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Abstract 

 

Dementia is an umbrella term which refers to a variety of debilitating neurodegenerative 

diseases with fatal prognoses. The aetiologies of various neurodegenerative disease states and 

the mechanisms by which they progress are unclear, thus current treatment options are limited 

and few disease-modifying therapies exist. Most dementias affect elderly people. With the 

global population and human lifespans continuing to increase, it is expected that more people 

will be diagnosed with some form of neurodegenerative disease. This will place an ever-greater 

burden on carers, healthcare systems and economies. Therefore, the need for better therapeutics 

to combat dementia is more pressing than ever. 

One hypothesis for the onset of neurodegenerative disease is the accumulation of 

senescent cells (SCs). Cellular senescence refers to a growth arrest in cells, and normally serves 

as a protection mechanism against cancer. However, it may also occur due to telomere 

shortening, which is a consequence of the ageing process and repeated DNA replication. 

Cellular senescence is particularly damaging as SCs secrete a cocktail of inflammatory factors, 

known as the senescence-associated secretory phenotype (SASP). This has unsurprisingly been 

implicated in many disease states correlated with inflammation. In the brain microenvironment, 

the SASP damages neurons and glial cells, leading to impairment which is symptomatic of 

neurodegeneration. Senescent cell anti-apoptotic pathways (SCAPs) are overexpressed in such 

cells and are critical to maintaining the viability of SCs and propagating their detrimental 

effects. Molecules capable of clearing SCs, termed ‘senolytics’, exploit their unique features 

to induce apoptosis. These drugs and drug candidates are an emerging area of research within 

medicinal chemistry, and some senolytics have already been shown in ameliorate some diseases 

associated with inflammation. The focus of this work has therefore been to explore novel 

chemotypes which can ameliorate senescence.  

The B-cell lymphoma-2 (BCL-2) family of proteins is one such group in which certain 

members have been implicated in prevention of apoptosis. Indeed, animal models have 

demonstrated that the inhibition of this pathway reduces the burden of senescent cells while 

also maintaining the function of healthy cells. Such a pathway therefore provides an attractive 

target for which this work has focused on. Indeed, several inhibitors of these proteins are 

reported in literature, and thus have become useful starting points for the investigations detailed 

in this work. 



 

 

 

 

xii 

A fundamental concept within medicinal chemistry is the design of new structures with 

biological activity. Numerous approaches to this task are reported in the literature to explore 

chemical space, understand the interaction of structures with a biological target and refine their 

structures to increase potency and specificity. A major focus of this work has been the 

application of various techniques in medicinal chemistry to assess different molecules which 

have shown senolytic potential, and subsequently explore derivatives thereof. One such method 

discussed is the iterative reconstruction of a known inhibitor of the BCL-2 family, where the 

lead molecule is sequentially built up from a smaller structure. Another is the application of 

scaffold hopping to known BCL-2 family inhibitors, generating previously unknown 

derivatives with similar electrostatics. Finally, structure-activity relationships around a known 

MCL-1 inhibitor were probed to explore novel chemical space. The biological evaluation of 

these compounds, while still ongoing, may provide valuable information to advance the current 

understanding of senolytics and treatments for neurodegenerative disease. 
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Chapter 1 – Introduction 

 

1.1. Global Statistics on Dementia 

The World Health Organization (WHO) estimates that 55 million people live with some 

form of dementia as of 2019.1 Dementia is particularly prevalent among the elderly: while only 

1% of people aged 60 have some form of dementia, this rate rises to 35% by age 90.1, 2 The 

WHO estimates that as of 2020, 1 billion people were over the age of 60, an age group that is 

expected to climb to 2.1 billion people in 2050.3 Concurrently, the global cost of dementia is 

expected to rise from US$1.3 trillion in 2019 to US$2.8 trillion by only 2030.4 Given this 

statistic, the influx of people into this age group is anticipated to cause an explosion in the 

number of dementia cases worldwide. In Australia, dementia is the second leading burden of 

disease, behind coronary heart disease.5 The sheer volume of patients requiring long-term, 

expensive forms of care is expected to place immense strain on healthcare systems worldwide, 

potentially becoming one of the greatest medical challenges the world will ever have to face. 

This is shown in Figure 1, highlighting that low- and middle-income countries are especially 

vulnerable to these stresses as their patients will account for most dementia cases worldwide.4 

Thus, it is essential that further research in disease-modifying treatments is undertaken now, to 

ensure these people can live healthy lives, for as long as possible.  
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Figure 1: Projected number of people with dementia (millions) in low- and middle-income countries compared 

to high-income countries. Adapted from World Alzheimer Report 2015.4 
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1.1.1.  Defining Dementia and Neurodegeneration 

The term dementia is an umbrella term which refers to a variety of clinical syndromes 

affecting brain function within three specific areas: cognitive impairment, behavioural 

symptoms and impairment of activities of daily living.2 Clinically, dementia describes chronic, 

progressive neurodegeneration, that is, atrophy of brain tissue, which manifests as the 

symptoms described above. It is thought that the concept of dementias is as old as human 

civilisation itself, with the earliest records of these symptoms being identified by ancient 

Egyptians in 3,000 B.C.,6 although clinical formalisms of individual pathologies were not 

clarified until the 20th century. Despite its prevalence being heavily correlated with age, 

dementia is not a natural consequence of ageing.7 Although dementia is most prevalent among 

elderly patients, a small subset of patients was found to have developed symptoms before the 

age of 65.8 Known as early-onset dementia (EOD), these account for between 2–10% of all 

dementia cases. EOD poses significant issues in diagnosis, as symptoms such as cognitive 

decline, apraxia and disorientation are often mistaken as signs of contagious diseases such as 

human immunodeficiency virus (HIV) and syphilis.8 This worsens the mental toll of symptoms 

for sufferers, as it can take a much greater duration to correctly diagnose EOD: on average, it 

takes 1.6 years longer to diagnose EOD than for late-onset dementia (LOD).9 

 

1.1.2. Types of Dementia 

Several types of dementia are clinically recognised, including, but not limited to 

Alzheimer’s disease (AD); Parkinson’s disease (PD); vascular dementia (VD); amyotrophic 

lateral sclerosis (ALS); Lewy body dementia (LBD); frontotemporal dementia (FTD); primary 

progressive aphasia (PPA); and Creutzfeldt-Jakob disease (CJD). Dementia may also be 

roughly classed according to severity, reflecting a patient’s level of impairment. The results of 

a British study of the prevalence of the various forms of dementia and disease severity is shown 

in Figure 2, demonstrating that AD is by far the most common pathology, and most people 

have mild-stage impairment.10  
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Vascular dementia
Mixed dementia
Dementia with Lewy bodies
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Figure 2: Prevalence and severity of various types of dementia. Adapted from Dementia UK: Update.10 

  

Each type of dementia is characterised by a particular pathology and symptoms. For 

example, impairment of speech or language is a hallmark of PPA,11 while fluctuating states of 

confusion and loss of attention span may indicate LBD.12 Comprehensive reviews are available 

discussing suspected causes and current research into each neurodegenerative disease in 

detail.13-19 

 

1.1.3.  Symptoms of Dementia 

The physiological manifestations of the various forms of dementia differ from patient to 

patient and are dependent of the type of dementia as well as progression of disease. Common 

symptoms are well-known by the general public due to its prevalence in society. At the onset 

of disease, patients experience forgetfulness, difficulty solving problems and making decisions 

and taking longer to perform challenging mental activities. This is often recognised as mild 

cognitive impairment (MCI). Other early symptoms include misplacing items, changes in 

mood leading to aggressive behaviour and becoming disorientated on otherwise familiar 

routes.20 Early-stage dementias can often be managed with the use of medication and/or 

appropriate support from caregivers, but symptoms cannot be completely eliminated. However, 
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as disease progresses, more disturbing symptoms begin to manifest with a significant loss of 

quality of life. These include changes to sleeping patterns, forgetting events in one’s life, 

hallucinations, abnormal violent behaviour and social withdrawal. Patients with severe 

dementia reach a state where they can no longer recognise close family members, are unable 

to express themselves and are often fully dependent on caregivers to eat, dress themselves or 

bathe.21-23 Not only is dementia truly debilitating for sufferers, but places tremendous 

emotional and financial stress on caregivers and family members. Overall, the prognosis for all 

dementias is fatal, as neurodegeneration causes brain atrophy so severe that the patient’s body 

no longer functions. 

 

1.1.4.  Diagnoses for Dementia 

When diagnosing dementia, questions posed to the patient and/or caregiver aim to 

identify the ‘first’ or most prominent symptom, upon which examination allows deduction of 

the specific pathology responsible.2 This is initiated by cognitive and neuropsychological tests, 

wherein a medical profession evaluates the patient’s mental abilities. This involves 

examination of memory, attention, speech, reflexes, balance, problem-solving and fine motor 

skills.24 However, a diagnosis of dementia is often confirmed using brain scans, in particular 

computed tomography (CT),25 positron emission tomography (PET)26 and magnetic resonance 

imaging (MRI).27 Reviews cited in Chapter 1.1.1. provide detail on the kind of brain atrophy 

which distinguishes each type of dementia. As stated previously, all dementias are characterised 

by their neurodegenerative effects. In most cases however, the cause of such neurodegeneration 

is unknown. Various risk factors have been postulated, including, ethnicity, sex, smoking, 

alcohol and drug use, education and environmental factors.28 In rare cases, the onset of 

dementia occurs due to genetic factors; a key example of this is familial Alzheimer’s disease.29 

Nonetheless, it is believed that for most neurodegenerative diseases, the onset is sporadic. 

 

1.2. Current Treatments for Dementia 

All dementias have fatal prognoses. The median life expectancy of sufferers following a 

dementia diagnosis can vary between three to ten years depending on various factors, such as 

age and gender.30, 31 The US Food and Drug Administration (FDA) has approved several small-

molecule treatments and more recently, monoclonal antibody (MAB) treatments for AD, the 

most common form of dementia.32 As the mechanisms by which neurodegeneration is initiated 

and progressed are poorly understood, small-molecules do not provide any curative or disease-
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modifying benefit, i.e. they do not halt or reverse neurodegeneration. While the development 

of bio-therapeutics in the form of MABs has offered some disease-modifying results, their use 

has been met with controversy due to their limited effects. Indeed, small-molecule treatments 

only temporarily reduce symptoms of dementia and will become redundant with repeated use. 

Historically, non-pharmaceutical strategies have primarily been relied upon for the 

management of symptoms. The progression of dementia may be slowed with pharmacological 

interventions.  

 

1.2.1.  Non-pharmaceutical Management Strategies 

Non-pharmaceutical strategies for the management of dementias are aimed at improving 

quality of life and wellbeing for patients. Research has demonstrated that cognitive stimulation, 

such as playing board games or arts and craft, and physical exercise, such as moderate-to-high 

intensity aerobics, can preserve mental functioning and delay decline compared to a negative 

control group.33-35 It should be noted that at best, symptoms of disease progression can only be 

delayed with these activities, and eventually patients are either no longer able to engage in 

them, or they become unsafe, particularly in regards to exercise. 

 

1.2.2.  Small-molecule Drug Treatments  

Current small-molecule drug treatments are only available for AD, and none of these 

possess disease-modifying abilities. Therefore, they are only used to minimise symptoms and 

slow a patient’s cognitive decline. These medications fall into two categories: 

acetylcholinesterase inhibitors (AChEIs) donepezil 1 (Aricept®), rivastigmine 2 (Exelon®) 

and galantamine 3 (Razadyne®), and the N-methyl D-aspartate receptor antagonist 

(NMDARA) memantine 4 (Namenda®). Table 1 summarises the key information surrounding 

these drugs. Two other small-molecule treatments for AD are of note: tacrine 5 (Cognex®) was 

approved by the FDA in 1993, but its use was discontinued in 2013 due to hepatotoxicity 

issues.36 Namzaric® is a combination treatment of donepezil 1 and memantine 4, which was 

approved by the FDA in 2014 and is prescribed for the management of moderate to severe AD. 
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Table 1: Summary of small-molecule drug treatments currently available for management of AD.  

Name Structure Year of FDA 

Approval 

Drug Class Stage of 

Dementia 

Donepezil 

(Aricept®) 

 

1996 AChEI 

All stages 

Mild to 

severe 

Rivastigmine 

(Exelon®) 

 

2000 

(Oral capsules) 

2007 

(Transdermal 

patch) 

AChEI 

Galantamine 

(Razadyne®) 

 

2001 AChEI 

Memantine 

(Namenda®) 

 

2003 NMDARA 

Moderate 

to severe 

Tacrine 

(Cognex®) 

 

1993 

(Discontinued 

2013) 

AChEI 

Namzaric® Combination of 1 and 4 2014 AChEI and 

NMDARA 

 

1.2.2.1. Acetylcholinesterase Inhibitors 

AChEIs are frequently prescribed for mild to moderate AD. Acetylcholinesterase (AChE) 

is a serine protease which is responsible for modulating neural functions, such as learning, 

attention, memory, wakefulness and sleep.37 Signal transmission at synapses occurs when the 

neurotransmitter acetylcholine (ACh) is released by pre-synaptic neurons, then diffused across 

the junction, where it reversibly activates the cholinergic receptors (nicotinic and muscarinic 

receptors), passing on the signal.38 ACh is then hydrolysed by AChE into acetate and choline 

(Ch) to prevent neurotransmission from continuing indefinitely. Ch is then recycled into the 

pre-synaptic neuron via the Ch pump to be acetylated once more to ACh. (Figure 3).39 It is 
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therefore not unexpected that improper functioning of AChE has been implicated in 

neurodegenerative disorders.40, 41 AChEIs are understood to delay ACh degradation, which may 

prevent faulty neurotransmission for some time, improving memory, comprehension and 

communication.42, 43 These drugs are a standard treatment for AD, however individuals may 

respond differently to each medication, meaning that trial and error is often the only reliable 

method of optimising treatment for early-stage AD.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Schematic of a synapse. AChE is released by the pre-synaptic neuron, activating the cholinergic 

receptors. AChE is rapidly degraded into acetate and Ch, so that signalling does not continue indefinitely. AChEIs 

slow this degradation to increase the duration of signalling. Created with BioRender.com. 

 

1.2.2.2. N-methyl-D-aspartate Receptor Antagonist 

N-methyl-D-aspartate (NMDA) receptors are cation-selective ligand-gated ion channels 

involved in the mediation of synaptic transmission.44 The binding of both glycine and 

glutamate to their respective orthosteric sites  triggers conformational changes to the receptor, 

permitting the flow of Ca2+ and Na+ down their electrochemical gradients (Figure 4).45, 46 

Moderate to severe cases of AD may be treated using memantine. Memantine is understood to 

protect neurons from overexcitation by competing with glutamate for receptor binding. In 

doing this, Ca2+ ion uptake into neurons is decreased, which has demonstrated improved 

cognition after six months of use.47  

 

 



Chapter 1 

 

 

9 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Schematic of an NMDA receptor. Memantine binds to the glutamate binding site, preventing Ca2+ uptake 

into neurons and hence preventing overexcitation. Created with BioRender.com. 

 

1.2.3.  Concurrent Treatments and Side Effects 

It is also not uncommon for dementia cases to coincide with mental illnesses, such as 

depression and schizophrenia.48 Hence, other classes of drugs such as antidepressants, 

antipsychotics and anxiolytics are often prescribed in addition to dementia-specific 

pharmaceuticals to ease such symptoms, particularly in severe cases.49-51 Despite this, the 

continued use of these medications is questionable, as no clinical evidence has suggested a 

clear improvement or benefit in quality of life.52-54 

These medications are also not without side effects, including nausea, vomiting and 

diarrhoea for AChEIs and dizziness, headaches and confusion for memantine. Adverse 

reactions to medications may be severely debilitating or even dangerous to the elderly patients 

they are designed for, further reducing potential quality of life, especially if they lead to 

disorientation or physical injuries. Moreover, while behavioural issues in AD patients may be 

treated with standard antidepressants and antipsychotics, such medications are associated with 

a host of common side effects as well. Critically, none of the aforementioned treatments are 

disease-modifying, i.e. they do not halt or reverse neurodegeneration. Indeed, they only 

temporarily reduce symptoms of dementia, and will become redundant with repeated use. 

 

1.2.4.  Monoclonal Antibody Therapeutics 

A significant paradigm shift in dementia treatments began in 2021, when aducanumab 

(Aduhelm®) was approved for clinical use by the FDA as a treatment for AD, with an estimated 

treatment cost of US$56,000 per year.55 Aducanumab is a monoclonal antibody (mAb) 

developed by Biogen which showed evidence of clearing amyloid-β (Aβ) plaques in clinical 

trials.56 In the immune system, endogenously produced antibodies bind to antigens, eliciting a 
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response that recruits immune cells to mark and target the antigen for destruction.57 Laboratory-

produced antibodies – hence the name ‘monoclonal’ – can be tailored to target specific cells in 

a potent treatment against a variety of diseases.57 The treatment approach of aducanamab is 

grounded in the ‘amyloid hypothesis’, purporting that a build-up of Aβ triggers a cascade of 

changes leading to neuronal dysfunction, neuroinflammation and the aggregation and spread 

of hyperphosphorylated neurofibrillary tangles (NFTs) of tau protein.13, 58, 59 The approval of 

this treatment, the first of its kind and the first AD treatment in more than 20 years, was 

groundbreaking as it claimed to represent the first disease-modifying treatment available.56 

However, the approval was also highly controversial, as Glymour and co-workers had 

previously demonstrated that the clearance of Aβ was not disease-modifying and therefore 

contradicted the mechanism of action of mAb treatments.60 Furthermore, phase III clinical 

trials of the drug were met with heavy criticism due to conflicting results, although Biogen 

later announced that a subgroup of patients had improved cognitive function.61, 62 An FDA 

panel of experts expressed significant concerns with Biogen’s statistical methodology, which 

has compounded scepticism regarding the effectiveness of the treatment. In 2024, Biogen 

therefore discontinued aducanumab to focus on the mAb lecanemab (Leqembi®), which 

demonstrated promising results in clinical trials and was approved by the FDA as an amyloid-

clearing treatment for AD.63 Meanwhile, the successful clinical trial results of Eli Lilly’s mAb 

donanemab (Kisunla®) prompted is own FDA approval in 2024. Lecanemab is now offered as 

a fortnightly injection, while donanemab is administered similarly on a monthly basis. While 

these treatments are in very early stages and it remains to be seen whether this treatment will 

prove effective, they are highly promising in halting or reversing disease progression in AD.  

In summary, current treatment options for neurodegenerative diseases are limited, hence 

the diagnosis of any dementia is terminal. Often, the best care for patients is to minimise 

suffering, especially in more severe stages. Therefore, a pressing medical need remains for a 

better understanding of neurodegenerative pathologies and their onset so that more effective 

treatments may be designed. New treatment pathways must be explored to combat these 

diseases, and one phenomenon implicated in neurodegeneration is inflammation caused by 

cellular senescence. 

 

1.3. Cellular Senescence 

A multicellular organism is highly complex, containing many cell types which each have 

distinct functions and features. Co-ordination of the entire organism is based on the principle 
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that the survival of the entire organism is more important that of a single cell.64, 65 The 

malfunctioning of a single cell threatens the survival of the organism, thus two mechanisms 

have evolved to manage incidences of aberrant cells. The first is controlled cell death, where 

the cell recognises its own dysfunction and undergoes the process known as apoptosis. The 

second is recognition of damage by specialised cells, which then act to destroy it. Often, a 

combination of these methods is used to remove damaged cells. One of these methods is 

cellular senescence, which is defined as a cell cycle arrest that occurs in the G1 or G2 phase of 

the cell cycle (Figure 5) as a response to endogenous and exogenous stress.66, 67 During both 

G1 and G2 phases, the cell synthesises new organelles, grows larger and prepares itself for 

mitosis. Examples of stresses that lead to senescence include excessive oncogene signaling, 

loss of tumour suppression,68 aberrant DNA replication and DNA damage accumulation.69, 70  

The term senescence is derived from the Latin senex, meaning ‘growing old’. Indeed, an 

increased burden of senescent cells (SCs) is heavily correlated with ageing. SCs recognise their 

own dysfunction to undergo this growth arrest, then secrete signals to neighboring cells so that 

they can be removed by the immune system.71 The discovery of SCs was reported in 1961 by 

Hayflick and Moorehead when human embryonic fibroblasts were observed to be unable to 

replicate but did not undergo apoptosis.72 Such cells had undergone mitosis between 40–60 

times, reaching a stage known as the Hayflick limit, in which proliferation had ceased. It was 

shown that telomere shortening was responsible for this instance of senescence.73 Senescence 

is observed at various stages during the human life cycle. In utero, embryonic SCs contribute 

to tissue development; in adulthood, they prevent propagation of damaged cells; play a rolein 

tissue repair; and suppress formation of tumours.73  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Schematic diagram of the cell cycle. Cellular senescence is only induced during the G1 and G2 phases. 

Created with BioRender.com. 
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1.3.1.  Identification of Senescent Cells 

Senescence must be distinguished from the processes of quiescence and terminal 

differentiation: quiescence is a reversible growth arrest that occurs in the G0 phase of the cell 

cycle where proliferation may resume in the presence of appropriate conditions;74 while 

terminal differentiation is a permanent growth arrest which results in the acquisition of specific 

cellular functions.73 Despite this, unambiguous identification of SCs when compared to other 

cells is difficult, as there exist no biomarkers which are produced solely by those in the 

senescent state.75 However, Campisi and co-workers have purported general criteria to 

distinguish SCs: (1) a growth arrest in response to deleterious stimuli (although the growth 

arrest is generally considered to be irreversible, SCs have been observed to re-enter the cell 

cycle under specific circumstances, particularly in cancerous cells);76-79) (2) enlargement of 

cells up to twice the size of other cells,80 in addition to other changes in morphology, such as 

vacuolation and flattening;81 (3) secretion of senescence-associated β-galactosidase (SA-β-

Gal), indicative of increased lysosomal quantity and mass;82 (4) expression of p16INK4a, a 

tumour suppression protein which is not normally secreted during quiescence or terminal 

differentiation,68, 83-86 and; (5) secretion of growth factors, proteases, cytokines and other 

factors which have both autocrine (acting on the cell’s own surface receptors) and paracrine 

(acting on adjacent cells) functions.87-89 This is referred to as the senescence-associated 

secretory phenotype (SASP). These criteria should only be understood in a general sense, in 

that not all SCs possess these features, and not all cells that do possess any single one of these 

features must be considered senescent.75  

 

1.3.2.  Induction of Senescence 

Senescence occurs as a response to endogenous or exogenous stresses, as shown in 

Figure 6. These include oncogenic signalling and telomere shortening as endogenous stresses, 

and DNA damage caused by genotoxins, cytotoxins or radiation as exogenous stresses.90 Cell 

cycle arrest is primarily mediated via activation of p53 or the cyclin-dependent kinase (CDK) 

inhibitors p16, p21 and p38.90 These pathways are highly complex, involving many upstream 

regulators and downstream effectors, with a large level of crosstalk between them.91-95 This 

results in the inhibition of CDK2, CDK4 and CDK6, which collaborate to maintain a 

dephosphorylated form of the Rb protein.96 In its dephosphorylated form, Rb blocks 

progression of the cell cycle, thus inducing the senescent state.97 
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Figure 6: Simplified diagram of cellular pathways leading to the induction of senescence. Created with 

BioRender.com. 

 

 

1.3.3.  Features of Senescent Cells 

Genetically, most of the differences between pre-senescent (non-senescent) and SCs lie 

in cell cycle-related genes, metabolism-related genes or genes encoding secretions known as 

the SASP or senescence-messaging secretome (SMS).98 In stark contrast to pre-senescent cells, 

SCs secrete this distinct cocktail of soluble and insoluble inflammatory factors.88, 98-102 The 

components of the SASP can be identified as belonging to three broad categories: soluble 

signaling factors, such as interleukins, chemokines and growth factors; proteases; and insoluble 

proteins or extracellular matrix (ECM) components.98 The release of proteases is of particular 

concern, as they have a number of paracrine effects: (a) they cause shedding of membrane-

bound receptors; (b) they hydrolyse signaling molecules; and (c) they degrade the ECM.98 

Through this, the SASP is highly potent in modifying tissue microenvironments, and has been 

heavily implicated in disease states. While the secretion of the SASP has evolutionary purposes, 

it is far more well-known for its deleterious effects on the cell’s surroundings. A list of factors 

which have been significantly altered between pre-senescent and SCs is provided in Table A 

in Appendix A.98 Investigation of the SASP is still ongoing through efforts such as the SASP 

Atlas, to produce a comprehensive understanding of the secretome.103 
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1.3.3.1. Macromolecular Damage 

In addition to the SASP, SCs have been observed to carry macromolecular damage. It has 

previously been mentioned that DNA damage is a principal inducer of senescence. This most 

frequently happens due to oxidative stress, exposure to mutagenic agents or irradiation with 

ultraviolet (UV) light. Senescence also occurs naturally when cells reach the aforementioned 

Hayflick limit, signified by the inexorable loss of telomeric DNA.104-106 Moreover, stress 

caused by reactive oxidative species (ROS) not only damages nucleic acids, but has been 

demonstrated to oxidise methionine and cysteine residues, thus affecting both the folding and 

function of proteins.107 In the presence of metals, carbonylation of proline, threonine, lysine 

and arginine residues can also occur, with widespread effect; hydrophobic residues become 

exposed, or carbonyl groups may react with amines to form Schiff bases, leading to unfolding 

and aggregation.108 This damage is generally irreversible, although aberrant proteins may be 

cleared by the ubiquitin-proteosome system (UPS) or through autophagy.109 Nonetheless, the 

presence of such proteins, and the resulting proteotoxicity, are hallmarks of senescence.110 

Finally, the senescent state is also correlated with lipid damage. Lipids are essential molecules 

as structural components, energy storage and signal transducers.111 It has been observed that 

the pathology of several age-related diseases display altered lipid metabolism, as well as an 

increase in lipid peroxidation products.112 Mitochondrial damage in SCs also causes a build-up 

of lipid deposits and insoluble aggregates known as lipofuscin.113-115 

 

1.3.3.2. Deregulation of Metabolism 

Unsurprisingly, a pattern of deregulated metabolism is also observed in SCs. Damage to 

various mitochondrial structures or function, such as the electron transport chain (ETC), 

complex I assembly, fission and biogenesis, mitochondrial sirtuins, or disruption of the 

tricarboxylic acid (TCA) cycle is known to induce senescence.113, 116-121 This leads to an altered 

morphology and function, including increased mass, decreased membrane potential, decreased 

reproductive rate, increased proton leak and an increase in TCA cycle metabolites.117, 122 

Additionally, SCs contain more mitochondria, but due to the impairment, they are less 

productive in generating ATP.123, 124 It has been mentioned previously that lysosomal quantities 

and mass are also increased in SCs.125 Lysosomes are responsible for degradation and recycling 

of cellular components and extracellular material,126 thus the secretion of the SASP is highly 

dependent on lysosome function.127 As such, the hydrolases present in these organelles is also 

elevated to maintain simultaneous activation of catabolic and anabolic processes.73, 128  
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1.3.4.  Beneficial Effects and Evolutionary Purposes of Senescence 

It is believed that the most critical role of senescence in mammals is to serve as a 

safeguard against cancer, preventing the replication of those cells which have undergone insult 

capable of damaging DNA.129 Indeed, cellular senescence is believed to have evolved as an 

anti-cancer mechanism alongside apoptosis as the proinflammatory and chemotactic factors 

found in the SASP stimulate recognition and clearance by the immune system.130 Senescence 

may also provide an evolutionary advantage over apoptosis: since cell death irrevocably 

removes cells, this is an undesirable consequence when a certain population is required to 

maintain homeostatic physiological functioning.129 However, the senescent state has the 

advantage of keeping these cells functional but unable to proliferate. While the effect of 

senescence in preventing cancer is beneficial, it also has far more damaging consequences for 

ageing and disease, as will be discussed below.131-134 These concepts appear to be paradoxical, 

but the dual nature of SCs is nonetheless consistent with the antagonistic pleiotropy hypothesis 

of ageing: that genes offering positive effects early in life are evolutionarily favourable, even 

if they contribute negative effects later in the life span of an organism.134, 135 

Since Hayflick’s original discovery, senescence has been better understood to have a 

variety of purposes from embryonic development to adulthood. Cells with senescent features 

have been observed within the developing embryo, with roles to play in organogenesis.136, 137 

It is important to note, however, that while these embryonic “senescent” cells are 

hyporeplicative and secrete SA-β-Gal, their DNA is undamaged, they do not express p16 and 

do not secrete the SASP. Furthermore, it has been hypothesised that the SASP also originated 

as a healing mechanism when wounding occurs.138 Indeed, the function of proinflammatory 

factors may have been communication with neighboring cells, indicating a compromised state 

and initiating the process of tissue repair and regeneration by stimulating progenitor cells.139-

144 Furthermore, data indicates that in adult animals, p16 is quickly activated after injury.145, 146 

In mouse models, activation was first noticed 2–3 days after injury, peaked 4–7 days and 

subsided over 2–3 weeks.145, 147 A large number of SASP cytokines were also observed at the 

wound site.145, 148 These findings, along with the finding that clearance of p16 delays recovery, 

suggest that the senescent state is critical for optimising the healing process.145 These beneficial 

roles of cellular senescence are shown in Figure 7. 
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Figure 7: Senescent cells have both beneficial and deleterious effects on tissues. 

