 

1 341 (w), 1 272 (w), 1 239 (w), 

1 209 (m), 1 143 (w), 1 077 (w), 1 018 (w), 984 (w), 940 (w), 882 (w), 856 (w), 816 (s), 793 

(s), 774 (s), 730 (m), 698 (s). 1H NMR (300 MHz, CDCl3&MeOD-d4) δ 8.58 (s, 1H, H8), 7.92 

(s, 1H, H26), 7.83 (app. dt, ddd, J = 8.1, 1.7, 1.5 Hz, 1H, H30), 7.79 (app. t, dd, J = 1.7, 1.7 Hz, 

1H, H28), 7.38 (app. dt, ddd, J = 7.7, 1.7, 1.5 Hz, 1H, H30), 7.41 – 7.24 (m, 4H, H3,11&31), 7.26 

– 7.15 (m, 5H, H2,14&16), 7.17 – 7.11 (m, 2H, H15), 6.83 (d, J = 7.4 Hz, 1H, H12), 6.34 (d, J = 

3.1 Hz, 1H, H36), 6.32 (d, J = 8.6 Hz, 1H, H35), 5.69 (dd, J = 8.6, 3.1 Hz, 1H, H36), 4.43 – 4.37 

(m, 1H, H21), 3.51 (s, 2H, H17), 2.96 (d, J = 10.6 Hz, 2H, H19), 2.23 – 1.99 (m, 6H, H19&20). 
13C 

NMR (75 MHz, CDCl3&MeOD-d4) δ 164.7 (C34), 163.6 (C9), 162.5 (C6), 153.2 (C12a), 147.2 

(C25), 139.1 (C27/29), 138.8 (C7/13), 138.6 (C4/7/13), 138.2 (C1), 137.8 (C8), 135.1 (C4/7/13), 131.7 

(C11), 131.2 (C35), 130.6 (C27/29), 130.0 (C3), 129.9 (C31), 129.6 (C15), 128.9 (C2), 128.4 (C14), 

127.6 (C16), 127.5 (C36), 121.3 (C/32), 120.8 (C8a), 120.0 (C30), 118.3 (C26), 116.6 (C28), 107.9 

(C12), 62.3 (C17), 58.5 (C21), 52.0 (C19), 32.3 (C20). HRMS (TOF MS ESI+): m/z calcd for 

C37H34N7O2
+ [M+H]+, 608.2774, found 608.2778, error 0.7 ppm, purity 88.8%. 

  

Stellenbosch University https://scholar.sun.ac.za



Chapter 9 Experimental 

269 

 

Atom 

# 

13C shift (ppm) 1H shift (ppm) COSY 

(ppm) 

HMBC 

(ppm) 

1 138.2 - - 7.31 (3), 

3.51 (17) 

2 128.9 7.20 [7.26 – 7.15], m, 2H 7.31 (3), 

3.51 (17) 

7.31 (3), 

3.51 (17) 

3 130.0 7.31 [7.41 – 7.24], m, 2H 7.20 (2) , 

3.51 (17) 

- 

4 138.6/135.1 - - 7.20 (2/14) 

6 162.5 - - 7.31 (3), 

8.58 (8) 

7 138.8/138.6/135.1 - - 7.20 (2/14), 

8.58 (8) 

8 137.8 8.58, s, 1H 6.83 (12) - 

8a 120.8 - - 6.83 (12) 

9 163.6 - - 8.58 (8), 

7.31 (11) 

11 131.7 7.31 [7.41 – 7.24], m, 1H 6.83 (12) 6.83 (12) 

12 107.9 6.83, d, J = 7.4 Hz, 1H 8.58 (8), 

7.31 (11) 

- 

12a 153.2 - - 8.58 (8), 

7.31 (11) 

13 138.8/138.6/135.1 - - 7.20 (2/14), 

8.58 (8) 

14 128.4 7.20 [7.26 – 7.15], m, 2H 7.14 (15) 7.20 (16) 