 

1.3.5.  Senescence in Disease 

Despite evolving as a beneficial measure to control aberrant cells, the senescence 

response is correlated with detrimental processes, especially ageing. Indeed, Hayflick and 

Moorehead’s seminal publication on senescence demonstrated that senescence contributes to 

the ageing process itself.72 Indeed, the immune system normally clears SCs over a period of 

days to weeks,149, 150 but once this burden exceeds a certain threshold, the immune system is 

unable to maintain such clearance. This is particularly problematic due to the aforementioned 

SASP,151 which has been linked to the development of an inflammation-related disease, termed 

‘inflammageing’.152 Several disease states have been associated with senescence (Figure 8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Senescence has been implicated in the aetiology of many diseases, which may be related or unrelated 

to inflammation. Created with BioRender.com.  

 



Chapter 1 

 

 

17 

Senescence therefore has a deleterious effect when cells are not effectively cleared by the 

immune system and therefore accumulate in tissues, an increased burden which has been shown 

in humans, primates and mice.153-156 It has been proposed that immune system clearance begins 

to fail as the aforementioned SASP-expressing cells induce the paracrine and endocrine spread 

of senescence in a chain reaction which far exceeds the immune system’s capacity.149, 157 

Interestingly, it was also highlighted that delaying the accumulation of SCs in mouse models 

led to an increased lifespan, suggesting that clearance of SCs could be a powerful therapeutic 

opportunity to ameliorate age-related disease.158, 159  

Senescence has been linked with several diseases associated with inflammation. 

Increased expression of p16 and secretions of IL-6, IL-1 and MMP-3 within joints have 

implicated senescence in the aetiology of osteoarthritis.160-162 Senescence has also been 

observed in idiopathic pulmonary fibrosis patients through the expression of markers p21, p16 

and SA-β-Gal.163, 164 Furthermore, the increased release of p21, p16 and SA-β-Gal in vascular 

endothelial cells demonstrates a senescent phenotype, which has been linked to the buildup of 

atherosclerotic plaques and cardiovascular disease.165-167 While the aetiology and pathology of 

these diseases manifests in different ways, it is important to notice that they each share common 

markers that implicate the deleterious effects of cellular senescence. 

Additionally, senescence has been observed in conditions not typically associated with 

inflammation. In Type 2 diabetes mellitus (T2DM), excessive demand is placed on insulin-

producing β-cells and induces their proliferation, but this increased replication leads to 

senescence by attrition of telomeric DNA.168 In addition, SCs and the SASP have been 

observed to exacerbate insulin resistance in adipose tissue.169 These two factors indicate that 

senescence in both pancreatic β-cells and adipose tissue drive progression of T2DM.170 Finally, 

despite evolving as a mechanism to arrest the cell cycle and prevent aberrant cells from 

becoming cancerous, the SASP and its chronic inflammatory microenvironment has been 

heavily implicated in tumorigenesis.171-174 Inflammation caused by the SASP is known to drive 

cell migration, growth, invasion, angiogenesis and metastasis.175-182 Moreover, the SASP may 

also contribute to tumour progression via negative modulation of the immune system. Such 

factors have been shown to block tumour immune surveillance.179, 183 Hence these actions, 

while paradoxical to the evolutionary purpose of senescence, nonetheless exhibit the role of 

senescence in cancer.184  
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1.3.6.  Senescence in Neurodegeneration 

Cells within the central nervous system (CNS) are divided into two broad categories: 

neurons and glial cells. Neurons are electrically excitable cells with their primary function 

being to transmit signals to other neurons via synapses using action potentials, working 

collaboratively to form neural circuits and larger brain networks. Glial cells, including 

astrocytes, microglia and oligodendrocytes, among others, are non-neuronal cells that exist to 

support and maintain the function of neurons. The ratio of neurons to glial cells is believed to 

be approximately 1:1, with the human brain containing between 40–130 billion of each 

category of cell.185 

In the brain, the amount of senescent cells present increases with ageing, and has been 

heavily linked to neurodegenerative diseases.156, 186 Indeed, senescence has been observed in 

the central nervous system (CNS), including in neurons,187, 188 astrocytes,189-192 microglia,193-

195 oligodendrocytes,196 endothelial cells,197 and neural stem cells.198-200 Unsurprisingly, SCs 

have therefore been implicated in the aetiology of many types of dementia, including AD, PD, 

FTD, ALS and multiple sclerosis.199, 201-207  

 

1.3.6.1. Neurons 

Neurons, shown in Figure 9, are responsible for the transmission of electrical signals 

throughout the brain. A typical multipolar neuron (the most common type) consists of a soma, 

or cell body, to which are connected dendrites and an axon. Dendrites receive electrical signals 

from other neurons, and these signals are conducted through the axon towards axon terminals, 

enabling further transmission to more neurons. Neuronal cells are post-mitotic and non-cycling, 

meaning that they do not replicate via mitosis and last a lifetime. As discussed previously, 

senescence is not solely identified by a growth arrest, therefore other markers are used to 

establish the senescent state in neurons.208 Indeed, the increased expression of SA-β-Gal,209, 210 

in addition to SASP factors point to induction of senescence.211 SASP factors are known to 

induce senescence in nearby cells within the brain in a paracrine manner,212 hence leading to 

brain atrophy observed in neurodegeneration.213 
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Figure 9: Schematic diagram of a multipolar neuron, the most common type of neuron, showing the soma, 

dendrites, axon surrounded by myelin sheaths and axon terminals. 

 

1.3.6.2. Astrocytes 

Astrocytes, shown in Figure 10 (a), are star-shaped cells which play a critical role in 

maintaining homeostasis within the brain environment and control blood-brain barrier 

permeability through their end feet (Figure 10 (b)). Importantly, they are responsible for 

transferring mitochondria to neurons and thus fuel their metabolism (Figure 10 (c)),214 while 

also clearing debris,215 in addition to their regulation of neurotransmitters such as glutamate, 

ATP and serine.216 The senescent state has been observed in astrocytes through increased 

secretion of SASP cytokines IL-6, IL-8 and IL-1β, as well as ROS.217 Unsurprisingly, the 

impairment of astrocytes through senescence causes inhibition of their functions, and are 

therefore heavily implicated in neurodegenerative pathologies.217 

Figure 10: Schematic diagrams of an astrocyte, showing (a) their general shape; (b) how end feet are involved in 

maintaining the blood-brain barrer; and (c) how end feet are involved in maintaining synapses. 
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1.3.6.3. Microglia 

Microglia, shown in Figure 11, serve as macrophage-like cells which carefully regulate 

the macroenvironment of the brain. Importantly, they are responsible for the elimination of 

dead cells, microorganisms and protein aggregates that may impair the function of the CNS.218 

Under normal circumstances, the activation of microglia via injury or inflammatory stimuli 

may cause microglia to take on an ameboid morphology, which is associated with phagocytosis 

and inflammatory secretion.219 However, senescent microglia exhibit a lengthened sustained 

inflammatory response220and these cells demonstrate a reduced capacity for phagocytosis, and 

decreased mobility throughout the brain.208, 221 These have been observed through their 

increased release of SASP factors IL-1β, TNF-α and IL-6.222 Consequently, the induction of 

senescence in microglia has been associated with neuroinflammation, and thus linked to 

neurodegeneration.223 

 

 

 

 

 

 

 

 

 

Figure 11: Schematic diagram of a microglial cell, showing morphological difference between resting and 

activated state. 

 

1.3.6.4. Oligodendrocytes 

Oligodendrocytes, shown in Figure 12, play a critical role in the central nervous system 

by providing support and insulation for axons through the process of myelination whereby 

myelin sheaths are formed around the axon. Myelin sheaths are vital for the nominal conduction 

of electrical signals along axons: without myelination, axons cannot be afforded nutritional and 

homeostatic support, and conduction is slower or may be halted altogether. Senescence in 

oligodendrocytes has been shown to lead to impair myelination, which significantly affects 

neural conductivity and leads to a loss of neuronal function.213 This loss of neuronal function 

is known to occur naturally through ageing,224 but is heightened further in 

neurodegeneration.225 
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Figure 12: Schematic diagram of a neuron (yellow) and oligodendrocyte (purple), showing myelination of the 

neuron’s axon. 

 

A significant body of evidence suggests that cellular senescence is a hallmark within 

many diseases associated with ageing, particularly in the CNS. However, senescence is a 

relatively unexplored field in the design of new therapeutics for such diseases and therefore 

presents highly promising opportunities in confronting global health challenges.  

 

1.4. Strategies for Targeting Senescence 

The clearance of SCs by the immune system is already well-known,136, 226 however the 

burden of senescence accumulates with ageing in such a manner that dysfunction becomes 

readily apparent.227 As such, there is significant interest in strategies for the selective clearance 

of senescent cells, as they promise critical insights into ‘senotherapeutics’ that aim to address 

the medical challenges of ageing. This has proven difficult due to the inherent similarities 

between pre-senescent and senescent cells, although a number of approaches have been 

proposed, as will be discussed in this section.228 Below is provided a broad overview of these 

strategies, with significant attention given to senescent-cell anti-apoptotic pathways (SCAPs), 

which forms the basis for this work. 

 

1.4.1.  Immune System-mediated Clearance 

The SASP sheds several receptors and ligands, as discussed in Chapter 1.3.3. Among 

the normal functions of these secretions is signaling to the immune system for removal. This 

feature has been exploited to clear senescent cells using chimeric antigen receptor (CAR) T-
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cells, which target urokinase-type plasminogen activator receptor (u-PAR).229 The receptor 

plays an important role in degradation of the ECM,230 and is upregulated as a component of the 

SASP. Such treatment has shown remarkable ability to clear SCs both in vitro and in vivo, 

producing beneficial outcomes in murine models.229 However, this strategy is not without risks. 

First, administration of CAR T-cells has been associated with inflammation, weight loss and 

hypothermia, presenting worrying issues for therapeutics targeted at elderly populations.228 

Second, this treatment also requires immune suppression, which again is highly compromising 

for elderly patients.228 Immune-mediated clearance is therefore a highly promising treatment 

that will need optimisation before progressing to clinical use. 

 

1.4.2.  Exploiting Overactive Organelles 

It has been mentioned previously that lysosomal function of SCs is heavily increased and 

the secretion of SA-β-Gal is also heightened; both features may be leveraged for SC clearance. 

Changes in the morphology and quantity of lysosomes mean that autophagy, the cell’s process 

of recycling organelles and other cellular components, can be exploited to induce SC death, or 

senolysis.228 The activation of apoptotic pathways can be accomplished through an autophagic 

push,231 which has been demonstrated using fibrate drugs,232 metformin,233 mammalian target 

of rapamycin (mTOR) complex 1 inhibitors,234 bromodomain and extraterminal domain (BET) 

inhibition235 and ataxia-telangiectasia mutated (ATM) inhibitors.236 SA-β-Gal may also be 

exploited by administration of prodrugs which are cleaved and activated by the enzyme,237 or 

galactose-encapsulated cytotoxic drugs, which will be efficiently released into SCs.238 A 

drawback of these methods is off-target effects that may be suffered by other cells with high 

SA-β-Gal activity, such as activated macrophages.239  

 

1.4.3.  Leveraging Biochemical Changes 

SCs also demonstrate minor biochemical characteristics when contrasted to pre-

senescent cells, which can be cleverly targeted for senolysis. SCs have slightly depolarised 

plasma membranes and higher H+ concentration, features which make them vulnerable to 

cardiac glycosides (CGs).240 CGs affect the Na+/K+/ATPase pump, disbalancing the 

electrochemical gradient, which causes further depolarisation and acidification of the cell, 

leading to apoptosis.240-242 Additionally, increased lysosomal activity lowers cellular pH, a 

characteristic that is resisted by upregulation of buffers, such as the NH3/NH4
+ buffer mediated 
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by glutaminase.243 In this case, inhibition of glutaminase impairs the cell’s ability to resist 

lowered pH, leading to apoptosis.243 

 

1.4.4.  Senescent Cell Anti-Apoptotic Pathways 

The growth arrest observed in SCs occurs as such cells actively resist the process of 

apoptosis via upregulation of senescent cell anti-apoptotic pathways (SCAPs), also known as 

pro-survival networks. While SCAPs protect SCs against their own SASP, they have 

nonetheless been referred to as the ‘Achilles’ heel’ of senescent cells.244 Zhu and co-workers 

performed the first studies to identify the precise pathways responsible for apoptosis resistance. 

Preadipocytes, being the most abundant type of SCs,245 were irradiated to induce senescence 

before Affymetrix assays were used to assess gene expression. The effects of these pathways’ 

upregulation were then confirmed through RNA interference studies, highlighting the networks 

of PI3K and PKB; HSP90; the BCL-2 family; PAI-1; and dependence receptors.244, 246 Below, 

a broad discussion of individual pathways responsible for preventing apoptosis is provided. 

 

1.4.4.1. The PI3K–PKB Pathway 

The phosphoinositide-3-kinase–protein kinase B (PI3K–PKB) pathway plays a critical 

role in many cellular processes and is known to be aberrantly activated in cancers.247, 248 PI3K 

is responsible for the phosphorylation of phosphatidylinositol-4,5-biphosphate (PIP2) to 

phosphatidylinositol-3,4,5-triphosphate (PIP3), which may recruit a multitude of oncogenic 

signal proteins, including PKB.247 This triggers a cascade of further phosphorylations known 

to promote cancer progression, such as MDM2, TSC2, GSK3, FOXO and mTOR.249-251 Given 

that apoptosis is inhibited in cancer, it has naturally followed that such a pathway has also been 

implicated in senescence.252 

 

1.4.4.2. Heat Shock Proteins 

Heat shock proteins (HSPs) are so named because they are activated as a response to 

cellular stresses, stabilising misfolded or unfolded proteins or chaperoning them for 

degradation.253, 254 Additionally, HSPs have also been observed to play key roles in protein 

assembly, export, turnover and regulation.255 In particular, HSP90 has already been identified 

as a drug target for cancer as many of these stabilised proteins are required for tumour 

growth.255 Upregulation of the previously discussed PKB, a client protein of HSP90, causes 

resistance to apoptosis.256, 257 This has hence also been proposed as a pro-survival mechanism 
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in senescence.258-261 Problematically, inhibition of both PI3K and HSP90 have demonstrated 

the unwanted effect of a reduction in motor neuron viability in models of amyotrophic lateral 

sclerosis, which may lead to decreased motor function.262  

 

1.4.4.3. The PAI-1 Pathway 

In addition to the aforementioned SCAPs, plasminogen activator inhibitor 1 (PAI-1) 

modulates cell adhesion, migration and proliferation,263 and therefore plays an important role 

in regulating apoptosis. PAI-1 has been observed to influence apoptosis by inhibiting plasmin 

generation,264 as the activation of plasminogen to form plasmin leads to cell death.265 Cells 

interact and attach to one another in a process called cell adhesion, using specialised molecules 

on the cellular surface. It has been shown that PAI-1 binds to vitronectin on the cell surface, 

which prevents the process of cell adhesion and causes apoptosis.266 Caspases are crucial in 

mediating apoptosis by catalysing the cleavage of critical cellular proteins,267 and PAI-1 has 

been shown to directly inhibit capase-3, which generates resistance to apoptosis.268 Studies 

demonstrating increased expression in SCs have also suggested it is a key mediator in 

maintaining the senescent state.269-272 Despite contradictory effects of PAI-1, increased 

expression has been observed to lead to apoptosis resistance and cell survival.273 

 

1.4.4.4. Dependence Receptors 

Until recently, it was widely held that many membrane receptors were inactivated when 

unbound to their endogenous ligand. This has recently been demonstrated as inaccurate, and 

two distinct signaling events may occur depending on presence or absence of a ligand.274 

Ligand binding elicits a ‘positive’ response, including proliferation, differentiation or survival, 

while the lack of ligand binding signals a ‘negative’ pro-apoptotic response.275 Given that cell 

survival hinges on the presence of the ligand, this has afforded the terminology ‘dependence 

receptor’ (DR) to refer to a family of about twenty members who function according to this 

schematic. Screening for compounds which clear SCs have indeed identified upregulation of 

ephrin ligands, which bind to multiple tyrosine receptor kinases and are known DRs.244, 274 This 

has therefore highlighted another mechanism by which SCs suppress apoptotic signaling.  

Clearly, many pathways exist for SCs to resist and prevent apoptosis and therefore remain 

active in producing a deleterious SASP. Inhibition of these pathways could therefore prove 

highly potent in selectively eliminating SCs. We now turn to discuss therapeutic methodologies 

for senescence. 
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1.4.4.5. The BCL-2 Family 

The B-cell lymphoma-2 (BCL-2) family of proteins (Figure 13) are grouped into three 

subfamilies based on the number of BCL-2 homology (BH) domains they contain: (1) anti-

apoptotic proteins (BCL-2, BCL-XL, BCL-W, et al.), which possess the four BH domains 

BH1–4; (2) pro-apoptotic pore-formers (BAX, BAK and BOK), which possess the three BH 

domains BH1–3; and (3) pro-apoptotic BH3-only proteins (BAD, BID, BIK, et al.), which 

possess only the BH3 domain.276, 277  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: The BCL-2 family of proteins is subdivided into three categories based on the number of BCL-2 

homology domains they contain. Created with BioRender.com. 

 

Different models have been proposed to describe the interactions of various proteins 

within this family.278 The current understanding is as such: BH3-only proteins sense cellular 

stresses, initiating their activation. These BH3 proteins then bind to pro-apoptotic pore-

formers.279, 280 This in turn, activates pore-formers, eliciting conformational changes which 

result in oligomerisation and, as the name implies, the formation of pores within the 

mitochondrial outer membrane (MOM). This process, known as mitochondrial outer 

membrane permeabilisation (MOMP), typically results in cell death due to a progressive 

decline in mitochondrial function (Figure 14).281 Conversely, anti-apoptotic proteins may bind 

to pore-formers and BH3-only proteins, sequestering either or both and hence inactivating them 

to prevent apoptosis.282 Indeed, this pathway is crucial to the natural progression of the cell 

cycle leading to apoptosis. It is therefore no surprise that resistance to apoptosis in SCs occurs 

due to increased expression of the anti-apoptotic proteins, primarily at the transcription 

level.283, 284 Critically, it has been highlighted that inhibition of the BCL-2 family in models of 

ALS led to an increase in neuronal function while also preserving motor neuron viability.262 As 

such, the BCL-2 family presents a promising pathway to target in therapeutics against 

senescence-related neurodegeneration. 
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Figure 14: Interactions between pore-former proteins (such as BAX and BAK) and BH3-only proteins (such as 

BID and BIM) lead to oligomerisation and formation of pores on the MOM, causing cell death by MOMP. 

Reprinted under a Creative Commons License from Cell Death Differ. 25, 65–80 (2018).277   

 

1.5. Current Research in Therapeutics for Senescence 

The burden of SCs on an organism has been previously detailed, highlighting that the 

SASP has significantly damaging effects. Consequently, it has also been demonstrated in 

mouse models that the clearance of senescent cells has prevented or delayed tissue dysfunction, 

and extended lifespan.159 Within the sphere of small-molecule drug research, two classes of 

therapeutics against SCs exist: (1) senomorphics, which aim to attenuate the SASP; and (2) 

senolytics, which selectively clear senescent cells by inducing apoptosis.285 It must be stated 

that this categorisation may be arbitrary, as a senomorphic compound in a certain cell type may 

be senolytic in another, and vice-versa.228  

 

1.5.1.  Senomorphics 

Senomorphic compounds aim to attenuate pathways involved in SASP expression, such 

as Janus kinases (JAKs) and mTOR; and transcription factors such as NF-κB, C/EBP β and 

STAT3.286, 287 Blocking the SASP thus suppresses the deleterious effects of SCs that have been 

previously discussed, without needing to kill cells. Newer treatments have also utilised MABs 

to bind to and hence impair SASP factors, such as IL-6 and IL-8.89, 288 Problematically, since 

SCs are not removed, senomorphics must be administered continuously to achieve silencing or 

suppression of the SASP. Below, identified senomorphics are discussed, highlighting a 

diversity of compounds from libraries of natural products and FDA-approved drugs. This 

information is summarised in Table B in Appendix A.   
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1.5.2.  Overview of Known Senomorphics 

Campisi and co-workers showed that rapamycin 6 suppressed the SASP in human 

fibroblasts.289 Concurrently, it was also demonstrated in mouse models that the administration 

of 6 prolonged their lifespan.290 It has therefore been suggested that 6 reduces mitochondrial 

ROS and as such, reduces SASP expression.291 Similar senomorphic effects have been 

observed by Spivak and co-workers in their studies of the mTOR inhibitor everolimus 7.292 

 
Figure 15: Structures of rapamycin 6 and everolimus 7. 

 

Flavonoids found naturally in plants are known to possess anti-inflammatory and 

antioxidant capabilities.293, 294 Unsurprisingly, compounds in this class have been shown to act 

in a senomorphic manner. Mocali and co-workers found that resveratrol 8 inhibits the NF-κB 

pathway, a key SASP regulator,295, 296 and therefore attenuates its release in MRC5 primary 

fibroblasts.297, 298 In a similar manner, apigenin 9 reduced SASP expression in murine 

kidneys,299 while kaempferol 10 was shown to lessen expression of multiple SASP factors in 

human dermal fibroblasts (HDFs).300 Finally, treatment of senescent HDFs with phytochemical 

epigallocatechin gallate 11 significantly reduced levels of SA-β-Gal and acetylated p53 by 

maintaining the expression of SIRT1, thus also demonstrating a potent senomorphic effect.301 
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Figure 16: Structures of reservatrol 9, apigenin 10, kaempferol 11 and epigallocatechin gallate 12. 

 

The repurposing of approved drug molecules has also highlighted senomorphic 

capabilities. Indeed, Ferbeyre and co-workers presented results that treatment of IMR90 

fibroblasts with T2DM medication metformin 13 decreased expression of a variety of SASP 

factors.302 The JAK1/2 inhibitor ruxolitinib 14, also an FDA-approved drug, was also found to 

have suppressed SASP expression in preadipocytes and human umbilical vein endothelial cells 

(HUVECs).303 Other currently marketed drugs, such as the Ca2+ channel blockers loperamide 

15 and niguldipine 16, have also promoted suppression of the SASP in murine embryonic 

fibroblasts.246 Such results have similarly been seen in the ATM kinase inhibitor KU-60019 

17.304 However, the exact mechanism by which these molecules exert their senomorphic effect 

is still under investigation.  

 
Figure 17: Structures of metformin 13, ruxolitinib 14, loperamide 15, niguldipine 16 and KU-60019 17. 
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1.5.3.  Senolytics 

Senolytic compounds achieve their aim by selectively targeting mechanisms that promote 

cellular survival or resistance to apoptosis. Indeed, the discovery of senolytics came about due 

to the hypothesis that SCs are dependent on anti-apoptotic and pro-survival pathways to avoid 

self-destruction.244, 305 Interestingly, it was found that SCAPs implicated in senescence were 

also responsible for some cancers, such as B-cell lymphoma or chronic lymphocytic 

leukaemia.306, 307 In a similar way, disabling these pathways led to apoptosis in SCs, or 

senolysis, while non-senescent cells remained viable.308 A broad overview of known senolytics 

is provided below, with this information summarised in Table C of Appendix A. 