15 129.6 7.14 [7.17 – 7.11], m, 2H 7.20 (14/16) 7.20 (16) 

16 127.6 7.20 [7.26 – 7.15], m, 1H 7.14 (15) 7.14 (15) 

17 62.3 3.51, s, 2H 7.20 (2), 

7.31 (3) 

7.20 (2) 

19 52.0 2.96, d, J = 10.6 Hz, 2H 2.13 

(19/20), 
4.45 (21) 

3.51 (17) 

2.13 [2.23 – 1.99], m, 2H 2.96 (19), 

4.45 (21) 

20 32.3 2.13 [2.23 – 1.99], m, 4H 2.96 (19), 

4.45 (21) 

- 

21 58.5 4.45 [4.43 – 4.37], m, 1H 2.96 (19), 

2.13 (19/20) 

- 

25 147.2 - - 7.92 (26) 
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Atom 

# 

13C shift (ppm) 1H shift (ppm) COSY 

(ppm) 

HMBC 

(ppm) 

26 118.3 7.92, s, 1H - - 

27 139.1/130.6 - - 7.31 (31) 

28 116.6 7.79, app. t, dd, J = 1.7, 1.7 Hz, 

1H 

 7.38 (32) 

29 139.1/130.6 - - 7.31 (31) 

30 120.0 7.83, app. dt, ddd, J = 8.1, 1.7, 

1.5 Hz, 1H 

7.31 (31) 7.79 (28), 

7.38 (32) 

31 129.9 7.31 [7.41 – 7.24], m, 1H 7.83 (30), 

7.38 (32) 

- 

32 121.3 7.38, app. dt, ddd, J = 7.7, 1.7, 

1.5 Hz, 1H 

7.31 (31) 7.79 (28) 

34 164.7 - - 6.32 (35), 

5.69 (36) 

35 131.2 6.32, d, J = 8.6 Hz, 1H 6.34 (36), 

5.69 (36) 

6.34 (36) 

36 127.5 6.34, d, J = 3.1 Hz, 1H 6.32 (35), 

5.69 (36) 

- 

5.69, dd, J = 8.6, 3.1 Hz, 1H 6.32 (35), 

6.34 (36) 

9.5 Reagent/catalyst preparation 

9.5.1 Palladium tetrakis(triphenylphosphine) preparation 

A literature procedure for the preparation of palladium tetrakis(triphenylphosphine) 

(Pd(PPh3)4) was followed.17 

A 100 mL two-neck round-bottomed flask was charged with PdCl2 (1.0 g, 5.6 mmol), PPh3 

(5.0 equiv, 7.4 g, 28 mmol) and DMSO (40 mL). This reaction mixture was heated at 140 °C 

for 1 h. The temperature was then slowly decreased to 80 °C over 1 h. Hydrazine hydrate 

(4.3 equiv, 1.2 mL, 1.2 g, 24 mmol) was added in a dropwise manner and the mixture was 

stirred at 80 °C for a further 45 min. It was then allowed to cool to RT and filtered under N2. 

The yellow solid was washed with EtOH and ether. The dry canary yellow solid was stored in 

a Schlenk under N2. 
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9.5.2 Raney nickel preparation 

A literature procedure for the preparation of Raney nickel (scaled down) was followed.18 The 

temperature maintained was altered on advisement of a colleague, Mr Hodson.19 

An Erlenmeyer flask with NaOH (38 g) and H2O (150 mL) was cooled in an ice bath. Al-Ni 

alloy was slowly added, taking care to not have it bubble over the lip of the flask. The reaction 

mixture was heated at 30 °C for 30 min, followed by heating at 50 °C for 4 h and then stirring 

at RT for 18 h. The resulting slurry was transferred to a Buchner funnel and washed with H2O 

(1 L) and EtOH (100 mL) with the aid of a vacuum pump. The dark grey RaNi was placed in 

a sealable bottle and stored under EtOH. 
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