 

1.5.4.  Overview of Known Senolytics 

Zhu and co-workers identified the first senolytic compounds in 2015 using bioinformatic 

screening.244 Their hits were narrowed down by selecting for certain criteria: (1) several SCAPs 

were targeted rather than a single protein; (2) they could be orally administered and; (3) they 

were known natural products with well-known safety profiles or FDA-approved drugs, to 

increase the possibility of translation from bench to bedside. In doing so, the authors showed 

that the FDA-approved drug dasatinib 18 and the natural product quercetin 19 were promising 

candidates as senolytics. Screening of the SelleckChem L1200 kinase inhibitor library revealed 

that nintedanib 20 and R406 21 induced senolysis in HDFs.309, 310 Further examination of this 

library also highlighted the aforementioned KU-60019 17 as a potential senolytic, but the 

authors were unable to determine whether this compound is merely senomorphic or truly 

senolytic.236 Additionally, it was also shown that kinase inhibitors terreic acid 22, daidzein 23, 

PD-98059 24 and Y-27632 25 reduced amounts of SCs and attenuated SASP expression, 

although in this case the authors were also unable to determine if these reduced transition to 

the senescent state or actually cleared SCs.311 
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Figure 18: Structures of dasatinib 18, quercetin 19, nintedanib 20, R406 21, terreic acid 22, daidzein 23, PD-

98059 24 and Y-27632 25. 

 

Plant species produce a variety of bioactive polyphenol compounds, whose consumption 

has been known to have therapeutic benefits for many chronic conditions.312 The previously 

mentioned quercetin 19 and the flavonoid fisetin 26 were highlighted as senolytic against 

human umbilical vein endothelial cells (HUVECs).313 In this same screen, curcumin was found 

to possess weak senolytic activity.314 This led to the that the curcumin analogue EF24 27 is 

senolytic.315 Further screening of plant extracts identified procyanidin C1 28,316  and 

gingerenone A 29 as two more senolytic natural products.317 Moreover, the natural product 

piperlongumine 30, from the genus Piper was found to be senolytic by binding to oxidation 

resistance 1 (OXR1).318 Despite this, the precise mechanism of action is unclear, although 

analogues of 30 have been synthesised to further investigate their activity.319 

 
Figure 19: Structures of fisetin 26, EF24 27, procyanidin C1 28, gingerenone A 29 and piperlongumine 30. 
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Further screens have continued to identify new hit molecules with senolytic effects or 

potential. An assay of 97 autophagy modulators identified the HSP90 inhibitors geldanamycin 

31, tanespimycin 32 and alvespimycin 33 as senolytics.246 RNA-sequencing study found the 

HSP α-crystallin β chain (CRYAB) was a senolytic target. When the known CRYAB inhibitor 

25-hydroxycholesterol 34 was evaluated against the HSP, it was also found to be senolytic.320 

Wakita and co-workers conducted the most extensive senolytic screen to date, using the 

TAKEDA drug discovery library which contains upwards of 47,000 compounds.235 This 

revealed the BET family as senolytic targets, and thus concluded that the BET family 

proteolysis-targeting chimera (PROTAC) ARV825 35 was a potent senolytic. Separately, it was 

also shown that the BET inhibitor fragment of the PROTAC, JQ1 36 also had senolytic 

properties.321 The apoptosis activator protein p53 is expressed at reduced levels in SCs.322 The 

strategy of stabilizing p53 was therefore shown to be senolytic, demonstrated using inhibitors 

of the human homolog of mouse double minute 2 (MDM2), RG-7112 37323 and ubiquitin-

specific protease 7 (USP7) P5091 38 and P22077 39.322 Finally, screening of the Prestwick 

chemical library searched for hits that met two criteria: (1) the drug reduced expression of SA-

β-Gal; and (2) it resulted in increased autophagic flux. This led to the discovery that the 

peroxisome proliferator-activated receptor α (PPARα) agonist fenofibrate 40 had senolytic 

ability.   
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Figure 20: Structures of geldanamycin 31, tanespimycin 32, alvespimycin 33, 25-hydroxycholesterol 34, ARV825 

35, JQ1 36, RG-7112 37, P5091 38, P22077 39 and fenofibrate 40. 

 

Cellular senescence, while evolving as a cancer defence mechanism, shares common 

cellular characteristics with cancer, such as altered metabolism, resistance to apoptosis and 

increased autophagy.324 As such, anti-cancer drugs have been repurposed and found to display 

senolytic potential. Indeed, senolysis was found to occur following treatment with the synthetic 

flavonoid GL-V9 41,325 while the histone deacetylase (HDAC) inhibitor panobinostat 42 also 

displayed senolytic effects.326 
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Figure 21: Structures of GL-V9 41 and panobinostat 42. 

 

Additionally, known antibiotics have been screened, highlighting the senolytic potential 

of azithromycin 43, roxithromycin 44327 and nigericin 45.327 However, the further development 

of these compounds for clinical use is complicated by risks associated with antimicrobial 

resistance as such drugs are used more frequently. 

 
Figure 22: Structures of azithromycin 43, roxithromycin 44 and nigericin 45. 

 

The previously discussed BCL-2 family are well-known for their roles in maintaining SC 

viability. Significant research has been conducted into the anti-apoptotic proteins within this 

family, due to the positive clinical results seen upon their inhibition in ALS models.262 To this 

end, BCL-2 family inhibitors ABT-737 46 and ABT-263 47 have been demonstrated to possess 

senolytic activity in multiple model systems.328-330 However, a key drawback of these 

compounds as therapeutics were the major clinical side effects of thrombocytopenia and 

neutropenia, limiting their progression into further trials. The more recently developed BCL-

XL inhibitors A1331852 48 and A1155463 49 have also demonstrated potent senolytic activity, 

although their safety profile is yet to be evaluated.313 Targeting other members of the BCL-2 

family has also proved effective, as the MCL-1 inhibitors S63845 50, AZD5991 51 and UMI-

77 52 were senolytic in chemotherapy-induced senescent pancreatic tumour cells.331 Of 

particular note was that these compounds were even senolytic in cells resistant to treatment 

with ABT-263 46. Indeed, the most promising results of potential senolytic treatments have 

been reported to act via inhibition of the BCL-2 family. 
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Figure 23: Structures of ABT-737 46, ABT-263 47, A1331852 48, A1155463 49, S63845 50, UMI-77 51 and 

AZD5991 52. 

 

While a plethora of studies have demonstrated senomorphic and/or senolytic effects in 

known natural products, drug candidates and known drug molecules, no such small-molecule 

treatment has entered the market as a curative treatment for conditions caused by cellular 

senescence burden. Therefore, there is a significant unmet need for research into novel 

senolytic chemotypes, and it remains to be seen whether such a molecule may be successfully 

translated from the bench to bedside. 
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1.6. Project Aims 

The BCL-2 family, containing several anti-apoptotic proteins, offers a viable method of 

inducing senolysis. This may be accomplished via the inhibition of said SCAPs. As such, this 

project has focused on the use of various techniques within medicinal chemistry to explore 

novel chemotypes for the amelioration of cellular senescence. It has approached these aims 

through molecular reconstruction, scaffold hopping and structure-activity relationship (SAR) 

probing, all of which have been complemented with the application of computational modelling 

(Figure 24). Following the design, synthesis and characterisation of novel chemical libraries, 

they have been evaluated in a range of in vitro studies. The results of these studies are hoped 

to provide valuable data and inspiration for future expansion of chemical space, pharmacophore 

exploration and lead optimisation. 

 
Figure 24: Schematic summary highlighting the overall project aims and a range medicinal chemistry approaches 

utilised throughout each chapter to explore novel senolytic chemotypes. 

 

1.6.1.  Chapter 2 – Iterative Reconstruction of a Known BCL-XL Inhibitor 

As discussed in Chapter 1.5.2., several pharmacophores already exist which target the 

BCL-2 family. The initial work for this project explored the development of ABT-737 and ABT-

263. Chapter 2 describes small-molecule BCL-XL inhibitors designed by Abbott Laboratories, 

and our efforts to determine the minimum pharmacophore required for binding affinity to the 

protein. This resulted in a library of analogues where each compound contained additional 

features when compared to previous iterations, culminating in the lead molecule itself. Further 

explored is the replacement of moieties in this structure with adamantane derivatives, creating 

an additional library. This chapter also contains an overview of the process of computational 
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modelling via molecular docking studies, and a description of the biological assays used to 

evaluate compounds synthesised in Chapter 2 and Chapter 3.  

 

1.6.2.  Chapter 3 – Scaffold Hopping of Known BCL-XL Inhibitors 

The generation of new pharmacophores is an ever-evolving discipline in medicinal 

chemistry. One method of doing so is through the application of scaffold hopping. A broad 

summary of the foundations of scaffold hopping is provided in Chapter 3, followed by 

application of this technique to BCL-XL inhibitors originally designed by the Walter and Eliza 

Hall Institute (WEHI). The use of Spark™ software to generate new chemical structures was 

followed by validation in a molecular docking study. This chapter discusses the synthesis of a 

library of structurally diverse compounds, exemplifying the use of scaffold hopping as a 

methodology to rapidly explore overhauls of lead compounds.  

  

1.6.3.  Chapter 4 – Probing SAR Around a Known MCL-1 Inhibitor 

The inhibition of MCL-1 presents another opportunity for the targeting of a SCAP. In 

Chapter 4, the results of an SAR study conducted in literature were used to design a variety of 

analogues of a lead compound in silico, and a molecular docking study was applied to identify 

those which were most likely to afford strong binding to the target protein. This presents a 

study wherein SAR of a molecule and target protein is further probed. Such alterations to 

molecular structure represent small changes to the overall pharmacophore but highlight the vast 

unexplored chemical space. Furthermore, biological evaluation of this library is hoped to 

provide insight into both the binding mode towards MCL-1 and the requirements of senolytic 

chemotypes.
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Chapter 2 – Iterative Reconstruction of a Known BCL-XL 

Inhibitor 

 

2.1. Introductory Remarks 

Established links exist between the promotion of SCAPs and the pathology associated 

with the deleterious SASP caused by an increasing burden of SCs. As described in Chapter 

1.5.4., a variety of molecules have already been observed to display senolytic abilities, with 

their mechanism of action also identified. These senolytic targets demonstrate an encouraging 

capacity to selectively clear SCs, thus there is a clear need to identify and refine chemotypes 

that may function as potential chemical probes or therapeutic agents. Of these targets, the BCL-

2 family of proteins is attractive to study due to its critical role in maintaining the anti-apoptotic 

state of SCs.262  

Our investigation began by analysing the known inhibitors of the BCL-2 family that have 

been previously described in Chapter 1.5.4. to understand the chemical space that has been 

explored. Compounds discovered by Abbott Laboratories were of particular interest for 

multiple reasons: (1) their potency against target proteins; (2) elaboration of chemical motifs 

and subsequent development of structure-activity relationships; and (3) the progression of these 

compounds into clinical trials.332, 333 Elmore and co-workers reported compound 53 in 2007, 

although its biological activity was not determined. Probing of SAR around 53 led to the 

discovery of the BCL-2 and BCL-XL inhibitor ABT-737 (46) in 2007,333 however its poor oral 

bioavailability prompted the researchers to further improve its physicochemical properties, 

culminating in the discovery of ABT-263 (47), reported the following year (Figure 25).332 

 

Figure 25: Compounds 53, ABT-737 (46) and ABT-263 (47), developed by Abbott Laboratories. 
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ABT-737 and ABT-263 were designed as cancer treatments: ABT-737 showed 

efficacious results in human follicular lymphoma cell lines and murine xenograft models of 

lymphoma, while ABT-263 induced complete tumour regression in xenograft models of human 

small cell lung cancer in multiple animals.332, 333 As has been discussed in Chapter 1.4.4.5., 

apoptosis is prevented when anti-apoptotic members of the BCL-2 family form protein-protein 

interactions (PPIs) with pro-apoptotic pore-formers or BH3-only proteins, therefore 

sequestering them from performing their normal function. This SCAP therefore offers a 

promising method by which SCs could also be targeted: inhibitors of the anti-apoptotic 

members of the BCL-2 family, such as BCL-2, BCL-XL, BCL-W and MCL-1 could prevent 

these PPIs from forming, thus leading to the MOMP and subsequent apoptosis. This chapter 

therefore discusses work based on these molecules and their application to senescence. 

 

2.2. Abbott’s Developmental Work 

Tracing the development of ABT-737 and ABT-263 highlighted efforts by Abbott to 

probe structure-activity relationships of a de novo compound.334 NMR studies of BCL-XL 

revealed two binding sites for targeting which were nearby to each other. The active site of the 

protein is shown in Figure 26, with fragments bound to these two sites. An NMR-based screen 

using a fragment library of 10,000 compounds led to the identification of several fragments, 

including 54, as a moderate binder of the first site (shown left), and several weaker binders of 

the second site. 

 

Figure 26: The binding pocket of BCL-XL, with the superposition of low-energy structures complexed to the two 

nearby binding sites. The first site (left) contains the ligand 54 in yellow. The average-minimized structure of the 

protein is shown as a solvent-accessible surface, colour coded as follows:  oxygen and oxygen-bound protons are 

red, and nitrogen and nitrogen-bound protons are blue, while all other atoms are grey. Reprinted with permission 

from J. Med. Chem. 2006, 49, 2, 656–663. Copyright 2006 American Chemical Society. 
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A summary of the authors’ workflow in improving the activity of 54 is shown in Figure 

27. Attempts were made to link these two fragments using groups such as alkyl chains, trans-

olefins, amides, sulfonamides and alkynes. NMR-based models of the ligand in the binding 

pocket suggested that none of these linkers gave the molecule the ideal shape required. This 

prompted the authors to propose linking these fragments with an N-acylsulfonamide, as shown 

in 55. The N-acylsulfonamide has a pKa in the range of 3–5 and has features of carboxylic 

acids, amides and sulfonamides,335, 336 making it suitable for overcoming the issues faced with 

other linkers.  To optimise binding to the second site, 55 was modified to be linked to a library 

of 120 primary sulfonamides, of which 56 was found to exhibit the greatest affinity for BCL-

XL, with an inhibition constant (Ki) of 0.245 ± 0.013 μM. To probe the binding pocket, 

substitutions were made ortho to the nitro group of 56, allowing for rapid diversification of the 

compound library through nucleophilic aromatic substitution reactions.334 The amines selected 

for these reactions were chosen on the basis of traditional medicinal chemistry principles such 

as Hansch analysis and a Topliss scheme,337, 338 diversity calculations339-341 and the authors’ 

own molecular modelling.334 Of 125 compounds synthesised in this round of SAR, it was found 

that 57 had significantly improved binding affinity at BCL-XL, with a Ki of 36 ± 2 nM.  
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Figure 27: NMR screening identified the first site ligand 54 in the active site of BCL-XL. Coupling with 120 

different primary sulfonamides revealed 56 as the strongest binder. Further elaboration of the amine ortho to the 

nitro group highlighted 57 as a lead with high binding affinity. 

 

Further elaboration of the structural motifs present in 57, performed via probing of the 

SAR, led to the design of the aforementioned ABT-737 and ABT-263.332, 333, 342 Our particular 

interest was 57, which demonstrated high potency for BCL-XL but also offered promising in 

vivo results as a cancer treatment.343 It was with these results in mind that we focused our 

attention on the structure of 57 and how it could be utilised in the context of senescence, which 

forms the foundation for the work detailed in this chapter. 

 

2.3. Chapter Aims 

ABT-737 and ABT-263 had exceptional binding affinity to BCL-XL, however their 

molecular masses exceed 800 Da and they also possess C log P values greater than 10. On the 

other hand, 57 retains nanomolar binding affinity while having a much smaller molecular mass 

of 551 Da and lower C log P of 7.48. With this intriguing chemotype, we set out to determine 

the minimum pharmacophore required to exhibit biological activity against BCL-2 family 
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proteins. Indeed, while the fragment 54 does display weak binding to the target, we wished to 

know whether binding affinity would steadily increase as the reconstruction progressed, or if a 

certain pharmacophoric alteration would provide the link that significantly altered affinity. This 

chapter therefore focuses on an ‘iterative reconstruction’ strategy, wherein compounds were 

synthesised to iteratively build the molecule from the significantly simplified 58, towards the 

lead compound 57, as shown in Figure 27. Additionally, computational docking studies of the 

proposed library are presented in an attempt to predict which structural changes to the ligand 

would increase binding affinity.  

 

2.4. Proposed Compound Library and Rationale 

The starting point of this study, N-acylsulfonamide 58 was chosen as it had also 

demonstrated low-potency anti-cancer activity, with an IC50 of 0.17 ± 0.3 μM against VEGF-

HUVECs although the precise mechanism of this activity is unknown.344 The iterative 

reconstruction was envisioned to proceed through three stages, as shown in Figure 28: (1) 

expansion and modification of the 2,4-dichlorophenyl ring by building the 4-fluorophenyl ring 

in the para position of the benzoic acid through compounds 58–63; (2) expansion of the 4-

chlorobenzenesulfonamide ring by adding nitro and amino groups through compounds 64 and 

65; and (3) completion of the reconstruction by expanding the amine tail through compounds 

66, 67 and 57. 
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Figure 28: Compounds to be synthesised in iterative reconstruction, which proceeds through three stages of 

building up the molecule from 58 to 57. 

 

2.5. Iterative Reconstruction of 57 

2.5.1.  Synthesis of N-acylsulfonamides 58–63 

To synthesise acylsulfonamides 62 and 63, biphenyl carboxylic acids 69 and 70 were 

required. Both compounds were synthesised from 4-bromobenzoic acid 68 via Suzuki coupling 

using phenylboronic acid and 4-fluorophenylboronic acid respectively (Scheme 1), which 

produced the desired products in good yields.  
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Scheme 1: Synthesis of biphenyl carboxylic acids 69 and 70. Reagents and conditions: (a) phenylboronic acid, 

Pd(dppf)Cl2, K2CO3, 1,4-dioxane, H2O, 80 °C, 16 h, 62% yield; (b) 4-fluorophenylboronic acid, Pd(dppf)Cl2, 

K2CO3, 1,4-dioxane, H2O, 80 °C, 16 h, 77% yield. 

 

With these materials in hand, attention was turned to the synthesis of N-acylsulfonamides 

58–63. The sulfonamide precursor 72 was prepared via amination of 4-chlorobenzenesulfonyl 

chloride 71 using saturated aqueous NH3 solution, which yielded 4-chlorobenzenesulfonamide 

72 in excellent yield. Subsequent couplings using this primary sulfonamide and required 4-

substituted benzoic acids (methyl, i-propyl, n-propyl, phenyl and 4-fluorophenyl) gave the 

desired products 58–63. These couplings were perfomed using N-ethyl-N′-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl) and 4-(N,N-

dimethyl)aminopyridine (DMAP) as described by Lobb and co-workers (Scheme 2).344  

 

Scheme 2: Synthesis of N-acylsulfonamides 58–63. Reagents and conditions: (a) NH3 (aq), 50 °C, 2 h, 98% yield; 

(b) EDC·HCl, DMAP, CH2Cl2, RT, 16 h. 

 

The purification of these compounds via isocratic flash column chromatography proved 

challenging due to co-elution of the reaction products. These issues were rectified using a very 

slow gradient elution, which was subsequently applied to all further sulfonamide coupling 
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reactions. These reactions yielded compounds 58–63 in 16-61% yield, hence completing the 

elaboration of stage 1 of the iterative reconstruction. 

 

2.5.2.  Synthesis of N-acylsulfonamide 64 

To synthesise N-acylsulfonamide 64, 3-nitrobenzenesulfonyl chloride 73 was first 

aminated using saturated aqueous NH3 solution in Et2O using the method utilised by Lobb and 

co-workers, yielding primary sulfonamide 74 in good yield without the need for purification.344 

With this material in hand, N-acylsulfonamide 64 was synthesised by coupling with EDC·HCl 

and DMAP, yielding the desired product (Scheme 3). 

 

Scheme 3: Synthesis of N-acylsulfonamide 64. Reagents and conditions: (a) NH3 (aq), Et2O, RT, 1 h, 80% yield; 

(b) EDC·HCl, DMAP, CH2Cl2, RT, 16 h, 75% yield. 

 

2.5.3.  Synthesis of N-acylsulfonamide 65 

In preparing N-acylsulfonamide 65, 4-nitrobenzenesulfonyl chloride 75 was aminated 

using the previously described procedure with saturated aqueous NH3 solution in Et2O, 

affording the product 76 in good yield. This material was then coupled to the biphenyl 

carboxylic acid 70 using EDC·HCl and DMAP as shown in Scheme 4, which gave the desired 

N-acylsulfonamide in fair yield.  
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Scheme 4: Synthesis of N-acylsulfonamide 77. Reagents and conditions: (a) NH3 (aq), Et2O, RT, 1 h, 70% yield; 

(b) EDC·HCl, DMAP, CH2Cl2, RT, 16 h, 52% yield. 

 

Following this, it was necessary to reduce the nitroarene to the corresponding aniline. 

Initially, a Pd-catalysed hydrogenation was attempted (Scheme 5), which gave the product, but 

the formation of dehalogenated impurity 78 was also observed in the 1H NMR spectrum due to 

proto-dehalogenation.345 Attempts to purify this mixture were unsuccessful, as the Rf values of 

these two products were extremely close, thus separation could not be achieved.  

 

Scheme 5: Attempted synthesis of N-acylsulfonamide 65. Reagents and conditions: (a) H2, Pd/C, MeOH, 24 h, 

RT.  

 

To avoid this issue, we explored the Béchamp reduction, a robust procedure using 

elemental iron and an acidic medium,346, 347 to cleanly afford the desired aniline. The reaction 

mechanism is of particular note, with the zero-valent iron acting as a source of electrons, while 

the acidic medium – in this case, ammonium chloride – acts as a proton source. As shown in 

Scheme 6, the reaction proceeds via a series of proton transfers (PT) and single electron 

transfers (SET). This process first eliminates H2O to form the nitroso species, which is then 

protonated to give a hydroxylamine. A further elimination of H2O forms a nitrenium species, 

which upon protonation gives the corresponding aniline.348 
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Scheme 6: Mechanism of the Béchamp reduction. PT = proton transfer; SET = single electron transfer.348 

 

The Bechamp reduction thus afforded the desired sulfonamide in good yield (Scheme 7) 

without the need for purification, which completed the required compounds for the stage 2 of 

the iterative reconstruction. 

 

Scheme 7: Synthesis of N-acylsulfonamide 65. Reagents and conditions: (a) Fe, NH4Cl (aq), EtOH, 78 °C, 1 h, 

77% yield. 

 

2.5.4.  Synthesis of N-acylsulfonamides 66, 67 and 57 

To synthesise N-acylsulfonamides 66, 67 and 57, 4-chloro-3-nitrobenzenesulfonyl 

chloride 79 was first aminated using saturated aqueous NH3 solution in Et2O, which gave the 

sulfonamide 80 in good yield. This was then coupled to carboxylic acid 70 using EDC·HCl and 

DMAP, which gave the N-acylsulfonamide 81 in moderate yield following purification by 

column chromatography (Scheme 8).  
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Scheme 8: Synthesis of N-acylsulfonamide 81. Reagents and conditions: (a) NH3 (aq), Et2O, RT, 1 h, 80% yield; 

(b) EDC·HCl, DMAP, CH2Cl2, RT, 16 h, 59% yield. 

 

Conversion of the aryl chloride to the secondary amine was attempted through a 

nucleophilic aromatic substitution (SNAr), which is conveniently aided by the nitro group 

(Scheme 9). This electron-withdrawing group significantly decreases the electron-density of 

the phenyl ring, particularly at the positions ortho and para to it. This facilitates attack by the 

nucleophilic amine and subsequent formation of the desired aniline. N-acylsulfonamide 81 was 

thus treated with methylamine solution (40% w/w) in N,N-dimethylformamide (DMF) and 

heated to 100 °C.  

 

 

Scheme 9: Attempted synthesis of N-acylsulfonamide 66. Reagents and conditions: MeNH2, DMF, 100 °C, 16 h. 

 

Upon completion of the reaction, two products were observed in the 1H NMR spectrum, 

shown in Figure 29 (a). The signal at δ 2.99 appears as a doublet due to coupling to the adjacent 

NH. Of note was the singlet at δ 2.87. We initially proposed this had formed due to another 

SNAr occurring at the fluoro-position to form 82 (Figure 30) but were able to discount this for 

two reasons: firstly, the fluorophenyl ring is not especially electron-poor, and therefore the 
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possibility of a SNAr reaction is unlikely, particularly so in producing a side product in greater 

proportion than the desired aniline 66. Secondly, analysis of this mixture by electrospray 

ionisation mass spectrometry (ESI-MS) showed the presence of the desired product at m/z 428 

(calcd for C20H15FN3O5S
− m/z 428) and an additional signal at m/z 442. 

  

Figure 29: 1H NMR spectra of crude mixture from SNAr of N-acylsulfonamide 81 (a) and purified aniline 66 (b). 

The doublet corresponding to the methyl aniline is shown in blue, while the singlet corresponding to the dimethyl 

aniline is shown in red. 

 

It is known that DMF slowly decomposes under ambient conditions to yield carbon 

monoxide and dimethylamine,349 although the precise mechanism of decomposition is poorly 

understood. It was therefore hypothesised that this pathway, which is accelerated by heat, 

produced dimethylamine in situ to react in competition with methylamine, affording the 

impurity 83 which matched the mass detected via ESI-MS. Moreover, there is no longer an NH 

to allow for coupling, causing the singlet observed in the 1H NMR spectrum at δ 2.87.   

 

(a) 

(b) 

δ 2.99 

δ 2.87 
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Figure 30: Calculated m/z values for desired N-acylsulfonamide 66, proposed impurity 82, and actual impurity 

83. 

 

As the formation of this impurity became apparent, no solvent system gave separation 

using thin layer chromatography (TLC). Difficulty in separation was obvious when considering 

the HPLC chromatogram (Figure 31), which showed the two products having very close 

retention times of 26.25 minutes and 26.75 minutes, that translated to extremely close Rf 

values. It was thus considered infeasible to separate via column chromatography.  

 

Figure 31: HPLC chromatogram of the mixture of N-acylsulfonamides 66 and impurity 83, highlighting the 

difficulty of separation. 

 

Instead, the reaction was repeated using DMSO as the solvent, which is known to be 

relatively stable under these conditions. This gave the desired product in good yield (Scheme 

10). Knowing that the use of DMF as a solvent would continue to yield the unwanted 

dimethylaniline 83, further SNAr reactions were performed using DMSO. N-acylsulfonamide 

67 was synthesised in a similar manner using 2 M ethylamine solution in MeOH, which yielded 

the product in moderate yield (Scheme 10).  
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Scheme 10: Synthesis of N-acylsulfonamides 66, 67 and 57. Reagents and conditions: R-NH2, DMSO, 100 °C, 

16 h. 

 

Finally, the preparation of N-acylsulfonamide 57 required 2-(thiophenol)ethylamine 86. 

Several conditions were trialled before this compound could be successfully synthesised 

(Scheme 11 and Table 2). It was desirable to avoid the use of thiophenol in this synthesis, due 

its toxicity and overwhelming stench. As such, we opted to use the far safer sodium 

thiophenolate 85.  

 

Scheme 11: Synthesis of 2-(phenylthio)ethan-1-amine 86. 

 

Table 2: Optimisation of the synthesis of 2-(phenylthio)ethan-1-amine 86. 

Entry Conditions Result 

1 NaOH, H2O, RT No reaction 

2 NaOH, DMSO, RT No reaction 

3 NaOH, DMSO, 100 °C Complex reaction mixture 

4 K2CO3, CH2Cl2, RT 40% yield 

 

Initially, we adapted protocols developed by Chen and co-workers,350 wherein 2-

bromoethan-1-amine 84 (as the HBr salt) was deprotonated by NaOH in H2O, then the 

thiophenolate 85 was added to participate in an SN2 reaction (entry 1, Table 2). This resulted 

in no reaction being observed via TLC. This is rationalised by considering that aziridine may 

have been formed instead of the desired product, and its high volatility (b.p. 57 °C) meant it 

rapidly evaporated upon TLC analysis. We thus resolved to change the solvent to DMSO, a 

polar aprotic solvent (entry 2, Table 2). With no consumption of thiophenolate 85 observed at 

room temperature, the mixture was gradually heated up to 100 °C (entry 3, Table 2), but this 
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instead produced a complex mixture of products, likely due to decomposition of the reactants. 

Indeed, no trace of the desired product was observed by ESI-MS. Lastly, we attempted to use 

the weaker K2CO3 to deprotonate the amine 84, adapting conditions developed by Mehta and 

co-workers (entry 4, Table 2).351 The weaker base may have also prevented substitution from 

occurring by attack of the OH− ion. This gave the desired amine 86 as the sole product, which 

was used immediately in an SNAr reaction to afford N-acylsulfonamide 57 (Scheme 10). This 

reaction proceeded in moderate yields, although some decomposition was observed upon TLC 

of the reaction mixture, with the Rf values of these impurities relatively close to 57. Isolation 

of the product was therefore challenging, requiring an initial purification using silica gel 

column chromatography, followed by further purification using preparatory TLC. This marks 

the completion of stage 3, and the proposed iterative reconstruction. 

 

2.6. Biological Data for Iterative Reconstruction 

The in vitro evaluations performed and presented throughout this chapter were performed 

by Dr. Alexandra Maximova within the Faculty of Health Sciences at the University of Sydney. 

Her contributions to this work are greatly appreciated.  

While many assays for assessing the amelioration of cellular senescence have been 

developed,352 no such method exists for evaluating the senolytic potential of molecules in brain 

cells. Indeed, there is also no ‘gold-standard’ method that is widely accepted as a model for 

studying pharmacological clearance of SCs. It was therefore decided to assess the synthesised 

compounds in enzymatic assays – in particular, their antagonisation of BCL-2 and BCL-XL – 

to evaluate their potential as novel senolytics. Assay details and methods are provided in 

Chapter 6.8. Evaluation of the compounds synthesised was conducted with two different 

methods for BCL-XL and BCL-2, the principles of which are briefly described below.  

Evaluation of compounds against BCL-XL was performed using a time-resolved 

fluorescence resonance energy transfer (TR-FRET) assay kit (BPS Bioscience). A schematic 

representation is shown in Figure 32. A His-tagged BCL-XL protein binds to a terbium-labelled 

antibody donor. Concurrently, a known peptide ligand of BCL-XL, BIM, is labelled with biotin, 

which binds to a dye-labelled streptavidin acceptor, which acts as the positive control. The 

proximity of Tb-labelled antibody and dye-labelled streptavidin permits generation of a TR-

FRET signal. However, if a small molecule inhibitor ligand competes with the peptide for 

binding to BCL-XL, the intensity of the TR-FRET signal is reduced. Hence, results for this 
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assay are given in Figure 34 as the intensity of the TR-FRET signal as a proportion of the 

positive control.  

Figure 32: Schematic of the BCL-XL TR-FRET assay. Proximity between the Tb-tagged antibody donor, attached 

to the protein of interest, and the streptavidin-tagged dye acceptor permits the energy transfer, thereby producing 

a FRET signal. Created with Biorender.com. 

 

Evaluation of compounds against BCL-2 was performed using an AlphaScreen® 

(ALPHA for amplified luminescent proximity homogeneous assay). Fundamentally, this bead-

based assay used to study interactions between proximal objects functions similarly to the 

previously discussed TR-FRET assay. AlphaScreen® assays use two types of hydrogel-coated 

beads, known as the donor and acceptor. The donor bead contains a photosensitiser which, upon 

excitation by 680 nm light, causes the excitation of triplet oxygen (3O2) to singlet oxygen (1O2). 

1O2 may diffuse approximately 200 nm in solution prior to relaxing to its ground state. If in 

proximity to an acceptor bead, 1O2 can transfer its energy to it. The acceptor bead contains the 

chemical dyes thioxene, anthracene and rubrene. Therefore, the transfer of energy from 1O2 to 

the acceptor results in broad emission from 520 to 620 nm. In a similar manner to the TR-FRET 

assay, donor beads are bound to streptavidin conjugates, which facilitates the labelling of the 

control inhibitor protein BIM. Likewise, the acceptor is bonded to an antibody, which binds to 

a His-tag on the protein of interest. In the control, BIM binds to BCL-2, thus allowing energy 

transfer by 1O2 and subsequent emission. This transfer is disrupted by the presence of an 

inhibitor ligand. Again, results for this assay are given as the intensity of light emission as 

proportion of the positive control, in Figure 34. A schematic representation of an 

AlphaScreen® is shown in Figure 33. 
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Figure 33: Schematic diagram of the AlphaScreen® assay. Top: When the donor and acceptor beads are not in 

proximity, energy transfer by 1O2 cannot occur, thus no light emission is detected. Bottom: Proximity of the donor 

and acceptor beads facilitates energy transfer by 1O2, thus resulting in broad light emission from 520 to 620 nm. 

Created with Biorender.com.  

 

Using these methods, the compounds synthesised in Chapter 2.4. were evaluated for 

their binding affinity towards both BCL-XL and BCL-2. As a benchmark for this assay, the 

BCL-XL inhibitor ABT-737 (46) was also evaluated as a comparison against the compounds 

prepared throughout the iterative reconstruction. Unfortunately, no statistically significant 

reduction in intensity was observed for any of the synthesised compounds in either the TR-

FRET or AlphaScreen® assays at a concentration of 10 μM. As such, the binding described in 

the literature for 57 was not observed.334 In fact, many of these compounds resulted in an 

increased TR-FRET intensity, which was an undesirable outcome for this assay. While a slight 

reduction was seen for 61, this was not deemed significant as to warrant further investigation 

into the SAR of this compound. Biological evaluation described in literature employed a 

fluorescence polarisation assay, which differs slightly to the TR-FRET and AlphaScreen® 

procedures used in this work. Despite this, we expected that similar results would be observed 

in the case of 57, given the binding affinity determined by the authors. Due to the 

underwhelming nature of these results, we therefore considered structural modifications to 

explore novel chemical space. 
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Figure 34: Biological evaluation of compounds 58–67, 57 and 46. (a) TR-FRET intensity of synthesised 

compounds as a percentage of positive control; (b) AlphaScreen® intensity of synthesised compounds as a 

percentage of positive control. Data represents mean ± SD, n = 3.  

 

2.7. Proposal of Adamantane Analogues 

Given the results of the biological evaluation for compounds synthesised in the iterative 

reconstruction, we also considered whether structure-activity relationships of this molecule 

could be further probed using unexplored chemical motifs. Indeed, adamantanes have proven 

particularly powerful in medicinal chemistry: the precursors are commercially available, they 

have been demonstrated to improve a drug’s pharmacokinetic and pharmacodynamic profile 

and offer improved blood-brain barrier permeability and decreased metabolic clearance, as the 

rigid hydrocarbon protects proximal functional groups from cleavage.353 As such, we proposed 

to study derivatives of 57 where the entire carboxylic acid side would be replaced with 

adamantanes, linking them to the N-acylsulfonamide motif with aliphatic linkers of varying 

lengths (Figure 35). In doing so, the sulfonamide side of the molecule would be iteratively 

reconstructed in a manner akin to that described in Chapter 2.3. 

 

Figure 35: Proposed adamantane analogues for second iterative reconstruction. 



Chapter 2 

 

 

58 

2.8. Computational Molecular Docking Studies 

We wanted to confirm through molecular docking studies that adamantane would provide 

a suitable replacement for the 4-fluorobiphenyl moiety before beginning the synthesis of the 

adamantane analogues of N-acylsulfonamides 87–101. Molecular docking is a technique for 

assessing the binding affinity of ligands into a known receptor protein.354 Ligands may be 

screened from large libraries or generated by the user, while the specified binding site in the 

protein may be a known active site, dimer interface, or some other area of interest.355  

 

2.8.1.  Overview of Molecular Docking 

Prior to docking, it is first important to perform preparation steps for both the ligands and 

the protein. Molecules imported from databases or drawn on applications such as ChemDraw 

exist as 2-dimensional representations that often do not accurately reflect their shape, bonding, 

electronics or even the atoms present, as hydrogens are implicit. However, docking applications 

require that atoms in both the ligand and protein have a charge and atom type. Thus, ligand 

preparation carried out by the docking application involves adding hydrogens, bond orders and 

formal charges to each atom, while also generating ionisation or tautomeric states for the 

ligand.356 The aim of ligand preparation is therefore to calculate reasonable states that the 

ligand is likely to exist in. Protein structures, which may be imported directly from the X-ray 

crystal structures available in the Protein Data Bank (PDB), similarly lack the characteristics 

required for docking algorithms to effectively approximate binding affinity. Hence protein 

preparation samples degrees of freedom that may be ambiguous in crystallographic data, treats 

residues with missing density and optimises the placement of rotatable hydrogen atoms, among 

a multitude of other functions.356 Following this, a receptor grid is generated to identify the site 

of the protein at which docking is to occur. At this stage, the process of molecular docking may 

be undertaken, which is broadly summarised in two main steps: 

1. Ligand sampling: in this step, the docking application aims to calculate potential direction 

and conformations, or molecular “poses” of the ligand within the receptor.357 Three sub-

categories of ligand sampling methods exist: shape matching; systematic or direct methods; 

and stochastic or random methods.355, 358 

2. Scoring functions: once ligand poses have been generated, the docking application then 

ranks these according to their predicted binding affinity, giving a ‘docking score’. Four 

main methods have been developed for ranking: force field-based scoring functions; 

empirical scoring functions; knowledge-based scoring functions; and consensus scoring. 
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Indeed, computational methods are a critical step in modern drug discovery programs: in 

hit identification, high-throughput docking can be used to determine which molecules should 

be prioritised for further investigation, while in lead optimisation, small changes to the 

molecular structure of a drug candidate can be rapidly tested without the need for chemical 

synthesis.359-361 Furthermore, structure-based virtual screening methods may be used to 

complement other screening techniques, which has greatly contributed to the acceleration of 

modern drug discovery.362 Molecular docking studies were performed using Schrödinger’s 

Maestro363 suite. Ligands were prepared using LigPrep364 and proteins were prepared using 

Protein Preparation Wizard,365 both embedded within Maestro. The program Glide366 within 

Maestro then samples ligand poses and ranks the resultant structures to give a ‘Glide score’. 

The Glide score acts as a surrogate for the free energy of binding, thus more negative scores 

indicate higher binding affinity.367  

Despite the power of computational docking methods in drug discovery, such techniques 

are not without limitations, which must be considered when making decisions for a medicinal 

chemistry program. Most substantially, input models of both ligands and the protein must be 

of sufficiently high detail to output accurate calculations of the free energy of binding. Even 

so, the highest resolutions possible with crystallographic data cannot perfectly predict the 

interactions of a protein’s active site and a ligand.358 Protein flexibility can also affect the 

accuracy of a docking algorithm, as proteins are not rigid structures and therefore contains 

thousands of bonds, each rotating and/or vibrating in 3-dimensional space.368 However, 

simulating all these movements is extremely computationally expensive, so concessions must 

be made to limit flexibility and simplify the model.368 Finally, there is no consensus on the 

‘best’ scoring algorithm currently available, as a plethora of different methodologies have been 

developed, each with its unique advantages and disadvantages. Considering all these factors, 

sole reliance on docking applications is not guaranteed to reveal compounds that are most 

pharmacologically active, with the potential for both false positives and false negatives.369 

 

2.8.2.  Molecular Docking of Adamantane Analogues  

 Elmore and co-workers’ development of the previously discussed compound 57 utilised 

a molecular docking study to examine interactions with BCL-XL.334 In our study, we used the 

same NMR-derived protein structure (PDB: 2O2N) to closely simulate the conditions used by 

the authors. The position of the known inhibitor was used to generate the receptor grid, then 

each of the proposed adamantane-based ligands was docked into the active site of BCL-XL. 
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The results of our docking study are shown in Table 3. While the fully constructed compounds 

99–101 gave the lowest Glide scores and thus the highest predicted binding affinity, a range of 

higher predicted free energies of binding were predicted for the remainder of the compounds. 

This is unsurprising, given the biological evaluation discussed in Chapter 2.5. which 

demonstrated that iterative reconstruction of the amine tail resulted in compounds with no 

binding affinity. Nonetheless, a clear increase in predicted binding affinity could be seen in 

going from ethyl anilines 96–98 to the fully reconstructed derivates 99–101. When simulated 

in the binding pocket of BCL-XL, the fully constructed analogues display key interactions 

(Figure 36), which helped us to rationalise this conclusion. Indeed, the nitro groups show π-

cation interactions with Phe105, while the carbonyl group forms a hydrogen bond with Ser106. 

 

Table 3: Glide score values for adamantane analogues 87–101. 

Compound Glide Score Compound Glide Score Compound Glide Score 

n = 0 analogues n = 1 analogues n = 2 analogues 

87 −3.12 88 −2.55 89 −2.60 

90 −3.24 91 −2.14 92 −2.76 

93 −3.74 94 −4.62 95 −3.41 

96 −3.27 97 −4.07 98 −4.02 

99 −7.98 100 −7.67 101 −7.49 
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Figure 36: NMR-derived structure (PDB: 2O2N) of 99 (a), 100 (b) and 101 (c) bound to BCL-XL. Green dotted 

lines indicate π-cation interactions, light blue dotted lines indicate π-π stacking interactions, while yellow dotted 

lines indicate H-bonding.  

 

Given the results of our docking study, especially the scores of 99–101, we were 

encouraged by the predicted binding affinities and hence began the synthesis of the proposed 

adamantane derivatives.  

 

2.9. Synthesis of Adamantane Analogues of 57 

2.9.1.  Synthesis of Adamantane Propanoic Acid 106 

The syntheses of acylsulfonamides 89, 92, 95, 98 and 101 required adamantane 

propanoic acid. This necessitated functional group manipulation of the carboxylic acid and 

subsequent Wittig reaction to perform a two-carbon homologation. Adamantane carboxylic 

acid 102 was first reduced to the corresponding alcohol 103 via treatment with LiAlH4 in THF 

at reflux (Scheme 12), giving clean conversion in excellent yield.  

 

Scheme 12: Synthesis of adamantane-1-carbaldehyde 104. Reagents and conditions: (a) LiAlH4, THF, 0 °C – 

reflux, 3 h, 95% yield; (b) TPAP, NMO, MeCN, 1.5 h, 9% yield. 

(b) 

(c) 

(a) 
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Oxidation was first attempted using tetrapropylammonium perruthenate (TPAP) and N-

methylmorpholine N-oxide (NMO), known as the Ley-Griffith oxidation.370 In this system, the 

catalytic TPAP oxidises the alcohol while the metal centre itself is reduced. Stoichiometric 

NMO then re-oxidises the metal for it to continue the reaction (Scheme 13), forming N-

methylmorpholine. However, it was found that upon workup, a large proportion of the aldehyde 

104 decomposed when concentrated with spent N-methylmorpholine. The basic nitrogen was 

likely to have attacked the carbonyl group in a side reaction which resulted in the loss of 

aldehyde 104. As a result of the poor yield obtained, an alternative oxidation method was 

sought for this step. 

 

Scheme 13: Mechanism of the Ley-Griffith oxidation. 

 

Dess-Martin periodinane (DMP) is a mild oxidising reagent containing hypervalent 

iodine, which facilitates the oxidation, as shown in Figure 14.371 Treatment of alcohol 103 with 

DMP gave the desired product in significantly improved yield of 72% following 

straightforward purification by column chromatography to remove the spent oxidant.  

 

Scheme 14: Mechanism of the Dess-Martin oxidation. 

 

With the aldehyde 104 in hand, the 2-carbon homologation could now be performed. This 

was achieved using benzyl(triphenylphosphoranylidene)acetate in a Wittig reaction, which 

proceeds by an initial [2+2] cycloaddition of the ylide the carbonyl compound, as shown in 

Scheme 15.372 In this specific reaction, the ylide is adjacent to an electron-withdrawing ester 

and is therefore stabilised. A subsequent ring opening, driven by the formation of the byproduct 

triphenylphosphine oxide, results in the formation of a predominantly (E)-alkene.  
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Scheme 15: Mechanism of the Wittig reaction. 

 

Ascertaining reaction completion proved difficult, as aldehyde 104 does not stain well 

on TLC plates, even with the typical stain for aldehydes, dinitrophenylhydrazine. 

Consequently, analysis of the product by NMR following work-up of the reaction revealed that 

a small amount of aldehyde 104 was still unreacted. Moreover, the NMR spectrum of the crude 

product revealed that the Wittig reaction had exclusively produced the (E)-alkene, as evidenced 

by the two doublets in the alkene region at δ 6.86 and 5.70. Analysis of the NOESY spectrum 

did not indicate a correlation between these two signals, confirming that the (E)-isomer was 

the sole product. Purification of the mixture was therefore attempted, which gratifyingly 

removed triphenylphosphine oxide from the mixture. However, co-elution of aldehyde 104 and 

ester 105 was observed, so further purification was not attempted at this stage. Therefore, the 

material was telescoped to the next step. 

Since the ester 105 contained both an alkene and benzyl group, a Pd-catalysed 

hydrogenation was highly convenient, facilitating a global deprotection in removing both 

groups. This hydrogenation proceeded cleanly to furnish the desired acid 106 (Scheme 16). 

Gratifyingly, the polarity difference between the carboxylic acid 106 and the unreacted 

aldehyde 104 from the previous step was large enough that column chromatography smoothly 

purified the desired product. With adamantane propanoic acid 106 in hand, attention was then 

turned to the synthesis of adamantane derivatives. 

 

Scheme 16: Synthesis of adamantane propanoic acid 106. Reagents and conditions: (a) DMP, CH2Cl2, RT, 1 h, 

72% yield; (b) benzyl(triphosphoranylidene) acetate, PhMe, 110 °C, 16 h; (c) H2, Pd/C, MeOH, RT, 16 h, 38% 

yield (over 2 steps). 

 

2.9.2.  Synthesis of N-acylsulfonamides 87–101 

With adamantane propanoic acid in hand, and the other adamantane carboxylic acids 

obtained from commercial sources, we could now turn our attention to the synthesis of the 

compounds required for the second iterative reconstruction. Synthesis of N-acylsulfonamides 
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87–89 was completed using EDC·HCl and DMAP coupling conditions as previously described, 

affording the desired compounds in moderate to good yields (Scheme 17).  

 

Scheme 17: Synthesis of N-acylsulfonamides 87–89. Reagents and conditions: (a) EDC·HCl, DMAP, CH2Cl2, 

RT, 16 h. 

 

Next, N-acylsulfonamides 90–92 were prepared by coupling of adamantane carboxylic 

acids to 4-nitrobenzenesulfonamide 76 using EDC·HCl and DMAP, which proceeded in 

moderate to excellent yields. This was followed by previously discussed Béchamp reductions 

(Scheme 18), which cleanly afforded the desired products in good yields.  

 

Scheme 18: Synthesis of N-acylsulfonamides 90–92. Reagents and conditions: (a) EDC·HCl, DMAP, CH2Cl2, 

RT, 16 h; (b) Fe, NH4Cl (aq), EtOH, 78 °C, 1 h.  

 

The final stages of the iterative reconstruction of adamantane analogues were completed 

by first coupling the adamantane carboxylic acids to 4-chloro-3-nitrobenzenesulfonamide 80 

with EDC·HCl and DMAP, yielding all sulfonamides in good yield. Nucleophilic aromatic 

substitutions could then be performed to give the required compounds, as shown in Scheme 

19. These proceeded in fair to good yields, however purification of some of these was 

challenging, particularly following substitutions with 2-(phenylthio)ethan-1-amine 86. 

Nonetheless, an initial purification by silica gel column chromatography, followed by 

preparatory TLC successfully isolated the desired compounds. 
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Scheme 19: Synthesis of N-acylsulfonamides 93–101. Reagents and conditions: (a) EDC·HCl, DMAP, CH2Cl2, 

RT, 16 h; (b) MeNH2, DMSO, 100 °C, 16 h; (c) EtNH2, DMSO, 100 °C, 16 h (d) 86, DMSO, 100 °C, 16 h. 

 

2.10. Biological Evaluation of Adamantane Analogues of 57 

The compounds synthesised in Chapter 2.9.2. were evaluated using a TR-FRET assay 

for BCL-XL and AlphaScreen® assay for BCL-2, as described in Chapter 2.6. Again, these 

compounds were all tested at a concentration of 10 μM. These results are shown in Figure 37, 

with the previously evaluated ABT-737 (46) included as a benchmark.  
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Figure 37: Biological evaluation of compounds 87–101. (a) TR-FRET intensity of synthesised compounds as a 

percentage of positive control; (b) AlphaScreen® intensity of synthesised compounds as a percentage of positive 

control. Data represents mean ± SD, n ≥ 3.  

 

Disappointingly, none of these compounds showed any significant binding against BCL-

XL or BCL-2, despite the results of our docking studies, which indicated that compounds 99–
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101 would possess the highest predicted binding affinity. While the standard deviation is quite 

large for compound 101 in the TR-FRET assay, and for all compounds analysed in the 

AlphaScreen®, this was not considered significant enough to warrant further investigation into 

SAR. Not only do these results highlight the difficulty in accurately predicting binding using 

computational models, but unfortunately it also demonstrates that our iterative reconstruction 

approach has not yielded any new senolytic drug candidates.  

 

2.11. Summary and Concluding Remarks 

This chapter has focused on the identification of highly potent inhibitors of BCL-XL and 

efforts in synthesis, characterisation, and in vitro assessment of derivatives of such molecules. 

Indeed, the iterative reconstruction approach demonstrated how a much smaller, biologically 

inactive fragment could be built up to a larger molecule that has shown promising results in 

literature.334 Unfortunately, none of these compounds displayed any binding affinity to the 

target protein. Subsequently, docking studies suggested that replacing the 4-fluorobiphenyl 

moiety of these compounds could prove more potent in binding. Thus, we embarked on 

preparing and characterising these analogues for their biological evaluation in the same way. 

However, these also showed none of the desired biological activity. 

The iterative reconstruction approach for identifying new biologically active scaffolds 

failed, in this case, to provide useful leads for further optimisation. Nonetheless, the lead 

compound 57 was completely deconstructed and a thorough exploration of this compound was 

accomplished. As this study was unable to generate new insights into inhibitors of SCAPs, we 

were encouraged to consider other techniques in medicinal chemistry to discover new senolytic 

chemotypes. Consequently, Chapter 3 and Chapter 4 begin to apply some of the lessons 

learned in this chapter in demonstrating other methods of hit identification. 
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Chapter 3 – Scaffold Hopping of Known BCL-XL Inhibitors 

 

3.1. Introductory Remarks 

Given the disappointing biological results of the compounds synthesised in Chapter 2, 

we instead considered other methods to explore new senolytic chemotypes. Indeed, many 

methods exist for the identification of new pharmacophores and chemical motifs that offer 

biological activity against a specific target. Examples of these are the previously discussed 

iterative reconstruction approach, high-throughput screening (HTS), rational design using SAR 

information and scaffold hopping. Of these, scaffold hopping presents an interesting approach 

to drug discovery, which refers to a variety of bioisosteric replacement strategies.373 These 

often use computational aids to search for new core structures, a topic of significant interest in 

medicinal chemistry.374 A more detailed overview of scaffold hopping and its benefits is 

provided in Chapter 3.4. 

 

3.2. Choosing Lead Compounds 

As we were unable to observe the reported binding affinity between 57 and BCL-XL, we 

instead searched for a new lead molecule with high potency against the BCL-2 family. This led 

us to developmental work performed by Lessene and co-workers at the Walter and Eliza Hall 

Institute (WEHI), who performed HTS of 100,000 compounds374 against BCL-W, a member 

of the BCL-2 family. Importantly, this screen also identified and disregarded structures that 

were known to be pan-assay interference compounds (PAINs). Subsequently, the hits of this 

screen were further validated based on their ability to disrupt protein-protein interactions (PPIs) 

between BCL-XL or MCL-1 and BIM, a BH3-only protein. This PPI is known to have an anti-

apoptotic effect, as discussed in Chapter 1.4.4.5. The authors’ investigations led to the 

identification of 113 as a lead molecule.375 Minor modifications to the structure were performed 

by synthesising analogues of 113, including deletion of the methyl group on the terminal phenyl 

ring and the installation of a methyl group on the hydrazone carbon. These changes validated 

the screening results and began to probe SAR, revealing 114–116 as a more potent inhibitors 

of BCL-XL (Figure 38).  
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Figure 38: Developmental work performed by WEHI in the design of BCL-XL inhibitors 113–126.376  
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To continue improving potency at the target, the authors subsequently focused efforts on 

optimisation of the core of the molecule, highlighted in blue in Figure 38. This work 

demonstrated that the furan core, which is a known metabolic liability,377 could be replaced by 

other ring structures such as in 117–120 with high tolerance. It was also shown that heterocyclic 

replacement of the terminal ring (highlighted in purple) also improved potency, but crucially, 

the position of the heteroatom dramatically affects potency. In this case, a picolinic acid 

derivative 123 gave nanomolar potency while the nicotinic acid derivative 122 returned 

potency to micromolar levels. Finally, constraining the molecule (highlighted in red) with a 

bicyclic core also resulted in high potency while simultaneously locking the conformation of 

the molecule, as demonstrated in 124–126. Together, these SAR studies resulted in a molecule 

with a greatly improved IC50 of 23 nM. Strong interactions could be seen between 126 and 

BCL-XL in a crystal structure (obtained via X-ray diffraction) determined by the authors 

(Figure 39). Indeed, hydrogen bonding was observed between the benzothiazole nitrogen and 

Asp107; the hydrazone nitrogen and Ser106; and the carboxylic acid and Arg139 and Asn136.  

 

Figure 39: X-ray crystal structure of 126 bound to BCL-XL at a resolution of 2.3 Å. Hydrogen bonds to Asp107, 

Ser106, Arg139 and Asn136 are indicated with dashed lines. Reprinted with permission from ACS Med. Chem. 

Lett. 2014, 5, 6, 662–667.378 Copyright 2014 American Chemical Society. 

 

The authors’ work presented the continued exploration of this chemotype for the 

improvement of drug-like properties. This was done as the in vivo hydrolysis of the hydrazone 

in 126 could potentially release toxic 2-hydrazinylbenzothiazole upon exposure to water.378 

The replacement of the 1,2,3,4-tetrahydronaphthalene core with a 1,2,3,4-

tetrahydroisoquinoline, and the hydrazone linker with an amide, culminated with the inhibitor 

127 (Figure 40), which had a slightly lower potency (IC50 = 91 nM) but was still of great 

interest in our search for lead molecules due to its similar features to the aforementioned 126. 

Informed by these data, both 126 and 127 were selected as lead compounds for investigation 

in this chapter. 
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Figure 40: A structure-guided rescaffolding of 126 gave the BCL-XL inhibitor 127, both of which were selected 

as lead molecules for exploration in this chapter.378 

 

3.3. Chapter Aims 

This chapter focuses on the scaffold hopping of the known BCL-XL inhibitors 126 and 

127. We first provide a broad overview to scaffold hopping and the processes used in this work 

to explore bioisosteric replacements of structural features in 126 and 127. The diversification 

of 126 and 127, using Cresset’s Spark™ software, provided several novel target molecules, 

which were subsequently synthesised to explore their biological activity.  

 

3.4. Overview of Scaffold Hopping 

Scaffold hopping, also known as lead hopping, is relatively young as a concept, but has 

been applied in various forms since the infancy of drug discovery programs.379 It has been 

found to be a particularly powerful tool in modern drug discovery: while many biologically 

active compounds have been identified through HTS or virtual screening (VS), such strategies 

have begun to lose efficiency and economic viability, as these compounds are already optimised 

for different targets.380 This is especially true when considering that many therapeutic targets 

are not new, and therefore exploration of novel chemotypes is based on known ligands. As 

such, scaffold hopping attempts to jumpstart drug discovery programs by replacing functional 

groups or chemical motifs with other structures that possess similar electrostatic and physical 

properties. Such a methodology has been used to remarkable effect in drug discovery programs, 

resulting in significant savings over the cost of a drug discovery program.373, 381, 382 Once new 

bioactive chemotypes have been identified, further scaffold hopping may be undertaken to 

generate molecules that bear little resemblance to the original candidate. The technique is 

employed for various purposes: increasing potency; eliminating toxicity; acquiring novel 

chemical space to navigate intellectual property restrictions; and many more.383 

Consequentially, the new molecule may possess different molecular shape or size; electrostatic 
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properties; polarity; pKa; dipole moment; or polarizability, which may be beneficial or 

detrimental to the needs of a medicinal chemistry program.383 

It should be noted however, that no precise definition for ‘scaffold hopping’ is universally 

agreed on. Indeed, the term has been used ambiguously throughout the vast array of literature 

that has applied such a method. While the purpose of scaffold hopping is to focus on the 

replacement of larger structural motifs within a molecule, it is indeed still a topic of debate as 

to how large these fragments should be, and the difference between ‘scaffold hopping’ and 

bioisosteric replacement. Although the concept of novel chemical motifs is common, the 

question remains: how different from their parent molecule must the derivative be to be 

considered a ‘scaffold hop’? To address this query, Sun and co-workers have identified four 

major classifications of scaffold hopping, based on the structural changes elicited in the newly 

designed molecules.380 These are summarised in Table 4. 

 

Table 4: Summary of scaffold hopping classification 

Classification General description 

Primary (1°) Heterocyclic replacement 

Secondary (2°) Ring opening or closure 

Tertiary (3°) Pseudopeptide or peptidomimetic replacement 

Quaternary (4°) Topology- or shape-based scaffold hopping 

  

3.4.2.  1° Scaffold Hopping: Heterocyclic Replacement 

1° scaffold hopping therefore aims to vary ring structures to improve bioactivity or some 

other physicochemical property. This is aptly demonstrated in the replacement of the phenyl 

ring in cannabinoid 2 receptor (CB2R) inhibitor 128 with a spirocyclopropane piperidine in 129 

(Figure 41).384 Not only did this maintain potency at CB2R, but also improved drug-likeness 

by lowering log P from 2.81 to 1.48.385, 386  

 

Figure 41: 1° scaffold hopping employed by Merck to improve lipophilicity of CB2 receptor 128.384 
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3.4.1.  2° Scaffold Hopping: Ring Opening or Closure 

The flexibility of a molecule has a significant effect on the entropic component of binding 

free energy, in addition to membrane permeability and absorption.387 2° scaffold hopping aims 

to open or close ring structures in a lead molecule, changing the number of freely rotatable 

bonds. An example of ring closure is shown in Figure 42 (a), wherein researchers from 

GlaxoSmithKline formed a 5-membered ring in the indole analogue 131. The molecule was 

thereby locked into a bioactive conformation, which maintained sub-nanomolar activity in 

functional assays.388 A ring-opening strategy is demonstrated in Furet and co-workers’ study of 

the tyrosine kinase inhibitor 132 (Figure 42 (b)), where the urea derivative 133 was synthesised 

by opening the pyrimidone ring and modifying the position of the pyrimidine nitrogen.389 This 

continued to exhibit sub-micromolar inhibition against the target, while also decreasing the 

compound’s log P.385 

 

Figure 42: (a) a ring closure strategy was employed on 130 to form the indole analogue 131;388 (b) a ring opening 

strategy on the pyrimidone of 132 was used to generate the urea derivative 133.389 

 

3.4.3.  3° Scaffold Hopping: Pseudopeptide or Peptidomimetic Replacement 

The development of peptides as drug molecules is severely limited due to their metabolic 

instability and poor bioavailability.390 3° scaffold hopping aims to reduces peptidic 

characteristics that lead to proteolysis while maintaining the 3-dimensional shapes required in 

PPIs, such as α-helices and β-sheets. To this end, Rosenström and co-workers modified the 

octapeptide hormone angiotensin II (134, amino acid sequence DRVYIHPF) to introduce a 

benzodiazepine motif in 135, replacing the tyrosine and isoleucine residues (Figure 43). This 

maintained high binding affinities at the angiotensin 1 and 2 receptors (AT1 and AT2 

respectively) while also increased metabolic stability.391  
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Figure 43: 3° scaffold hopping was utilised on angiotensin II 134 by replacing tyrosine and isoleucine residues 

with a benzodiazepine motif in 135.391 

 

3.4.4.  4° Scaffold Hopping: Topology- or Shape-based Scaffold Hopping 

4° scaffold hopping introduces large changes to lead molecules based on their topology 

and shape. Such methods are rare in the literature, as they represent an ambitious attempt to 

explore chemotypes that are significantly different to the original candidate, but nonetheless 

retain a similar level of biological activity. A successful example of this is shown in Figure 44, 

wherein Amgen researchers performed scaffold hopping on the glycine receptor (GlyR) 

positive modulator 136. The tricyclic motif proved potent against GlyR,392 however further 

diversification was challenging due to the complexity of the ring system, particularly due to its 

optical activity. 4° scaffold hopping revealed the simplified analogue 137, containing an 

azetidine ring, retained potency while also displaying a desirable physicochemical profile.393   

 

Figure 44: 4° scaffold hopping of GlyR positive modulator 136 dramatically modified its structure to give 137.393 

 

Each classification of scaffold hopping has associated advantages and disadvantages but 

is nonetheless a powerful tool available to the medicinal chemist for structure diversification. 

Fundamentally, a biological target is not simply affected by an empirical structure, but activity 

is instead caused by intermolecular interactions that occur between a ligand and the target. 

Thus, structural modification to a known ligand is to be encouraged in the hope of generating 

different and novel bioactive chemotypes. The work presented in this chapter applies 4° 

scaffold hopping to the aforementioned lead compounds 126 and 127 in an attempt to realise 

new senolytic chemotypes. 
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3.5. In Silico Scaffold Hopping Experiments and Docking Validation 

Scaffold hopping was performed on the BCL-XL inhibitors 126 and 127 using Cresset’s 

Spark software,394, 395 which has been successfully used previously to identify biologically 

active ligands for a variety of targets.396-399 This software allows the user to select a segment of 

the molecule, which is then compared to a database of fragments. By minimising electrostatic 

interactions to single field points,395 Spark identifies fragments which interact with these single 

field points and ranks them by their ‘bioisostere factor’ (BIF). This is indicative of how much 

better or worse the replacement is than with capping the attachment point to hydrogen. This is 

then compared with the original molecule used in the scaffold hop to generate a BIF percentage 

(BIF%). Full experimental details of the procedures used for scaffold hopping are provided in 

Chapter 6.6. Figure 45 displays the segments of each of the lead molecules which were input 

into the Spark software. 

 

Figure 45: Segments of the lead molecules 126 and 127 (highlighted in red) were input into the Spark software 

to generate bioisosteric replacements. Scaffold hops (c), (e) and (f) did not generate any analogues with BIF% 

above 80%. 

 

3.5.1.  Scaffold Hops Generated by Spark 

With the derivatives calculated by Spark, we then excluded any analogues with a BIF% 

less than 80%, as these would suggest less than 80% similarity to the original leads based on 

shape and electrostatic fields.395 The remaining compounds were then carefully examined and 

selected based on synthetic accessibility. We were interested in a broad selection of compounds 

with varying molecular weight (MW), Wildman-Crippen partition coefficients (S log P),400 and 
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topological polar surface area (TPSA). The molecules selected for synthesis are shown in Table 

5, alongside the lead compounds. 

 

Table 5: Structures, calculated scores and calculated physicochemical properties of lead compounds 126 and 127, 

and compounds selected from scaffold hopping. Scores and calculations performed by Spark.394 

Compound BIF%a Scoreb 
Field 

Scorec 

Shape 

Scored 

MW (g 

mol−1) 
S log Pe TPSA 

 

- - - - 415 5.2 87 

 

- - - - 437 4.3 95 

 

51 0.866 0.844 0.887 421 4.8 92 

 

55 0.876 0.841 0.912 436 5.2 92 

 

61 0.892 0.878 0.906 405 4.1 92 
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Compound BIF%a Scoreb 
Field 

Scorec 

Shape 

Scored 

MW (g 

mol−1) 
S log Pe TPSA 

 

59 0.840 0.836 0.845 322 5.1 42 

 

54 0.818 0.766 0.871 364 2.3 121 

 

52 0.812 0.814 0.810 341 3.1 80 

 

64 0.918 0.879 0.957 414 4.7 97 

aBioisostere factor (BIF) represents how much better or worse a replacement fragment is compared to capping the 

attachment point with hydrogen. This is expressed as a percentage compared to the BIF of the original lead 

molecule to give BIF%. bAverage of field score and shape score. cSimilarity of the replacement and the original 

lead molecule based only on field data. dSimilarity of the replacement and the original lead molecule based only 

on three-dimensional shape. eWildman-Crippen log P. 

 

3-dimensional field point representations of the lead compounds and those generated by 

Spark are shown in Figure 46. These help to illustrate the similarities in shape and electrostatic 

character. The electrostatic field points shown display consistency across the lead compounds 

and the analogues generated. Indeed, negative charges (represented by blue spheres) are 

produced between the benzothiazole and the terminal ring, regardless of the heterocycle 

present. Moreover, the linking aromatic core elicits both positively charged regions 
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(represented by red spheres) and hydrophobic interactions (represented by orange spheres), 

irrespective of the presence of aliphatic, phenyl or bicyclic groups. This offers not only an 

excellent representation of the success of our scaffold hop, but further highlights the 

fundamental concept in bioisosteric replacement: that biological activity is not a product of 

specific atoms or functional groups, but rather the electrostatic interactions between the shape 

of a molecule and the binding pocket of a target.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46: Three-dimensional field point representations of lead compounds 126 and 127 ((a) and (b), 

respectively) and compounds generated through scaffold hopping 139–145 ((c) to (k), respectively). Coloured 

spheres are representative of electrostatic field points: red = positively charged; blue = negatively charged; yellow 

= van der Waals interactions; orange = hydrophobic interactions. Generated by Spark software. 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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3.5.2.  Validation by Molecular Docking 

We further wished to validate the similarity scores obtained from scaffold hopping by 

conducting an independent docking study on the lead compounds and those obtained through 

the Spark software. In a similar manner to the procedure described in Chapter 2.8.2., lead 

molecules 126, 127, and 139–145 were docked to the same structure used by the authors in 

their rescaffolding efforts (PDB: 3ZLN).378 The Glide scores for this study are shown in Table 

6. 

 

Table 6: Glide scores for docking study of lead compounds 126, 127, and 139–145. 

Compound Glide score (kcal/mol) 

126 −9.68 

127 −11.24 

139 −10.30 

140 −11.80 

141 −10.31 

142 −8.92 

143 −7.66 

144 −10.14 

145 −11.66 

  

Interestingly, the less potent BCL-XL inhibitor 127 (BCL-XL IC50 = 91 nM) displayed a 

more negative Glide score than 126 (BCL-XL IC50 = 23 nM), again highlighting potential issues 

associated with over-reliance on computational data. Analysis of the binding poses 

demonstrated that in each compound, the benzothiazole nitrogen formed a H-bond with 

Leu108. Additionally, all compounds containing carboxylic acids formed a network of H-bonds 

with Asn136 and Arg139. In those without the carboxylic acid, 144 formed a H-bond between 

the methyl amide carbonyl and Arg139; and the tetrazole of 143 formed a H-bond with Arg139. 

Moreover, all compounds except 143, 144 and 142 formed π-π stacking between aromatic rings 

and Phe105. All these results highlight that the compounds generated via use of Spark took on 

similar binding poses to the lead compounds within the target protein. This suggested that our 

4° scaffold hopping had hypothesised compounds which may be excellent binders of BCL-XL, 

notably 139–141, 143 and 145. Although worse binding was predicted for 142 and 143, we 

were also interested in these compounds, as less potent observed biological activity would 
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serve to validate both our scaffold hopping work and docking study, and to provide important 

information for potential future lead optimisation. 

 

3.6. Synthesis of Lead Compounds and Compound Library 

3.6.1.  Synthesis of Lead Compounds 126 and 127 

To compare the compounds generated through 4° scaffold hopping, it was necessary to 

prepare the lead compounds known in literature. Hydrazone 126 was synthesised according to 

literature procedures (Scheme 20).376 The pinacol boronate functionality was installed onto 7-

bromo-3,4-dihydronaphthalen-1(2H)-one 146 via a Suzuki-Miyaura borylation, affording the 

pinacol boronate product 147 in poor, but sufficient, yield. The pinacol boronate 147 was then 

utilised as a coupling partner for a Suzuki coupling with 6-bromopicolinic acid. This reaction 

used tetrabutylammonium bromide (TBAB), K2CO3 and bis(triphenylphosphine)palladium(II) 

dichloride as a catalyst system and produced ketone 148 in good yield. Through careful 

adjustment of the pH during work-up, purification by flash column chromatography was 

avoided in this step. Concurrently, an SNAr reaction between 2-chlorobenzothiazole 149 and 

aqueous hydrazine solution readily gave hydrazine 150 in excellent yield. Finally, heating 

ketone 148 and hydrazine 150 in ethanol afforded the desired hydrazone 126 in poor 30% yield, 

completing the synthesis. Characterisation data matched that of Sleebs and coworkers, 

confirming that the specific hydrazone isomer had been formed.376 

 

Scheme 20: Synthesis of lead compound 126. Reagents and conditions: (a) B2pin2, KOAc, Pd(dppf)Cl2, MeOH, 

60 °C, 16 h, 25% yield; (b) 6-bromopicolinic acid, TBAB, K2CO3, Pd(PPh3)2Cl2, H2O, 1,4-dioxane, 100 °C, 1 h, 

62% yield; (c) 60% aq. N2H4, 80 °C, 2 h, 94% yield; (d) EtOH, 80 °C, 1 h, 30% yield.  
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Lead compound 127 was also synthesised according to a modified literature procedure, 

as shown in Scheme 21.378 Fischer esterification of 2-bromothiazole-5-carboxylic acid 151 

gave the corresponding methyl ester 152 in excellent yield.401 Concurrently, an amide coupling 

mediated by hexafluorophosphate azabenzotriazole tetramethyluronium (HATU) was 

conducted between the Boc-protected 1,2,3,4-tetrahydroisoquinoline-8-carboxylic acid 153 

and 2-aminobenzothiazole 154. This produced the desired amide 155 in good yield. Subsequent 

deprotection of the Boc group yielded the free amine 156 as a hydrochloride salt in quantitative 

yield. An SNAr reaction between ester 152 and amine 156 successfully joined these two 

components together in good yield to give 157. Finally, hydrolysis of the ester gave the desired 

lead compound 127 in quantitative yield.   

 

Scheme 21: Synthesis of lead compound 127. Reagents and conditions: (a) H2SO4, MeOH, 65 °C, 1 h, 89% yield; 

(b) HATU, DIPEA, CH2Cl2, RT, 1 h, 71% yield; (c) HCl in 1,4-dioxane, CH2Cl2, 0 °C to RT, 16 h, 99% yield; (d) 

Cs2CO3, DMA, 50 °C, 16 h, 63% yield; (e) LiOH, THF, H2O, RT, 30 min, 99% yield.  

 

3.6.2.  Synthesis of Cyclopropane Derivative 139 

A retrosynthetic analysis (Scheme 22) envisioned that the cyclopropane derivative 139 

could be prepared by a Suzuki coupling of the pinacol boronate 160 and aryl bromide 158. In 

turn, the pinacol boronate could be prepared from a borylation of previously synthesised ester 

152, while the aryl bromide could be prepared from commercially available 2-
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aminobenzothiazole 154 and acid 159. The successful borylation of 152 would prove 

particularly useful, as 160 could also be used for the preparation of cyclobutane derivative 140. 

 

 

Scheme 22: Retrosynthetic analysis of cyclopropane derivative 139 via Suzuki coupling of 158 and 160. 

Compound 158 could be prepared from amide coupling of 154 and 159, while 160 could be obtained via Miyaura 

borylation. 

 

Initial efforts to prepare pinacol boronate 160 focused on a Miyaura borylation (Scheme 

23). This was first attempted using B2pin2, KOAc and Pd(dppf)Cl2 as a catalyst system, 

conditions intially developed by Miyaura and co-workers (entry 1, Table 7).402 This failed to 

yield the product, instead producing a complex mixture which included some proto-

dehalogenated material as observed by ESI-MS. Noting the success of other solvents for this 

transformation, the reaction was also attempted using MeOH, THF and 1,4-dioxane (entries 2–

4, Table 7), using a pressure tube for MeOH and THF so these could be heated to 80 °C.403-405 

However, these resulted in a similar complex mixture as above, or no reaction at all. Given the 

failures of these Pd-catalysed borylations, we proposed a Barbier-type reaction by first 

conducting a halogen-lithium exchange with n-butyllithium (n-BuLi), followed by quenching 

a boron reagent. We first attempted this with B2pin2 as the quenching reagent (entry 5, Table 

7), but this also led to a complex reaction mixture, with no trace of the desired product. A final 

trial was conducted using triisopropyl borate as the quenching reagent (entry 6, Table 7), but 

this also provided a complex reaction mixture. Issues with these reaction indicated that thiazole 

152 would prove to be a poor coupling partner in Pd-catalysed coupling reactions, possibly due 

to co-ordination between the soft heteroatomic sulfur and the soft Pd2+ centre of the catalyst. 

Consequently, we explored alternative methods to form the biaryl bond of 139. 
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Scheme 23: Attempted synthesis of pinacol boronate 160. For conditions, see Table 7. 

 

Table 7: Attempted synthesis of pinacol boronate 160. 

Entry Reagents Solvent Temperature & Time Result 

1 B2pin2, KOAc, Pd(dppf) DMSO 80 °C, 16 h CRMa 

2 B2pin2, KOAc, Pd(dppf) MeOH 80 °C, 16 h No reaction 

3 B2pin2, KOAc, Pd(dppf) THF 80 °C, 16 h No reaction 

4 B2pin2, KOAc, Pd(dppf) 1,4-dioxane 80 °C, 16 h CRMa 

5 n-BuLi, then B2pin2 THF −78 °C, 1 h CRMa 

6 n-BuLi, then B(i-PrO)3 THF −78 °C, 1 h CRMa 

aComplex reaction mixture 

 

We therefore modified our retrosynthetic analysis to swap the coupling partners for the 

final Suzuki coupling, such that the pinacol boronate 162 could be obtained from aryl bromide 

158 (Scheme 24).  

Scheme 24: Revised retrosynthesis of cyclopropane derivative 139. 

 

Our synthetic route began with HATU-mediated amide coupling of 2-

aminobenzothiazole 154 and 1-(3-bromophenyl)cyclopropane-1-carboxylic acid 159, which 

furnished the desired amide 158 in good yield. A Miyaura borylation was then undertaken to 

prepare the required pinacol boronate. Optimisation of this procedure identified that the use of 

DMF as the solvent and heating this reaction at 100 °C for 16 h resulted in complete conversion 

of the starting material into the desired product 162 with acceptable yield. The following 

Suzuki coupling of 162 and ester 152 was challenging, further highlighting the poor coupling 

ability of the thiazole. A mixture of products was formed, including some of ester 152 that was 

proto-dehalogenated, as was previously observed in unsuccessful borylations. Nonetheless, this 
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afforded 161 in poor but sufficient yield to continue. Finally, an ester hydrolysis produced 139 

in quantitative yield to complete the synthesis (Scheme 25).  

 

Scheme 25: Synthesis of cyclopropane derivative 139. Reagents and conditions: (a) HATU, DIPEA, CH2Cl2, RT, 

1 h, 83% yield; (b) B2pin2, KOAc, Pd(dppf)Cl2, DMF, 100 °C, 16 h, 75% yield; (c) Na2CO3, Pd(PPh3)4, H2O, 1,4-

dioxane, 80 °C, 16 h, 12% yield; (d) LiOH, THF, H2O, RT, 30 min, 99% yield. 

 

3.6.3.  Synthesis of Cyclobutane Derivative 140 

In a similar manner to 139, retrosynthetic analysis of cyclobutene derivative 140 revealed 

that it could be made via a Suzuki coupling of the pinacol boronate 163 and ester 152. The 

pinacol boronate, in turn, could be synthesised from the aryl bromide 164, which we anticipated 

could be prepared from 2-aminobenzothiazole 154 and acid 165 (Scheme 26). 

 

Scheme 26: Retrosynthesis of cyclobutane derivative 140. 
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As acid 165 was not commercially available, it was synthesised from 2-(3-

bromophenyl)acetonitrile 166. This was first treated with 2 equivalents of NaH, before 1,3-

dibromopropane was added to install the cyclobutane ring via two consecutive SN2 reactions, 

which yielded nitrile 167 in fair yields. Nitrile 167 was subsequently hydrolysed cleanly to 

afford the desired acid 165. An amide coupling between acid 165 and 2-aminobenzothiazole 

154 gave amide 164 in good yield. Miyaura borylation of amide 164 furnished pinacol boronate 

163 in fair yield, which was ready for the attempted Suzuki coupling (Scheme 27). 

 

Scheme 27: Synthesis of pinacol boronate 163. Reagents and conditions: (a) NaH, DMF, 30 min, RT, then 1,3-

dibromopropane, 0 °C to RT, 16 h, 46% yield; (b) KOH, EtOH, H2O, reflux, 16 h, 79% yield; (c) HATU, DIPEA, 

CH2Cl2, RT, 1 h, 80% yield; (d) B2pin2, KOAc, Pd(dppf)Cl2, DMF, 100 °C, 16 h, 62% yield. 

 

Given the low-yielding Suzuki coupling to synthesise ester 161, it was unsurprising that 

the analogous preparation of ester 166 from pinacol boronate 163 and ester 152 was especially 

difficult (Scheme 28). The Suzuki conditions used to synthesise 161 were initially attempted 

(entry 1, Table 8) but this failed to yield the product and instead gave a complex reaction 

mixture, with some protodeborylation observed. We therefore trialled variations of catalyst 

systems (entries 2, 4 and 6, Table 8), solvents (entries 7–9, Table 8), and the addition of TBAB 

as a phase transfer catalyst (entries 3, 5 and 7, Table 8). While most of these attempts continued 

to produce complex mixtures, a trace amount of the desired product 166 was observed via ESI-

MS (m/z = 472, [M+Na]+) in entry 6, Table 8. However, attempted optimisation of this 

procedure did not afford greater than trace yields. 
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Scheme 28: Attempted Suzuki coupling of pinacol boronate 163 and ester 152. For conditions, see Table 8. 

 

Table 8: Attempted optimisation of reaction conditions for the synthesis of 166. 

Entry Reagents Solvent Result 

1 Na2CO3, Pd(PPh3)4 1,4-dioxane/H2O CRMa 

2 Na2CO3, Pd(PPh3)2Cl2 1,4-dioxane/H2O CRM 

3 TBAB, Na2CO3, Pd(PPh3)2Cl2 1,4-dioxane/H2O CRM 

4 Na2CO3, Pd(OAc)2, SPhos 1,4-dioxane/H2O CRM 

5 TBAB, Na2CO3, Pd(OAc)2, SPhos 1,4-dioxane/H2O CRM 

6 Na2CO3, Pd(OAc)2, XPhos 1,4-dioxane/H2O CRM, trace 166 

7 TBAB, Na2CO3, Pd(OAc)2, XPhos 1,4-dioxane/H2O CRM 

8 Na2CO3, Pd(OAc)2, XPhos n-BuOHb CRM, trace 166 

9 Na2CO3, Pd(OAc)2, XPhos DMEc CRM, trace 166 

aComplex reaction mixture; bn-butanol; c1,2-dimethoxyethane. 

 

Consequently, we explored other methods of forming the required biaryl bond. A revised 

retrosynthesis (Scheme 29) focused on the construction of the thiazole ring in 168 via 

condensation of thioamide 169 with ethyl glyoxalate. The thioamide, in turn could be prepared 

from the corresponding nitrile 170, formed from the already synthesised aryl bromide 164. 

 

Scheme 29: Revised retrosynthesis of cyclobutane derivative precursor 167, showing the construction of the 

thioamide ring. 

 

In synthesising the nitrile 170, we initially wished to avoid using cyanide salts due to 

serious toxicity concerns. Thus we first attempted a Ni-catalysed cyanation, as shown in 
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Scheme 30.406 The mechanism of this reaction (Scheme 31) is intriguing: formamide first co-

ordinates to the Ni-bpy complex I, forming the complex II. A series of proton transfers, aided 

by acac causes complex VI to release HCN gas in situ. Once generated, a second catalytic cycle 

which also employs Ni-bpy complex I undergoes oxidative addition, ligand exchange and 

reductive elimination to install the nitrile group. On small scales, this reaction afforded the 

desired nitrile in good yields of 75%. However, the reaction vessel requires a small headspace, 

as the high pressure of HCN gas generated forces its dissolution and subsequent reaction. It 

was found that upscaling of this reaction using a larger vessel was not conducive to efficient 

dissolution of HCN, furnishing extremely poor conversion of the starting material. As such, an 

alternative cyanation method was required. 

 

Scheme 30: Synthesis of nitrile 170. Reagents and conditions: Ni(acac)2, AlCl3, 2,2′-bipyridine, ZnO, 

formamaide, DME, 145 °C, 24 h, 75% yield. 

 

 

Scheme 31: Mechanism of Ni-catalysed cyanation. 

 

This led us to conduct a Pd-catalysed cyanation, which used Zn(CN)2 (Scheme 33). The 

catalytic cycle of this reaction is shown in Scheme 32. Since cyanide is already available in 

ionic form in this reaction, the mechanism operates via oxidative addition to the catalyst I to 
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give complex II. A ligand exchange with cyanide gives complex III, which finally undergoes 

reductive elimination to yield the desired nitrile. To safely handle the cyanide salt and any 

cyanide products during this reaction, the additional precautions were taken by bleaching all 

tools and vessels used during the procedure. This methodology cleanly furnished the nitrile in 

excellent yield.  

 

Scheme 32: Mechanism of Pd-catalysed cyanation. 

 

Following this, the nitrile was hydrolysed to the corresponding thioamide 169.407 During 

this reaction, conversion of the starting material stalled, and the addition of more Na2S did not 

effect further progression. This produced thioamide 169 in fair yield. A condensation reaction 

with ethyl bromopyruvate subsequently gave the ethyl ester 168 protected thioamide in good 

yield,408 which was then hydrolysed to afford the desired cyclobutane derivative 140 

quantitatively. 

 

Scheme 33: Synthesis of cyclobutane derivative 140. Reagents and conditions: (a) Zn(CN)2, Pd(PPh3)4, DMF, 

100 °C, 2 h, 91% yield; (b) Na2S∙9H2O, DMF, 130 °C, 2 h, 49% yield; (c) ethyl glyoxalate, EtOH, 78 °C, 1 h, 

83% yield; (d) LiOH, THF, H2O, RT, 30 min, 99% yield. 
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3.6.4.  Synthesis of Alkyne Derivative 141 

The synthesis of alkyne derivative 141 began with the HATU-mediated amide coupling 

of 2-aminobenzothiazole 154 and 2-iodobenzoic acid 171, which afforded amide 172 in 

moderate yield. A Sonogashira coupling between amide 172 and trimethylsilylacetylene 

(TMSA) gave the TMS-protected alkyne 173, albeit in poor 9% yield (Scheme 34).  

 

Scheme 34: Synthesis of alkyne 173. Reagents and conditions: (a) HATU, DIPEA, CH2Cl2, RT, 1 h, 40% yield; 

(b) TMSA, Et3N, CuI, Pd(PPh3)2Cl2, DMF, 30 °C, 1 h, 16% yield. 

 

As a result, we elected to instead install the alkyne on the other coupling partner, ester 

152. This proceeded cleanly in good yields, after which the TMS group was deprotected via 

treatment with tetrabutylammonium fluoride (TBAF). With the free alkyne 175 and aryl iodide 

172 in hand, another Sonogashira coupling was used to form the alkyne 176. Finally, an ester 

hydrolysis yielded 141 in quantitative yield (Scheme 35). 

 

Scheme 35: Synthesis of alkyne derivative 141. Reagents and conditions: (a) TMSA, Et3N, CuI, Pd(PPh3)4, DMF, 

40 °C, 1 h, 68% yield; (b) TBAF, THF, RT, 1 h, 92% yield; (c) Et3N, CuI, Pd(PPh3)4, DMF, 40 °C, 1 h, 24% yield; 

(d) LiOH, THF, H2O, RT, 30 min, 99% yield. 
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3.6.5.  Synthesis of Naphthalene Derivative 142 

To synthesise naphthalene derivative 142, 2-fluoronaphthalene 177 was first treated with 

acetyl chloride (AcCl) and aluminium chloride (AlCl3) in a Friedel-Crafts acylation, which 

proceeded in moderate yield (Scheme 36).409 This reaction is regioselective for the 7-position 

of the bicyclic naphthalene core, and NMR data from literature were used to confirm that the 

correct isomer 178 had been synthesised.409 

 

Scheme 36: Synthesis of naphthalene derivative 142. Reagents and conditions: (a) AcCl, AlCl3, CH2Cl2, −78 ºC 

to RT, 4 h, 63% yield; (b) NaOCl, MeOH, RT, 72 h, 35% yield; (c) HATU, DIPEA, CH2Cl2, RT, 30 min, 65% 

yield. 

 

Following this, ketone 178 was treated with aqueous bleach solution in MeOH, which 

gave acid 179 in poor yield.409 This reaction proceeded extremely slowly, and much starting 

material was recovered after 72 hours. It was thus possible to recycle this material to produce 

more of the desired acid. Finally, an amide coupling between acid 179 and 2-

aminobenzothiazole 154 cleanly furnished the desired naphthalene derivative 142 in fair yield. 

 

3.6.6.  Attempted Synthesis of Tetrazole Derivative 143 

The synthesis of tetrazole derivative 143 began with the HATU-mediated amide coupling 

between monomethyl phthalate 180 and 2-aminobenzothiazole 154, which proceeded in good 

yield. Following this, the methyl ester 181 was hydrolysed to give acid 182. The isolation of 

this material was challenging due to its low solubility in various extraction solvents, including 

EtOAc, CH2Cl2 and CHCl3/i-PrOH mixture. Many additional extractions were therefore 

required to yield the product. Concurrently, 5-aminotetrazole 184 was synthesised by first 

treating aminoguanidine bicarbonate 183 with NaNO2 at 0 °C. This solution was then basified 

to pH 9 before being heated to 85 °C. Finally, acidification and cooling of the solution resulting 

in precipitation of the desired tetrazole 184. We then attempted HATU-mediated amide 

coupling between acid 182 and tetrazole 184, but this did not yield the desired product (Scheme 

37).  
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Scheme 37: Attempted synthesis of tetrazole derivative 143. Reagents and conditions: (a) HATU, DIPEA, 

CH2Cl2, RT, 1 h, 76% yield; (b) LiOH, THF, H2O, RT, 30 min, 96% yield; (c) HCl, NaNO2, 0 ºC, 30 min, then 

Na2CO3, 85 ºC, 3 h, then HCl, −20 ºC, 16 h, 40% yield, (d) HATU, DIPEA, CH2Cl2, RT, 1 h.  

 

Analysis of the mixture produced from this reaction indicated that phthalimide 185 had 

instead formed, as shown in Scheme 38. We hypothesised that upon treatment of acid 182 with 

HATU, an intramolecular cyclisation had occurred between the amide nitrogen and the 

activated carbonyl group. This was confirmed through analysis by NMR: the 1H NMR 

spectrum showed a total integration of 8H and corresponded to expected shifts of both the 

benzothiazole and phthalimide moieties. Similarly, the 13C NMR spectrum showed a total of 

11 signals. This proposal was further justified by ESI-MS, which gave a signal at m/z 303, 

corresponding to the Na+ adduct of 185.    

 

Scheme 38: Formation of phthalimide 185 occurred due to an intramolecular cyclisation of acid 182 upon 

activation with HATU. 

 

As the HATU-mediated amide coupling requires the presence of a base, we proposed that 

the use of an acid chloride as an activated acid intermediate would circumvent cyclisation, as 

shown in Scheme 39. To this end, acid 182 was treated with oxalyl chloride ((COCl)2). The 

acid chloride 186 was subsequently treated with tetrazole 184, but this also failed to yield the 

desired amide 143, instead affording phthalimide 185 once again.  
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Scheme 39: Attempted synthesis of tetrazole derivative 143 via acid chloride intermediate. Reagents and 

conditions: (a) (COCl)2, cat. DMF, CH2Cl2, 0 °C to RT, 1 h; (b) HATU, DIPEA, CH2Cl2, RT, 1 h. 

 

Given these results, we therefore attempted to rearrange the order in which the two amide 

couplings were conducted. This was trialled using HATU-mediated amide coupling, but instead 

this produced a complex reaction mixture, with no trace of the product observed (Scheme 40). 

However, it was found that HATU had reacted with acid 180 and did not react further, forming 

the ester 188. Regrettably, further efforts to synthesise this compound were thus abandoned.   

 

Scheme 40: Attempted synthesis of amide 187. Reagents and conditions: (a) HATU, DIPEA, CH2Cl2, RT, 1 h.  

 

Future attempts to synthesise tetrazole derivative 143 could involve a construction of the 

tetrazole moiety in situ, as shown in Scheme 41. A HATU-mediated amide coupling between 

monomethyl phthalate 180 and cyanamide would provide amide 189, which would 

subsequently be hydrolysed and coupled with 2-aminobenzothiazole 154 using aforementioned 

amide coupling methods. The tetrazole may be installed by treatment with sodium azide (NaN3) 

using procedures developed by Demko and Sharpless to afford the desired tetrazole derivative 

143.410 
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Scheme 41: Proposed synthesis of tetrazole derivative 143. Proposed reagents and conditions: (a) cyanamide, 

HATU, DIPEA, RT, 1 h; (b) LiOH, THF, H2O, RT, 30 min; (c) 2-aminobenzothiazole, HATU, DIPEA, RT, 1 h; 

(d) NaN3, ZnBr2, H2O, 100 °C, 24 h.  

 

3.6.7.  Synthesis of Amide Derivative 144 

In synthesising amide derivative 144, we initially attempted to perform a HATU-

mediated amide coupling of salicylic acid 192 and 2-aminobenzothiazole 154 (Scheme 42 (a)). 

However, poor yields of the desired amide 193 were obtained. This is likely due to interference 

of the phenol in the amide coupling, which may also cause coupling between salicylic acid 

molecules. Furthermore, it proved challenging to purify the reaction mixture. To remedy this, 

we also attempted a similar amide coupling with acetylsalicylic acid 194, to protect the phenol 

and prevent the intermolecular coupling (Scheme 42 (b)). This too, however, resulted in poor 

yield and the acid coupling to HATU directly and not reacting further. As these two compounds 

also had very similar Rf values, purification of these did not isolate the desired amide 195. 

 

Scheme 42: Attempted synthesis of amides 193 and 195. Reagents and conditions: (a) HATU, DIPEA, CH2Cl2, 

RT, 1 h.  
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Consequently, the order of the synthetic pathway was modified. Benzyl salicylate 196 

was first treated with ethyl bromoacetate 197 in an SN2 reaction to cleanly yield the diester 198 

in good yield. A Pd-catalysed hydrogenation then deprotected the benzyl group in good yield, 

which allowed for the HATU-mediated amide coupling of acid 199 and 2-aminobenzothiazole 

154. The ester 200 was then hydrolysed in quantitative yield to give the acid 201, after which 

another HATU-mediated amide coupling to methylamine furnished amide derivative 144 

(Scheme 43). 

 

Scheme 43: Synthesis of amide derivative 144. Reagents and conditions: (a) ethyl bromoacetate, K2CO3, acetone, 

56 ºC, 16 h, 81% yield; (b) H2, Pd/C, MeOH, RT, 16 h, 55% yield; (c) HATU, DIPEA, CH2Cl2, RT, 1 h, 48% 

yield; (d) LiOH, THF, H2O, RT, 30 min, 99% yield; (e) MeNH2, HATU, DIPEA, CH2Cl2, RT, 1 h, 61% yield.   

 

3.6.8.  Attempted Synthesis of Urea Derivative 145  

In our retrosynthesis of urea derivative 145, we envisioned three fragments to the 

molecule that could be pieced together sequentially. Compound 145 could therefore be 

prepared from a Suzuki coupling of pyridine 202 and pinacol boronate 203. In turn, the pinacol 

boronate could be prepared from aryl bromide 204, which would be synthesised via the 

formation of a urea linkage between 2-aminobenzothiazole 154 and 6-bromoindole 205 

(Scheme 44). 
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Scheme 44: Retrosynthesis of urea derivative 145. 

 

Therefore, urea 204 was prepared by treatment of 6-bromoindole 205 with N,N′-

carbonyldiimidazole (CDI) with catalytic DMAP, to obtain the asymmetric urea intermediate 

206 (Scheme 45). To this was added 2-aminobenzothiazole 154, which gave the desired urea 

204 in moderate yield. We then attempted to form pinacol boronate 203 in preparation for a 

Suzuki coupling to pyridine 202, using previously described borylation conditions, but this 

resulted in no conversion of the starting material. With different catalytic systems giving the 

same results (Table 9), it was hypothesised that co-ordination of the Pd catalyst to the 

benzothiazole sulfur and carbonyl oxygen formed a complex which prevented successful 

coupling from occurring.  

 

Scheme 45: Attempted synthesis of pinacol boronate 203. Reagents and conditions: (a) CDI, DMAP, MeCN, 82 

°C, 16 h; (b) 2-aminobenzothiazole, 82 °C, 6 h, 50% yield; (c) B2pin2, KOAc. For catalyst systems attempted, see 

Table 9. 
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Table 9: Attempted synthesis of pinacol boronate 203. 

Entry Catalyst system Result 

1 Pd(dppf)Cl2, DMF NRa 

2 Pd(dba)2, PCy3 NRa 

3 Pd(OAc)2 NRa 

aNo reaction. 

 

As such, it was decided to reverse the order of the synthetic pathway. The revised 

retrosynthesis in Scheme 46 shows how the molecule may first be disconnected by the urea 

linkage. Thus, indole 208 would be prepared via Suzuki reaction of indole 209 and pyridine 

202. 

 

Scheme 46: Revised retrosynthesis of urea derivative precursor 207. 

 

The carboxylic acid of pyridine 210 was initially protected, to prevent side reactions from 

occurring later during the urea formation (Scheme 47). This esterification proceeded cleanly 

in excellent yields. A Suzuki reaction between indole 209 and pyridine 202 then gave the 

desired indole 208 in good yields, although purification of the reaction mixture was challenging 

due to the production of protodeboronated and homo-coupled material. In a similar manner to 

urea 204, we then attempted to prepare urea 207 by treating indole 208 with CDI, followed by 

the addition of 2-aminobenzothiazole 154. However, this reaction failed to produce the desired 

urea 207 (entry 1, Table 10). It was hypothesised that deprotonation of the indole proton was 

necessary to facilitate the formation of the imidazole urea intermediate. This reaction was 

therefore attempted by initial treatment with NaH (entry 2, Table 10) and n-BuLi (entry 3, 

Table 10). These conditions unfortunately resulted in the formation of a complex reaction 

mixture. Indeed, the reactivity of the 3-position of the indole were likely to elicit complex 

pathways leading to the formation of side products. Due to constraints of time, further efforts 

toward the synthesis of urea derivative 145 were abandoned. 
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Scheme 47: Attempted synthesis of urea derivative 145. Reagents and conditions: (a) H2SO4, MeOH, 65 °C, 1 h, 

95% yield; (b) Na2CO3, Pd(PPh3)4, H2O, 1,4-dioxane, 80 °C, 16 h, 57% yield. For conditions, see Table 10. 

 

Table 10: Attempted synthesis of urea derivative 145. 

Entry Conditions Result 

1 CDI, cat. DMAP, MeCN, 82 °C, 1 h, then 2-aminobenzothiazole No reaction 

2 NaH, THF, 0 °C, 1 h, then CDI, 1 h, then 2-aminobenzothiazole CRMa 

3 n-BuLi, THF, −78 °C, 1 h, then CDI, 1 h, then 2-aminobenzothiazole CRM 

aComplex reaction mixture. 

 

Two future synthetic routes are proposed for the preparation of urea derivative 145. 

Scheme 48 (a) shows how indole 208 may be treated with triphosgene to form carbamyl 

chloride intermediate 210. The addition of 2-aminobenzothiazole 154 would then yield ester 

207. Alternatively in Scheme 48 (b), the reaction of 2-aminobenzothiazole 154 with 

triphosgene would afford carbamyl chloride 211, which could be heated to form isocyanate 212 

via Curtius rearrangement. Subsequent treatment of isocyanate 212 with deprotonated indole 

213 would then provide ester 207.  
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Scheme 48: Proposed synthetic routes towards urea derivative 207. Proposed reagents and conditions: (a) 

triphosgene, cat. DMAP, CH2Cl2, 0 °C to RT, 1 h; (b) Et3N, CH2Cl2, 0 °C to RT, 3 h; (c) triphosgene, CH2Cl2, 0 

°C to RT, 1 h; (d) PhMe, 110 °C, 1 h; (e) NaH, THF, 0 °C to RT, 30 min; (f) CH2Cl2, 0 °C to RT 1 h.  

 

3.6. Biological Evaluation 

The compounds synthesised in this chapter, 126, 127, 139–142 and 144 were delivered 

for biological evaluation by August 2024. Assays are currently in progress and such data for 

this library will be reported in due course.  

 

3.7. Summary and Concluding Remarks 

This chapter has explored the scaffold hopping of known compounds that act as potent 

inhibitors of BCL-XL. Scaffold hopping has been discussed as a technique in medicinal 

chemistry for generating novel chemotypes. This highlighted a variety of different methods to 

approach the bioisosteric replacement of molecular fragments. Indeed, the Spark software was 

utilised to perform 4° scaffold hopping, which replaced large segments of the lead molecules 

126 and 127 with differing chemical structures. Electrostatic field point diagrams demonstrated 

that the interactions between ligands and target proteins are not a result of specific atoms, but 
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the overall electronic characteristics of a molecule. This was further validated through the Glide 

scores of the newly generated structures, calculated via molecular docking studies. This chapter 

has also provided a detailed treatise of the synthetic challenges associated with the synthesis 

of these molecules, particularly in circumstances where initial retrosynthetic efforts were 

revised as unsatisfactory reaction outcomes were produced.  

Biological evaluation of compounds synthesised in Chapter 3 is still ongoing and these 

results are keenly anticipated to understand whether members of this library may possess 

senolytic capabilities. The exploration of novel chemotypes from existing compounds in the 

literature has proved a fascinating endeavour, and the continuation of such themes are further 

described in Chapter 4.  
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Chapter 4 – Probing SAR Around a Known MCL-1 Inhibitor 

 

4.1. Introductory Remarks 

The exploration of new chemical space by probing SAR underpins much of medicinal 

chemistry, and indeed is key to many aspects of drug discovery from primary screening to lead 

optimisation.411 Given that it was not possible to draw conclusions regarding the biological 

activity of compounds synthesised in Chapter 3, we felt it necessary to now pivot to a new 

target within the BCL-2 family. Moreover, we also wished to employ another method within 

medicinal chemistry to venture into these new chemotypes and enhance the knowledge in 

organic synthesis and SAR.  

In this chapter is discussed MCL-1, a member of the BCL-2 family and a key mediator 

in pathways that prevent apoptosis in SCs. Also introduced is the known inhibitor UMI-77 51, 

which offers excellent scope and opportunities for diversification through the probing of SAR. 

This chapter details efforts to understand known SAR data, which is followed by the rational 

design of previously unknown analogues. Computational studies are utilised to select the best 

of these compounds, providing a library for synthesis. An investigation of these synthetic 

approaches is discussed, leading to new structures that aim to further the breadth of knowledge 

of novel senolytic chemotypes. 

 

4.2. MCL-1: Another Anti-apoptotic Target for Senolytics 

The BCL-2 family, previously described in Chapter 1.4.4.5., contains the pro-apoptotic 

proteins BCL-2, BCL-XL, BCL-W, BFL-1/A1 and MCL-1.277 Given our focus on BCL-2 and 

BCL-XL throughout this work, we also saw it prudent to turn our attention to other members 

this family. While MCL-1 has been identified as a frequently amplified gene in cancers,412 

Alimonti and co-workers have also highlighted its upregulation in senescent tumour cells.331 

These cells displayed low levels of anti-apoptotic BCL-2, and thus treatment with the BCL-2 

inhibitor navitoclax demonstrated some reduction in metastases in mice models. The authors 

wanted to explore the impact of MCL-1 inhibition on senescent tumour cells, and found that 

the MCL-1 inhibitor S63845 (50) caused the complete elimination of such a tumour.331 

Additionally, MCL-1 has also been implicated in enhancing cellular survival413, 414 and was 

identified as a target for therapeutic intervention in AD.415 These results were intriguing and 

prompted us to examine the development of novel MCL-1 inhibitors. 
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Figure 47: Structure of the MCL-1 inhibitor S63845 (50). 

    

4.3. Choosing a Lead Compound 

Our search for MCL-1 inhibitors in the literature identified a number of small molecules 

that had demonstrated good potency against the protein.416-419 This included some which also 

functioned as dual inhibitors of MCL-1 and other BCL-2 family members.420-422 Of these, 

compound 51, also known as UMI-77 (Figure 48), was of particular interest due to its small 

size (MW = 467 Da) and potential for derivatisation. This compound was identified by 

Nikolovska-Coleska and co-workers, who had previously performed a HTS of a 53.5K library 

using a fluorescence polarisation assay.419 This highlighted 214 as a hit molecule, which was 

determined to possess a Ki of 1.55 ± 0.18 μM and had previously been shown to act as a 

proteasome inhibitor.423 

 

Figure 48: Structure of lead molecule 214, and modifications undertaken by Nikolovska-Coleska and coworkers 

in the design of UMI-77 51 and 215. FP = fluorescence polarisation assay; SPR = surface plasmon resonance 

assay. 

 

Setting out to improve the binding affinity of 214, the authors performed structural 

modifications to the linker group, aromatic ring, thiol tail and the phenol group. Each iteration 

in probing SAR was aided by both molecular docking studies and 1H–15N HSQC NMR studies 

of the protein and new analogues, which culminated in the generation of 51 (UMI-77) and 215. 

The authors’ work therefore not only served as the foundation for our own investigation, but 

the SAR uncovered also aided in the design of our library, which will be discussed below. 
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The binding mode of the most potent compound in the study, 215, was investigated by in 

silico induced fit docking studies (PDB: 2NLA, Figure 49 (a)). The naphthalene core and para-

phenoxyphenyl moiety of 215 fit into two hydrophobic pockets of the active site of MCL-1, 

mimicking the binding of its endogenous ligand, the BH3-only protein mNOXA. In addition, 

a network of H-bonding is formed between the carboxylic acid and Arg263 and Asn260. This 

was further evidenced by our own modelling of 215 in the binding pocket of MCL-1, using the 

same protein structure (Figure 49, (c)). The authors further expanded on these findings using 

1H–15N HSQC NMR studies (Figure 49, (b)). Indeed, the chemical shifts corresponding to 

environments in Phe270, Leu267 and Val253 – all residues within the hydrophobic binding 

pocket) – were observed, as was that of Arg263, which interacts with the carboxylic acid 

through H-bonding. The authors’ comprehensive study of the binding mode of 215 was 

instrumental in our library design, as it identified key features of MCL-1 inhibitors with high 

binding affinity. 

 

Figure 49: (a) Docking study of 215 bound to MCL-1 (PDB: 2NLA) performed Nikolovska-Coleska and 

coworkers. Side chains of residues are shown in light blue. The protein surface is colour coded according to 

changes in changes in the chemical shift, where significant shift (> 0.09 ppm) is coloured in purple, while moderate 

shift (0.03–0.09 ppm) is shown in pink; (b) Overlaid 1H–15N HSQC NMR spectra of MCL-1 (red) and MCL-1 

and 215 (black), highlighting chemical shift changes in Phe270 (F270), Leu267 (L267), Arg263 (R263), and 

Val253 (V253); (c) Docking study performed in this work showing 215 bound to MCL-1 (PDB: 2NLA), 

highlighting H-bond interactions between the carboxylic acid and Arg263 and Asn260. Reprinted with permission 

from J. Med. Chem. 2014, 57, 10, 4111–4133. Copyright 2014 American Chemical Society. 
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4.4. Library Design and Molecular Docking Study 

To design a library of compounds for synthesis, we first considered the SAR information 

determined by Nikolovska-Coleska and coworkers.419 While no changes were made to the 

naphthalene core, the four sections shown in Figure 48 were each probed by the authors. Of 

note were modifications that resulted in a complete loss of binding affinity to MCL-1. For 

example, this was seen when the 4-bromophenyl group was replaced by a methyl group in 216; 

when the carboxylic acid was replaced by an aliphatic tail in 217; or when the phenol was 

replaced with a methoxy group in 218 (Figure 50). Such biological data are unsurprising 

considering the results of the aforementioned molecular docking and 1H-15N HSQC studies. In 

216, a key π-π stacking interaction fails to occur due to the lack of aromatic ring, while in 217 

and 218, the lack of carboxylic acid or phenol prevents critical H-bond interactions from 

forming. 

 

Figure 50: Probing of SAR by Nikolovska-Coleska and coworkers revealed several derivatives where structural 

modifications resulted in a complete loss of binding affinity. FP = fluorescence polarisation assay; SPR = surface 

plasmon resonance assay.419 

 

We therefore designed a variety of analogues of UMI-77 51, with care to ensure that 

features such as the aromatic ring, carboxylic acid and phenol were not perturbed. 

Simultaneously moieties were introduced which were previously not prepared by the authors. 

The full list of these molecules is provided in Appendix B. Using these derivatives, we 

conducted our own molecular docking study, using the same protein model as the authors to 

validate our design (PDB: 2NLA). In addition to 51 and 215, our molecular design and docking 

revealed several compounds which were predicted to bind tightly to MCL-1, shown in Table 

11.  
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Table 11: Analogues of 51 with high binding affinity identified in docking study. 

Compound Structure Glide score 

UMI-77 (51) 

 

−3.56 

215 

 

−6.33 

219 

 

−7.06 

220 

 

−6.71 

221 

 

−5.08 

222 

 

−7.34 

  

Indeed, each of the new analogues maintained similar interactions with MCL-1 as 215. 

These are shown in Figure 51. In compounds 219 and 220, π-π stacking was maintained 

between the naphthalene core and His224, while the carboxylic acid formed H-bonds with 

Arg263 and Asn260. Meanwhile in compounds 221 and 222, π-π stacking was seen between 

the phenyl ring and Phe270, and the carboxylic acid formed the same H-bonding network with 
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Arg263 and Asn220 previously observed in 215. With these molecules showing potential as 

high-affinity binders to MCL-1, we proceeded with their synthesis. 

 
Figure 51: Diagrams showing compounds 219–222 docked to MCL-1. (a) 219 showing π-π stacking interaction 

to His224 and H-bonding network between Arg263 and Asn260; (b) 220 showing π-π stacking interaction to 

His224 and H-bonding network between Arg263 and Asn260; (c) 221 showing π-π stacking interaction to Phe270 

and H-bonding network between Arg263 and Asn260; (d) 222 showing π-π stacking interaction to Phe270 and H-

bonding network between Arg263 and Asn260. 

 

4.5. Synthesis of Lead Compounds 51 and 215 

A retrosynthetic analysis for the synthesis of UMI-77 51 is shown in Scheme 49. Indeed, 

each of the proposed compounds detailed Table 11 could be prepared in a similar manner, only 

differing with the final step of coupling the aromatic group. It was envisioned that 51 could be 

prepared via sulfonamide coupling between amine 223 and 4-bromobenzenesulfonyl chloride 

224. The amine 223 could in turn be produced from the corresponding nitroarene 225, which 

would be synthesised from aryl iodide 227 and methyl thioglycolate 226. Thus, each derivative 

could conveniently be prepared from the same starting material, the commercially available 1-

methoxy-4-nitronaphthalene 228.  
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Scheme 49: Potential retrosynthetic analysis of UMI-77 51.  

 

4.5.1.  Iodination of Naphthalene 228 

The synthesis of UMI-77 51 began with the selective iodination of 1-methoxy-4-

nitronaphthalene 228 according to procedures described in literature.419 Refluxing naphthalene 

228 and N-iodosuccinimide (NIS) in trifluoroacetic acid (TFA) resulted in 49% of the starting 

material being recovered following purification of aryl iodide 227, which was afforded in 37% 

yield (Scheme 50 (a) and Table 12). The mechanism of this reaction is intriguing: iodine(I) 

trifluoroacetate 229 is formed in situ from the reaction of NIS and TFA (Scheme 50 (b)). Both 

the protonated NIS species and iodine(I) trifluoroacetate 229 have been calculated to possess 

excellent potential in electrophilic aromatic substitution (SEAr) of various arenes, as 

determined by density functional theory calculations.424, 425 These intermediates have highly 

extended bonds to iodine, which therefore increases their polarity and creates exceptionally 

electron-deficient iodine atoms. Scheme 50 (c) demonstrates how the subsequent SEAr reaction 

takes place between naphthalene 228 and iodine(I) trifluoroacetate 229. 



Chapter 4 

 

 

 

111 

 

Scheme 50: (a) Synthesis of 2-iodo-1-methoxy-4-nitronaphthalene 227. Reagents and conditions: NIS, TFA, 72 

°C, 24 h, 37% yield; (b) Formation of the iodine(I) trifluoroacetate electrophile 229 as proposed in literature;424 

(c) Mechanism of the SEAr reaction between naphthalene 228 and iodine(I) trifluoroacetate 227. 

 

In subsequent attempts to optimise this reaction, the addition of an extra 0.50 equivalents 

of NIS led to the formation unwanted diiodinated isomers (entry 2, Table 12), which proved 

challenging to efficiently separate from the desired monoiodinated product 227. In a similar 

manner, we also attempted to perform the reaction in a pressure tube such that the iodination 

could be conducted at higher temperatures (entry 3, Table 12). However, any increase beyond 

the boiling point of TFA (72 °C) also caused the previously observed diiodination. It was thus 

concluded that future repetitions of this reaction would increase in scale and recover and 

recycle unused starting material. Other iodinating reagents have been developed for similar 

SEAr reactions, such as I2-NO2,
426 n-BuLi-F3CCH2I

427 and I2-AgNO3,
428 however the critical 

drawback of such combinations is their toxicity and associated hazards. Further attempts to 

improve the yield of this reaction could centre of alternative iodination conditions. 
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Table 12: Attempted optimisation of iodination of 1-methoxy-4-nitronaphthalene 228. 

Entry Conditions Result 

1 NIS (1.15 equiv.), TFA, 72 °C, 24 h 37% yield 

2 
NIS (1.65 equiv.), TFA, 72 °C, 24 h, then NIS (0.5 

equiv.), 72 °C, 24 h 

Formation of diiodinated 

products 

3 NIS (1.15 equiv.), TFA, 80 °C, 24 h, Pressure tube 
Formation of diiodinated 

products 

  

4.5.2.  Thiolation of Aryl Iodide 227 

Following this, the thiolation of aryl iodide 227 was attempted using methyl thioglycolate 

226, Cs2CO3, ZnCl2, LiI and Pd(OAc)2 with Xantphos as a catalyst system, according to 

conditions described in literature (Scheme 51).419, 429-431 Unfortunately, no conversion of the 

starting material was observed. As such, we therefore explored alternative conditions to prepare 

the desired thiol 225 in appreciable yield. 

 

Scheme 51: Attempted thiolation of aryl iodide 227. Reagents and conditions: (a) methyl thioglycolate, Cs2CO3, 

LiI, ZnCl2, Pd(OAc)2, Xantphos, THF, 60 °C, 24 h.  

 

Many methods exist in literature for the formation of aryl-sulfur bonds, as the 

functionality is found in various compounds with biological activity.432, 433 While the earliest 

procedures utilised high temperatures and long reaction times,434 newer, milder methodologies 

have been developed using Pd-based catalysts,434-436 among other metals such as Ni and Cu.437-

439 A survey of literature led us to the experimental protocol developed by Mase and co-

workers, which used a much simpler catalyst system than the procedure outlined above.430 

Trialling the reported conditions furnished the desired compound in poor yield of 6% and a 

significant amount of side products formed (Scheme 52 and entry 1, Table 13). It was proposed 

that some of these side products were dehalogenated in the reaction, and thiolation had occurred 

on the unsubstituted side of the naphthalene ring. It was not possible to determine which 

position substitution had occurred in, but this product was detected by ESI-MS.  We thus 

believed optimisation could increase the amount of 225 obtained.  
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Scheme 52: Thiolation of iodoarene 227. Reagents and conditions: methyl thioglycolate, DIPEA, Pd2(dba)3, 

Xantphos, 1,4-dioxane, 102 °C. For catalyst loading, time and yield, see Table 13. 

 

To this end, adjustment of the reaction time revealed that reaction completion occurred 

within one hour (entries 2 and 3, Table 13), as the low yield did not significantly change. As 

such, we observed that extended heating at reflux was likely the cause of side product 

formation. Nonetheless, much starting material was also unconverted in this reaction, which 

we hypothesised was due to poor catalytic turnover. The catalyst loading was therefore 

increased (entry 4, Table 13), which saw a large increase in yield to 34%. Consequently, a 

further increase in catalyst loading to 10% Pd2(dba)3 and 15% Xantphos (entry 5, Table 13) 

saw complete consumption of the starting material, with a highly encouraging yield of 85%. 

Noting the minor side products formed, we then decreased the reaction time again to just 30 

minutes (entry 6, Table 13), which afforded an excellent yield of 94% with virtually no other 

contaminants. The optimisation hence cleanly furnished the desired thiol 225. 

 

Table 13: Optimisation of thiolation of aryl iodide 227. 

Entry Catalyst loading Reaction time Result 

1 5% Pd2(dba)3, 10% Xantphos 6 h 
6% yield, significant side 

products 

2 5% Pd2(dba)3, 10% Xantphos 1 h 6% yield, minor side products 

3 5% Pd2(dba)3, 10% Xantphos 24 h 
7% yield, significant side 

products 

4 
10% Pd2(dba)3, 15% 

Xantphos 
1 h 34% yield, minor side products 

5 
25% Pd2(dba)3, 30% 

Xantphos 
1 h 85% yield, minor side products 

6 
25% Pd2(dba)3, 30% 

Xantphos 
30 min 94% yield 
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4.5.3.  Completing the Synthesis of UMI-77 51 

With thiol 225 in hand, it was necessary to reduce the nitroarene to the corresponding 

aniline in preparation for the sulfonamide coupling. Initially, this was attempted with a 

Béchamp reduction. However, we also became aware of an alternative procedure for nitroarene 

reduction. This utilises tetrahydroxydiboron (B2(OH)4) as the reductant and 4,4′-bipyridine as 

an organocatalyst.440 We were pleased to find that the latter procedure not only afforded the 

desired aniline 223 in almost quantitative yield, but also with a much shorter reaction time 

(Scheme 53). A comparison of these two methods is shown in Table 14. 

 

Table 14: Comparison of methodologies used for nitroarene reduction of 225. 

Entry Conditions Result 

1 Fe, NH4Cl, EtOH, 78 °C, 1 h 87% yield 

2 B2(OH)4, 4,4′-bipyridine, DMF, RT, 10 min 98% yield 

 

Following reduction, aniline 223 was then coupled to 4-bromobenzenesulfonyl chloride 

224 using pyridine in CH2Cl2, which proceeded in excellent yield to afford sulfonamide 230. 

Finally, a global deprotection of both the methyl ester and methoxy group via treatment with 

boron tribromide (BBr3) gave the desired lead compound 51, which completed the synthesis.  

 

 

Scheme 53: Synthesis of lead compound 51. Reagents and conditions: (a) B2(OH)4, 4,4′-bipyridine, DMF, RT, 10 

min, 98% yield; (b) 4-bromobenzenesulfonyl chloride, pyridine, CH2Cl2, RT, 3 h, 89% yield; (c) BBr3, CH2Cl2, 0 

°C to RT, 1 h, 39% yield. 

 

The yield of this final step was poor, and this may be rationalised by considering the 

mechanism of BBr3-mediated demethylation, as shown in Scheme 54. BBr3 is initially attacked 
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by the nucleophilic oxygen of the methoxy group, donating an electron pair into the vacant p-

orbital of the boron while simultaneously eliminating bromide. Subsequent attack of bromide 

onto the methyl group allows bromomethane to be eliminated, affording an organoboron 

species. Finally, aqueous workup decomposes this to the alcohol, also forming boric acid and 

HBr. Indeed, BBr3 is highly electrophilic and attack by other nucleophilic sites in the molecule 

is possible. These reactions therefore produce unwanted side products. Unsurprisingly, similar 

deprotections performed later in this chapter also suffer from poor yield. 

 

Scheme 54: Mechanism of BBr3-mediated demethylation. 

 

4.5.4.  Synthesis of Lead Compound 215 

The synthesis of lead compound 215 required 4-phenoxybenzenesulfonyl chloride 233. 

This was prepared according to literature procedures by first treating diphenyl ether 231 with 

chlorosulfonic acid (Scheme 55).441 This proceeded cleanly to afford sulfonic acid 232 in 

quantitative yield. Refluxing 232 with thionyl chloride then furnished sulfonyl chloride 233 in 

excellent yield of 93%. With this material in hand, it was then coupled to previously prepared 

aniline 223 in good yield of 76% using the pyridine-mediated sulfonamide coupling procedure 

described above. Finally, the global deprotection was accomplished via treatment with BBr3, 

thus affording lead compound 215.  
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Scheme 55: Synthesis of lead compound 215. Reagents and conditions: (a) ClSO3H, CH2Cl2, 0 °C to RT, 2 h, 

99% yield; (b) SOCl2, cat. DMF, 79 °C, 2 h, 93% yield; (c) pyridine, CH2Cl2, RT, 3 h, 76% yield; (d) BBr3, CH2Cl2, 

0 °C to RT, 1 h, 41% yield. 

 

4.6. Synthesis of Analogues 219–222 

4.6.1.  Synthesis of Cyclohexane Derivative 219 

The synthesis of 219 utilised aniline 223 and cyclohexaneacetic acid 235 in a HATU-

mediated amide coupling (Scheme 56). While this proceeded in appreciable yields, it was 

observed that an additional product was formed alongside amide 236. Gratifyingly, this product 

was readily separated via column chromatography, and analysis by 1H NMR revealed that the 

impurity was azabenzotriazole ester 237. This is formed when HATU reacts with acid 235 but 

fails to undergo subsequent attack by the aniline 223. The presence of this compound was 

further confirmed by ESI-MS analysis, which displayed a signal at m/z 283, corresponding to 

the Na+ adduct of 237.  

 

Figure 52: Azabenzotriazole ester 237 was formed in large quantities during the amide coupling of aniline 225 

and cyclohexaneacetic acid 235. 

 

Nonetheless, once amide 236 had been isolated in good yield of 74%, we continued with 

the global deprotection facilitated by BBr3, which yielded the desired compound 219. 
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Scheme 56: Synthesis of cyclohexane derivative 219. Reagents and conditions: Cyclohexaneacetic acid, HATU, 

DIPEA, CH2Cl2, 1 h, RT, 74% yield; (b) BBr3, CH2Cl2, 0 °C to RT, 1 h, 51% yield. 

 

4.6.2.  Synthesis of Amide Derivative 220 

The synthesis of amide derivative 220 required acid 241, which was synthesised 

according to literature procedures via a Chan-Lam oxidative coupling (Scheme 57).442 Thus 

methyl 2-(4-hydroxyphenyl)acetate 238 and phenylboronic acid 239 gave ester 240 in poor 

yield of 45%, which was subsequently hydrolysed to give acid 241 in quantitative yield. A 

HATU-mediated amide coupling between aniline 223 and acid 241 to afford amide 242, and 

purification via column chromatography cleanly isolated the product in good yield. Finally, the 

synthesis was completed using BBr3 to globally deprotect both the methyl ester and methoxy 

group, furnishing the desired amide derivative 220 in 77% yield.  

 

Scheme 57: Synthesis of amide derivative 220. Reagents and conditions: (a) Pyridine, Cu(OAc)2, CH2Cl2, RT, 24 

h, 45% yield; (b) LiOH, THF, H2O, RT, 30 min, 99%; (c) HATU, DIPEA, CH2Cl2, RT, 1 h, 77% yield; (d) BBr3, 

CH2Cl2, 0 °C to RT, 1 h, 56% yield. 
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4.6.3.  Synthesis of Pyrazole Derivative 221 

The synthesis of pyrazole derivative 221 began with the pyridine-mediated sulfonamide 

coupling between amine 223 and the commercially obtained 4-(1H-pyrazol-1-

yl)benzenesulfonyl chloride 243, which proceeded cleanly in excellent yield of 86% (Scheme 

58). The subsequent global deprotection using BBr3 gave the desired pyrazole derivative 221 

in moderate yield of 47%. 

 

 

 

Scheme 58: Synthesis of pyrazole derivative 221. Reagents and conditions: (a) Pyridine, CH2Cl2, RT, 3 h, 86% 

yield; (b) BBr3, CH2Cl2, 0 °C to RT, 1 h, 47% yield. 

 

4.6.4.  Attempted Synthesis of Urea Derivative 222 

The synthesis of urea 222 required aniline 248, which was prepared according to 

literature procedures using a SNAr reaction between 1-fluoro-4-nitrobenzene 245 and phenol 

246, mediated by K2CO3 (Scheme 59).443 This afforded the nitroarene 247 in poor yield. 

Reduction of the nitro group using B2(OH)4 gave aniline 248 in excellent yield. With this 

material in hand, aniline 223 was treated with CDI in an attempt to generate the urea 

intermediate 249. Unfortunately, this resulted in no conversion of the starting material.  

 

Scheme 59: Synthesis of amine 245 and attempted synthesis of urea intermediate 249. Reagents and conditions: 

(a) K2CO3, DMF, RT, 24 h, 36% yield; (b) B2(OH)4, 4,4’-bipyridine, DMF, 0 °C to RT, 10 min, 97% yield; (c) 

CDI, cat. DMAP, MeCN, 82 °C, 3 h. 
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Consequently, we decided to activate aniline 223 for urea formation using 

bis(trichloromethyl) carbonate, also known as triphosgene. This allows for the convenient 

synthesis of carbamyl chlorides, as shown in Scheme 60. The nucleophilic amine initially 

attacks the carbonyl group. As the carbonyl group is regenerated, phosgene is eliminated, which 

can participate in subsequent reactions in a manner similar to that described. Further attack of 

chloride generates the carbamyl chloride, which may be treated with an amine to afford a urea. 

 

Scheme 60: Mechanism of triphosgene-mediated carbamyl chloride preparation. 

 

Treatment of aniline 223 with triphosgene gave carbamyl chloride intermediate 249 

(Scheme 61). Subsequently, carbamyl chloride 250 was treated with aniline 248, which 

afforded urea 251 in overall yield of 26%. While little material was produced from this reaction, 

we nonetheless proceeded with the previously attempted BBr3 global deprotection. 

Unfortunately, much of this material decomposed during the reaction and it was not possible 

to isolate a large enough quantity for characterisation and biological evaluation. Regrettably, 

time constraints prevented further attempts toward the synthesis of urea derivative 222. 

 

Scheme 61: Attempted synthesis of urea derivative 222. Reagents and conditions: (a) triphosgene, Et3N, CH2Cl2, 

0 °C to RT, 4 h; (b) CH2Cl2, RT, 16 h, 11% yield; (c) BBr3, CH2Cl2, 0 °C to RT, 1 h. 
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Further attempts to synthesise urea derivative 222 may centre on different approaches 

toward the formation of the urea in improved yield. A simple reversal of the coupling partners, 

shown in Scheme 62 (a) may allow for more attempts at optimisation by using the less costly 

amine 248 to form carbamyl chloride 252. Alternatively, by beginning with acid 253 in Scheme 

62 (b), this can be treated with diphenylphosphoryl azide (DPPA) to form acyl azide 254, which 

may then undergo a Curtius rearrangement to give isocyanate 255. The reaction of isocyanate 

255 with aniline 223 then affords urea derivative precursor 251. 

 

Scheme 62: Proposed synthesis of urea derivative precursor 251. Proposed reagents and conditions: (a) 

triphosgene, Et3N, CH2Cl2, 0 °C to RT, 4 h; (b) CH2Cl2, RT, 16 h; (c) DPPA, Et3N, PhMe, 110 °C, 6 h; (d) CH2Cl2, 

RT, 16 h. 
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4.7. Biological Evaluation 

The compounds synthesised in this chapter, 51, 215 and 219–221, were delivered for 

evaluation by August 2024. Assays are currently in progress and such data for this library will 

be reported in due course.  

 

4.8. Concluding Remarks 

In Chapter 4, the anti-apoptotic protein MCL-1 has been introduced as a promising 

target for senolytics. The work performed in this chapter aimed to develop new ligands for 

MCL-1 to further probe SAR around this biological target. Using known SAR information 

obtained via thorough experimentation of the pharmacophore, we designed novel derivatives 

of UMI-77 51. A docking study then highlighted compounds which were likely to possess 

strong binding affinity to MCL-1, demonstrating that the protein-ligand interactions were 

similar to those proposed by Nikolovska-Coleska and coworkers.419 The synthetic methods 

detailed in this chapter provide a discussion of the challenges associated with the preparation 

of these new analogues, particularly optimisation required for the thiolation of naphthalene 

227. Future work could focus on the rapid diversification of this library using amide and 

sulfonamide coupling methodologies to explore previously unknown chemical space.  

As with Chapter 3, the biological evaluation of the compounds described in this chapter 

is still ongoing, and it is hoped that this assay data will provide vital new insights into strong 

binders of MCL-1. Probing of SAR continues to be a fascinating topic which attracts significant 

attention from the medicinal chemistry community and will provide key information in the 

quest to discover novel senolytics. 
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Chapter 5 – Summary and Future Work 

 

5.1. Summarising Remarks 

Neurodegenerative disease presents a major current and future health challenge as global 

life expectancies increase and the cost of medical care climbs. Current small-molecule 

treatments have shown no disease-modifying effect and thus far, all dementias have fatal 

prognoses.444 This work has presented the increasing burden of cellular senescence, and the 

sustained release of SASP factors, as a hallmark of neurodegenerative disease. In particular, 

the BCL-2 family of proteins was identified as a group of key mediators in SCAPs, suggesting 

potential druggable targets to induce apoptosis in SCs.262 This work has exemplified various 

strategies within medicinal chemistry to design and synthesise novel small chemotypes as 

senolytics. An iterative reconstruction approach, traditional SAR probing, 4° scaffold hopping 

and computationally aided ligand design have all been utilised for the generation of novel 

compounds. Biological evaluation of the compounds synthesised is in progress, and the results 

of these studies will be disclosed in due course. Nonetheless, this work has expanded the 

breadth of knowledge in senolytic treatments and represents valuable preliminary steps in the 

amelioration of neurodegeneration. 

 

5.1.1.  Summary of Chapter 2  

Chapter 2 highlighted work conducted by Abbott Laboratories in the development of 

BCL-XL inhibitor 57.334 The further development of this compound led to 53,342 ABT-737 46333 

and ABT-263 47,332 of which the latter two were reported as possessing sub-nanomolar binding 

affinity to BCL-XL and BCL-2. We therefore undertook an iterative reconstruction of 57 in an 

attempt to determine the minimum pharmacophore required for binding to BCL-2. This 

resulted in the synthesis of ten derivatives, building up the molecule in three stages: (1) 

expansion of the carboxylic acid side; (2) expansion of the sulfonamide side; and (3) expansion 

of the amine tail. Together, this gave compounds 58–67 in addition to the lead compound 57 

(Figure 53). Unfortunately, biological evaluation via TR-FRET assay (for BCL-XL) and 

AlphaScreen® assay (for BCL-2) indicated that no significant binding occurred between either 

target protein or the compounds prepared. 
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Figure 53: Compounds synthesised as part of the iterative reconstruction described in Chapter 2. 

 

Given these results, we therefore designed adamantane analogues of this library to further 

probe structure-activity relationships with previously unexplored chemical motifs. Binding 

affinity between these analogues and BCL-XL was modelled using molecular docking studies, 

which indicated that analogues 99–101 were especially strong binders. The synthesis of this 

library gave compounds 87, 90, 93, 96 and 99 (n = 0 linkers), 88, 91, 94, 97 and 100 (n = 1 

linkers) and 89, 92, 95, 98 and 101 (n = 2 linkers) through the replacement of the carboxylic 

acid side with various adamantane carboxylic acids (Figure 54). However, biological 

evaluation using the aforementioned assays also revealed that none of these were effective 

ligands for BCL-XL. Consequently, this data spurred us to explore alternative senolytic 

chemotypes. 
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Figure 54: To further probe SAR, adamantane analogues of compounds 87–101 were also synthesised in Chapter 

2. 

 

5.1.2.  Summary of Chapter 3  

A broad overview of scaffold hopping was presented as the basis for work conducted in 

Chapter 3. The development of compounds 126 and 127 highlighted interesting new lead 

compounds which were extremely potent against BCL-XL (Figure 55).375, 378 We subsequently 

performed scaffold hopping on different segments of these compound using Spark software. In 

particular, these results were filtered for structures that shared greater than 80% similarity to 

their respective leads. To further validate our methodology, the binding modes of these 

compounds were further investigated via molecular docking studies. This work showed that 

many of these compounds were predicted to have similar or greater binding affinity than the 

leads. 

 

Figure 55: Lead compounds used for scaffold hopping in Chapter 3. 

 

This chapter details the synthetic efforts which successfully furnished the lead 

compounds 126 and 127; cyclopropane derivative 139; cyclobutane derivative 140; alkyne 

derivative 141; naphthalene derivative 142; and amide derivative 144 (Figure 56). Indeed, at 

various points during synthetic pathways it was necessary to modify initial plans adapted from 
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retrosynthetic analysis. Efforts to prepare tetrazole derivative 143 and urea derivative 145 were 

also discussed, but unfortunately these syntheses could not be completed due to time 

constraints. The biological evaluation of the completed compounds is currently in progress. 

 

Figure 56: Compounds generated via scaffold hopping and subsequently synthesised as discussed in Chapter 3. 

 

5.1.3.  Summary of Chapter 4  

In Chapter 4, a new target protein was presented: MCL-1, another member of the BCL-

2 family implicated as a SCAP which ensures the survival of SCs. The compounds UMI-77 51 

and 215 developed by Nikolovska-Coleska and co-workers, showed good binding affinity to 

MCL-1 (Figure 57).419 We thus chose to use these as lead compounds in this chapter. Aided by 

the results of the authors’ SAR studies, we designed a library of similar compounds containing 

various modifications to explore previously unknown analogues. Molecular docking studies 

were then performed, identifying derivatives 219–222 with promising biological activity. 

 

Figure 57: Compounds 51 and 215 were identified as leads for Chapter 4. 

 

The synthetic efforts of Chapter 4 describe pathways which furnished the lead 

compounds 51 and 215, as well as derivatives 219–221 (Figure 58). Also discussed are efforts 

to prepare the urea derivative 222, which were unfortunately prevented from reaching fruition 
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due to constraints of time. In a similar vein to Chapter 3, the results of biological evaluation 

for compounds synthesised in this chapter are still pending. 

 

Figure 58: Compounds 219–221 were designed using the SAR results from Nikolovska-Coleska and co-workers 

and subsequently synthesised in Chapter 4. 

  

5.2. Future Work 

Each of the above chapters offers significant scope for future undertakings in the 

identification of novel senolytic chemotypes. Indeed, further investigations into the structures 

prepared throughout Chapters 2–4 have potential to reveal new functionalities with the ability 

to hinder the activity of SCAPs. Despite the identification of a myriad of senolytic small 

molecules as discussed in Chapter 1.5.2., the use of these as drug treatments is still in its 

infancy. The work described in this thesis presents work to further the scope of known 

senolytics and provided insight into the challenges associated with doing so. Undoubtedly, the 

results of pending biological evaluation of compounds prepared in this work will influence 

future directions within the Kassiou group. Nonetheless, the future of such research is bright, 

and many avenues exist in which to continue this research and explore even more novel 

chemotypes. 

 

5.2.1.  Traditional SAR Methodologies 

Of the senolytic compounds discussed in Chapter 1.5.2., few of these have been 

rigorously explored and probed for SAR. The derivatisation of small molecules is an especially 

potent strategy to discover novel chemotypes. Molecules such as the USP7 inhibitors P5091 

38 and P22077 39 are strong candidates for this type of work. Of particular note regarding these 

compounds is that they are not known as inhibitors of the BCL-2 family, and therefore the 

targeting of different SCAPs could advance future treatment options and yield new insights 

into senolytic pathways. A representative example of the kind of derivatisation which may be 
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attempted on is given in Figure 59, wherein the structures of P5091 38 and P22077 39 could 

each be expanded upon via a Topliss scheme or a complete Hansch analysis.338, 445  

 

Figure 59: Structures of P5091 38 and P22077 39, showing sites for derivatisation in blue. 

 

This would apply a logical workflow to the design of senolytic chemotypes and 

regardless of biological activity, is sure to lend valuable insights into the mechanism by which 

these compounds act. Indeed, following the Topliss scheme allows for rapid generation of a 

large library of compounds, which would greatly expand both chemical space and 

understanding of SAR around their biological target. Similarly, undertaking a Hansch analysis 

in the different positions seen in Figure 59 would lead to rapid molecular diversification and 

even furnish insights into quantitative SAR (QSAR). Such a methodology may even be 

exploited for the design of de novo ligands for the target proteins. Further derivatisation work 

could even focus on the late-stage functionalisation of these molecules to both improve potency 

and drug-like molecular properties.446-449 

 

5.2.2.  Further Scaffold Hopping 

Although only 4° scaffold hopping was undertaken throughout this work, other types of 

scaffold hopping were discussed in Chapter 3.4., namely heterocyclic replacement; ring 

opening or closure; and pseudopeptide or peptidomimetic replacement.380 These strategies 

introduce smaller structural modifications to molecules than 4° scaffold hopping and therefore 

have greater likelihood to produce compounds with similar binding modes and affinities to 

their parent molecules. An example of such rescaffolding is shown in Figure 60 for 

piperlongumine 30.  
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Figure 60: Potential 1° and 2° scaffold hopping of piperlongumine 30, with heterocyclic replacement, ring closing 

and ring opening highlighted in blue.  

 

1° scaffold hopping could take the form of heterocyclic replacement of either the phenyl 

ring or lactam. This could give a pyridine as shown in 256, or pyrimidine as shown in 257. In 

a similar manner, potential 2° scaffold hopping could involve ring closing to afford a 

naphthalene as shown in 258, or ring opening to give the amide as shown in 259. It may not be 

possible to perform 3° scaffold hopping on 30, as it does not possess peptidic structures 

required to undertake such a methodology. Nonetheless, the realm of possibilities can be 

expanded even further by considering 4° scaffold hops undertaken in Chapter 3.  

 

5.2.3.  PROTAC Design 

In recent years, proteolysis-targeting chimera (PROTAC) design become one of the most 

exciting and rapidly advancing fields within medicinal chemistry research.450 PROTACs  

generally consist of three sections: (1) a ligand binding to the target protein; (2) a linker; and 

(3) a ligand binding to an E3 ligase. By forming a ternary complex between the target protein 

and an E3 ligase, the target protein is ubiquitinylated and subsequently degraded by the 

ubiquitin-proteosome system.450 This is in part due to the fundamental problems that PROTACs 

were initially purported to address, and the promising biological data observed throughout 

literature. Indeed, Zhou and coworkers have already reported DT2216 260 (Figure 61), a 

PROTAC which has shown effective degradation of BCL-XL.451 260 is derived from the 

aforementioned ABT-263 47 and the VHL ligand.  
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Figure 61: Structure of DT2216 260, a known degrader of BCL-XL. The BCL-XL ligand ABT-263 is shown in 

blue, the linker is shown in green, and the VHL ligand is shown in red.  

 

If any of the newly developed MCL-1 ligands synthesised in Chapter 4 possess greater 

binding affinity than their lead compound 215, then this may encourage the design of new 

PROTACs for this member of the BCL-2 family. Some proposed structures of these PROTACs 

are shown in Figure 62, showing MCL-1 as a representative example of the target protein 

ligand and the common E3 ligase recruiting units lenalidomide 261, pomalidomide 262 and 

VHL ligand 1 263. While this exploration is only speculative, however inducing senolysis via 

use of PROTACs could create exciting new therapeutic opportunities.  

 

Figure 62: Proposed structures of PROTACs derived from UMI-77 51.  

 

The drug discovery of senolytics is still an emerging field, although it is encouraging to 

see the vast array of identified compounds that have been observed to carry out this function. 

The continued investigation into small-molecule senolytic chemotypes, as well as SCAPs that 

are yet unknown, will play a crucial role in the treatment of neurodegeneration.  
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5.3. Final Concluding Remarks 

The effect and burden of dementias on patients, carers and healthcare systems worldwide 

cannot be understated.452 As global life expectancies increase, these issues are only poised to 

grow in magnitude and scale. This work has attempted to tackle just one facet of this enormous 

challenge. The body of work represents different ways in which medicinal chemistry may 

propose solutions to neurodegenerative disease, namely through techniques which generate 

novel and unexplored structures. These include the iterative reconstruction of Chapter 2; 

scaffold hopping in Chapter 3; and traditional SAR probing in Chapter 4. Alongside this, 

molecular docking studies have been applied to supplant and inform the selection of 

compounds within libraries. If these structures demonstrate biological activity, they represent 

exciting opportunities to further knowledge in the medical field, but also in organic chemistry 

through the implementation of synthetic methodologies. Future investigations should utilise 

this work as laying the ground for new efforts towards treatments for neurodegenerative 

disease. It is hoped that this research will also provide inspiration for how medicinal chemistry 

methods may be applied to existing structures in literature to generate novel scaffolds for other 

disease models, such as cancer, social dysfunction or cardiovascular disease.  

Neurodegeneration has affected people since antiquity6 and despite more than 100 years 

of modern medical research, massive gaps are still present in our understanding of the genesis 

and progression of these disease states. The conditions will no doubt be with us for the long-

term future, continuing to affect millions of people and adding costs to economies worldwide. 

The research discussed in this thesis is but one step in the marathon of tackling such an 

enormous challenge.    
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Chapter 6 – Experimental 

 

6.1. General Experimental 

Unless otherwise stated, all solvents and reagents were purchased and used from 

commercial sources. Anhydrous solvents were obtained from an Innovative Technology 

PureSolv7 purification system. Tetrahydrofuran, dichloromethane, toluene and 1,4-dioxane 

were dried on 4 Å molecular sieves, while methanol and ethanol were dried on 3 Å molecular 

sieves. All reagents were weighed out under ambient conditions. All reactions were performed 

under nitrogen or argon, unless otherwise stated. 

Analytical thin-layer chromatography (TLC) was performed using Merck aluminium 

backed silica gel 60 F254 (0.2 mm) plates, which were visualised with shortwave (254 nm) 

ultraviolet light. Products were also visualised with potassium permanganate, vanillin, cerium 

molybdate, bromocresol green or ninhydrin stains. Flash column chromatography was 

performed using Merck Kieselgel 60 (230-400 mesh) silica gel or using a Biotage® Selekt 

flash purification system, using Biotage® Sfär HC, Biotage Sfär C18 or Velocity Silica pre-

packed columns, with the eluent mixture reported as the volume:volume ratio. 

IR spectra were recorded neat using a Bruker ALPHA FT-IR spectrometer and peaks are 

expressed in wavenumbers (cm−1). Low-resolution mass spectra (LRMS) were recorded using 

electrospray ionisation (ESI) recorded on a Bruker AmaZon SL ion trap spectrometer. High-

resolution mass spectrometry (HRMS) was performed on a Bruker Apex Qe 7T Fourier 

Transform Ion Cyclotron Resonance mass spectrometer equipped with an Apollo II 

ESI/MALDI dual source. Samples were run with syringe infusion at 150 μL/h on a Cole Palmer 

syringe pump into the ESI source. HRMS samples were run by Dr. Nicholas Proschogo. 

Nuclear magnetic resonance spectra were recorded at 300 K using either a Bruker AVANCE 

DRX300 (300 MHz), AVANCE DRX400 (400 MHz) or AVANCE DRX500 (500 MHz) 

spectrometer. 1H chemical shifts are expressed as parts per million (ppm) with residual 

chloroform (δ 7.26), dimethyl sulfoxide (δ 2.50) and acetone (δ 2.05) as reference and are 

reported as chemical shift (δ); multiplicity (s = singlet, br s = broad singlet, d = doublet, dd = 

doublet of doublets, dt = doublet of triplets, dp = doublet of pentets, ddd = doublet of doublets 

of doublets, dddd = doublet of doublets of doublets of doublets, dtd = doublet of triplets of 

doublets, dtt = doublet of triplets of triplets, t = triplet, td = triplet of doublets, tdd = triplet of 

doublet of doublets, tt = triplet of triplets, q = quartet, p = pentet, hept = heptet, m = multiplet); 

coupling constants (J) reported in Hz; relative integral. Proton decoupled 13C chemical shifts 



Chapter 6 

 

 

137 

are expressed as parts per million (ppm) with residual chloroform (δ 77.16), dimethyl sulfoxide 

(δ 39.52) and acetone (δ 29.84) as reference and reported as chemical shift (δ); multiplicity (d 

= doublet, m = multiplet); coupling constants (J) reported in Hz. Proton decoupled 19F chemical 

shifts are reported as parts per million (ppm) with no reference. High performance liquid 

chromatography (HPLC) analysis of organic purity was conducted on a Waters Alliance 2695 

instrument using a SunFire™ C18 column (5 μm, 2.1 × 150 mm) and detected using a Waters 

2996 photodiode array detector set at 254 nm. Separation was achieved using H2O + 0.1% TFA 

(solvent A) and MeCN + 0.1% TFA (solvent B) at a flow rate of 0.2 mL/min and a gradient of 

0% B to 100% B over 30 minutes. HPLC data are reported as percentage purity and retention 

time (RT) in minutes. 

 

6.2. General Procedures 

General Procedure A: Sulfonamide Coupling 

A solution of carboxylic acid (1.0 equiv.), primary sulfonamide (1.2 equiv.), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide HCl salt (EDC∙HCl, 1.2 equiv.) and 4-

(dimethylamino)pyridine (DMAP, 0.5 equiv.) in CH2Cl2 (5 mL) was stirred at RT for 16 h. The 

solvent was evaporated under a gentle stream of N2, then the crude residue was partitioned 

between EtOAc and 1 M HCl. The mixture was extracted with EtOAc (×3), then the combined 

organic layers were washed with brine, then dried (MgSO4). The solvent was evaporated under 

reduced pressure. Purification procedures are described for each compound. 

 

General Procedure B: Nucleophilic Aromatic Substitution 

A solution of aryl chloride (1 equiv.) and primary amine (5 equiv.) in DMSO (2 mL) was heated 

at 100 °C in a sealed tube for 16 h. The solution was diluted with H2O and extracted with 

EtOAc (×3). The combined organic layers were washed with brine, then dried (MgSO4). The 

solvent was evaporated under reduced pressure. Purification procedures are described for each 

compound. 

 

General Procedure C: Bechamp Reduction 

To a solution of nitro compound (1 equiv.) in ethanol (5 mL) was added Fe powder (0.10 g) 

and a solution of NH4Cl (0.10 g) in H2O (0.5 mL). The mixture was stirred vigorously at reflux 

for 1 h. The mixture was concentrated, then partitioned between H2O and EtOAc, then filtered 

through a plug of celite. The filtrate was extracted with EtOAc (×3). The combined organic 
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layers were washed with brine, then dried (MgSO4). The solvent was evaporated under reduced 

pressure. Purification procedures are described for each compound. 

 

General Procedure D: Amide Coupling 

A solution of carboxylic acid (1 equiv.), hexafluorophosphate azabenzotriazole tetramethyl 

uranium (HATU, 1.2–1.5 equiv.) and diisopropylethylamine (DIPEA, 2–3 equiv.) in CH2Cl2 

(10 mL) was pre-stirred at RT for 15 min, then primary amine (2 equiv.) was added. The 

reaction was stirred for 1 h at RT, then the solution was concentrated under a gentle stream of 

N2, then the crude residue was partitioned between EtOAc and 1 M HCl. The mixture was 

extracted with EtOAc (×3), then the combined organic layers were washed with brine, then 

dried (MgSO4). The solvent was evaporated under reduced pressure. Purification procedures 

are described for each compound.  

 

General Procedure E: Ester Hydrolysis 

A solution of ester (1 equiv.) and LiOH (5 equiv.) in 1:1 THF/H2O (5 mL) was stirred at RT for 

30 min. When the reaction was complete, 1 M HCl was added, then the solution was extracted 

with EtOAc (×3). The combined organic layers were washed with brine, then dried (MgSO4). 

The solvent was evaporated under reduced pressure to yield the product with no further 

purification. 

 

General Procedure F: Miyaura Borylation 

A mixture of aryl bromide (1 equiv.), bis(pinacolato)diboron (B2pin2, 1.2 equiv.), KOAc (3 

equiv.) and bis(diphenylphosphino)ferrocene)palladium(II) dichloride (Pd(dppf)Cl2, 5 mol %) 

were dried under vacuum. Concurrently, DMF (5 mL) was degassed under N2. The solvent was 

then added to the solvents, and the mixture was heated at 100 °C for 16 h. When the reaction 

was complete, the mixture was diluted with 3 M aq. NaCl solution, then the solution was 

extracted with EtOAc (×3). The combined organic layers were washed with brine, then dried 

(MgSO4). The solvent was evaporated under reduced pressure. Purification procedures are 

described for each compound. 

 

General Procedure G: Sulfonamide coupling 

To a solution of amine (1 equiv.) and sulfonyl chloride (1–1.5 equiv.) in CH2Cl2 (2.5 mL) was 

added pyridine (1.5 equiv.), then the solution was stirred at RT for 16 h. When the reaction was 

https://en.wikipedia.org/wiki/(1,1%27-Bis(diphenylphosphino)ferrocene)palladium(II)_dichloride
https://en.wikipedia.org/wiki/(1,1%27-Bis(diphenylphosphino)ferrocene)palladium(II)_dichloride
https://en.wikipedia.org/wiki/(1,1%27-Bis(diphenylphosphino)ferrocene)palladium(II)_dichloride
https://en.wikipedia.org/wiki/(1,1%27-Bis(diphenylphosphino)ferrocene)palladium(II)_dichloride
https://en.wikipedia.org/wiki/(1,1%27-Bis(diphenylphosphino)ferrocene)palladium(II)_dichloride
https://en.wikipedia.org/wiki/(1,1%27-Bis(diphenylphosphino)ferrocene)palladium(II)_dichloride
https://en.wikipedia.org/wiki/(1,1%27-Bis(diphenylphosphino)ferrocene)palladium(II)_dichloride
https://en.wikipedia.org/wiki/(1,1%27-Bis(diphenylphosphino)ferrocene)palladium(II)_dichloride
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complete, the reaction mixture was diluted with 1 M aq. HCl solution and extracted with EtOAc 

(×3). The combined organic layers were washed with brine, then dried (MgSO4). The solvent 

was evaporated under reduced pressure. Purification procedures are described for each 

compound. 

 

General Procedure H: Demethylation 

A solution of methoxy compound (1 equiv.) in CH2Cl2 (1.5 mL) was cooled in an ice-water 

bath, then BBr3 (3–5 equiv.) was added dropwise. The solution was allowed to warm to RT and 

stirred for 1 h. When the reaction was complete, the reaction mixture was carefully poured in 

sat. aq. NH4Cl solution to quench excess BBr3, then extracted with EtOAc (×3). The combined 

organic layers were washed brine, then dried (MgSO4). The solvent was evaporated under 

reduced pressure. Purification procedures are described for each compound. 

 

6.3. Experimental and Characterisation for Chapter 2 

4-Chlorobenzenesulfonamide 72 

 

A solution of 4-chlorobenzenesulfonyl chloride 71 (3.5 g, 16.6 mmol) in 26-28% aq. NH3 (30 

mL) was heated at 50 °C for 2 h. The solvent was evaporated, and to the crude residue was 

added cold H2O to dissolve any NH4Cl. The mixture was filtered and the residue collected to 

yield sulfonamide 72 as a white solid (3.12 g, 98%). LRMS (−ESI) m/z 190 [M−H]−; 1H 

NMR (300 MHz, DMSO-d6) δ 7.86 – 7.81 (m, 2H), 7.67 – 7.63 (m, 2H), 7.39 (br s, 2H) ppm; 

13C NMR (75 MHz, DMSO-d6) δ 143.0, 136.6, 129.1, 127.6 ppm. Characterisation data were 

consistent with literature.453 
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2,4-Dichloro-N-((4-chlorophenyl)sulfonyl)benzamide 58 

 

Using General Procedure A, 2,4-dichlorobenzoic acid (0.19 g, 1.0 mmol) and 4-

chlorobenzenesulfonamide 72 (0.23 g, 1.2 mmol) gave the title compound. The crude residue 

was purified by flash column chromatography (20-40% EtOAc/hexanes), then recrystallised 

from EtOH to yield N-acylsulfonamide 71 as white crystals (0.26 g, 72%). IR (neat, diamond 

cell) ν 3243, 3094, 3087, 1719, 1583, 1421, 1341, 1177, 1167, 1100, 1080, 1044, 890, 822, 

784, 753, 614 cm−1; LRMS (−ESI) m/z 362, 364 [M−H]−; HRMS Calcd for C13H7Cl3NO3S
− 

[M−H]−: m/z 361.92177, 363.91882, 365.91587, found m/z 361.92180, 363.91885, 365.91590; 

1H NMR (400 MHz, CDCl3) δ 8.87 (br s, 1H), 8.09 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 6.8 Hz, 

1H), 7.56 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 2.1 Hz, 1H), 7.35 (dd, J = 6.8 Hz, 2.1 Hz, 1H) 

ppm; 13C NMR (101 MHz, CDCl3) δ 169.4, 139.0, 137.4, 135.5, 130.9, 130.0, 129.8, 129.6, 

129.6, 129.1, 129.0 ppm; HPLC (254 nm) RT = 25.96 min, 98.45%. Characterisation data were 

consistent  with literature.344 

 

N-((4-Chlorophenyl)sulfonyl)-4-methylbenzamide 59 

 

Using General Procedure A, p-toluic acid (0.14 g, 1.0 mmol) and 4-

chlorobenzenesulfonamide 72 (0.23 g, 1.2 mmol) gave the title compound. The crude residue 

was purified by flash column chromatography (20-40% EtOAc/hexanes), then recrystallised 

from EtOH to yield N-acylsulfonamide 59 as white crystals (0.19 g, 60%). IR (neat, diamond 

cell) ν 3178, 3116, 3096, 1670, 1442, 1361, 1180, 1078, 820, 750, 613 cm−1; LRMS (−ESI) 

m/z 308 [M−H]−; HRMS Calcd for C14H11
35ClNO3S

− [M−H]−: m/z 308.01537, found m/z 

308.01523; 1H NMR (400 MHz, CDCl3) δ 9.26 (br s, 1H), 8.13 – 8.05 (m, 2H), 7.74 – 7.66 

(m, 2H), 7.55 – 7.47 (m, 2H), 7.22 (d, J = 8.0 Hz, 2H), 2.37 (s, 3H) ppm; 13C NMR (101 MHz, 
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CDCl3) δ 164.3, 144.7, 140.8, 137.0, 130.2, 129.7, 129.3, 128.1, 127.9, 21.6 ppm; HPLC (254 

nm) RT = 24.71 min, 98.36%. 

 

N-((4-Chlorophenyl)sulfonyl)-4-isopropylbenzamide 60 

 

Using General Procedure A, cumic acid (0.16 g, 0.97 mmol) and 4-

chlorobenzenesulfonamide 72 (0.23 g, 1.2 mmol) gave the title compound. The residue was 

recrystallised from EtOH to yield N-acylsulfonamide 60 as white crystals (0.073 g, 22%). IR 

(neat, diamond cell) ν 3273, 3099, 2967, 2872, 1688, 1427, 1408, 1342, 1171, 1083, 1054, 

1015, 826, 766, 753, 618 cm−1; LRMS (−ESI) m/z 336 [M−H]−; HRMS Calcd for 

C16H15
35ClNO3S

− [M−H]−: m/z 336.04667, found m/z 336.04657; 1H NMR (400 MHz, CDCl3) 

δ 8.95 (br s, 1H), 8.14 – 8.06 (m, 2H), 7.75 – 7.67 (m, 2H), 7.56 – 7.48 (m, 2H), 7.29 (d, J = 

8.2 Hz, 2H), 2.94 (hept, J = 6.9 Hz, 1H), 1.24 (d, J = 7.0 Hz, 6H) ppm; 13C NMR (101 MHz, 

CDCl3) δ 164.0, 155.5, 140.8, 137.0, 131.0, 129.3, 128.4, 128.0, 127.2, 34.2, 23.6 ppm. HPLC 

(254 nm) RT = 17.14 min, 97.33%. 

 

N-((4-Chlorophenyl)sulfonyl)-4-propylbenzamide 61 

 

Using General Procedure A, 4-propylbenzoic acid (0.16 g, 0.97 mmol) and 4-

chlorobenzenesulfonamide 72 (0.23 g, 1.2 mmol) gave the title compound. The crude residue 

was recrystallised from EtOH to yield N-acylsulfonamide 61 as white crystals (0.11 g, 

33%). IR (neat, diamond cell) ν 3280, 3104, 2961, 2932, 2864, 1686, 1426, 1346, 1169, 1051, 

823, 758, 749, 619, 611 cm−1; LRMS (−ESI) m/z 336 [M−H]−; HRMS Calcd for 

C16H15
35ClNO3S

− [M−H]−: m/z 336.04667, found m/z 336.04669; 1H NMR (400 MHz, CDCl3) 

δ 9.14 (br s, 1H), 8.14 – 8.05 (m, 2H), 7.75 – 7.67 (m, 2H), 7.56 – 7.47 (m, 2H), 7.23 (d, J = 
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8.3 Hz, 2H), 2.63 – 2.59 (t, J = 7.6 Hz, 2H), 1.67 – 1.59 (sextet, J = 7.5 Hz, 2H), 0.93 – 0.89 

(t, J = 7.3 Hz, 3H) ppm; 13C NMR (101 MHz, CDCl3) δ 164.2, 149.3, 140.8, 137.0, 130.2, 

129.3, 129.1, 128.3, 127.9, 37.9, 24.1, 13.7 ppm; HPLC (254 nm) RT = 27.72 min, 98.80%. 

 

[1,1'-Biphenyl]−4-carboxylic acid 69 

 

A solution of 4-bromobenzoic acid 68 (2.00 g, 9.95 mmol) and phenylboronic acid 239 (1.33 

g, 10.94 mmol) in 1,4-dioxane (20 mL) and 2 M aq. K2CO3 solution (20 mL) was degassed 

with N2, then [1,1′-bis(diphenylphosphino)ferrocene]dichloropalladium(II) (0.25 g, 0.34 

mmol) was added and the solution heated at 80 ºC for 16 h. The reaction mixture was diluted 

with H2O and adjusted to pH 1 with 6 M HCl. The aqueous layer was extracted with EtOAc 

(×3) and the combined organic layers were washed with brine and dried (MgSO4). The solvent 

was evaporated to yield the crude residue, which was purified by flash column chromatography 

(30% Et2O/hexanes) to yield acid 69 as a white solid (1.23 g, 62%). LRMS (−ESI) m/z 197 

[M−H]−; 1H NMR (300 MHz, CDCl3) δ 8.20 – 8.17 (m, 2H), 7.72 – 7.69 (m, 2H), 7.66 – 7.63 

(m, 2H), 7.51 – 7.46 (m, 2H), 7.43 – 7.39 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3) δ 167.1, 

144.3, 139.0, 130.0, 129.7, 129.1, 128.3, 127.0, 126.8 ppm. Characterisation data were 

consistent  with literature.454 

 

N-((4-Chlorophenyl)sulfonyl)-[1,1'-biphenyl]−4-carboxamide 62 

 

Using General Procedure A, 4-chlorobenzenesulfonamide 72 (0.39 g, 2.0 mmol) and 

biphenyl-4-carboxylic acid 69 (0.40 g, 2.0 mmol) gave the title compound. The crude residue 

was recrystallised to yield N-acylsulfonamide 62 as white crystals (0.12 g, 16%). IR (neat, 
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diamond cell) ν 3261, 3095, 3078, 3033, 1683, 1170, 740, 614, 554 cm−1; LRMS (−ESI) m/z 

370 [M−H]−; HRMS Calcd for C19H13
35ClNO3S

 [M−H]−: m/z 370.03102, found m/z 

370.03083; 1H NMR (400 MHz, DMSO-d6) δ 8.00 – 7.93 (m, 2H), 7.87 – 7.79 (m, 2H), 7.72 

– 7.65 (m, 2H), 7.61 (d, J = 8.4 Hz, 2H), 7.50 – 7.41 (m, 4H), 7.40 – 7.32 (m, 1H) ppm; 13C 

NMR (101 MHz, DMSO-d6) 165.3, 144.7, 138.6, 138.6, 138.4, 130.2, 129.7, 129.3, 129.2, 

129.1, 128.5, 127.0, 126.8 ppm; HPLC (254 nm) RT = 27.38 min, 99.72%. 

 

4'-Fluoro-[1,1'-biphenyl]−4-carboxylic acid 70 

 

A solution of 4-bromobenzoic acid 68 (1.0 g, 5.0 mmol) and 4-fluorophenylboronic acid (0.77 

g, 5.5 mmol) in 1,4-dioxane (10 mL) and 2 M aq. K2CO3 (10 mL) was degassed with N2, then 

[1,1'-bis(diphenylphosphino)ferrocene]palladium(II) dichloride (0.090 g, 2.5 mol %) was 

added and the solution heated at 80 °C for 16 h. The reaction mixture was diluted with H2O 

and adjusted to pH 1 with 6 M HCl. The aqueous layer was extracted with EtOAc (×3) and the 

combined organic layers were washed with brine and dried (MgSO4). The solvent was 

evaporated to yield the crude residue, which was purified by flash column chromatography 

(30-60% EtOAc/hexanes) to yield acid 70 as an off-white solid (0.83 g, 77%). LRMS 

(−ESI) m/z 215 [M−H]−; 1H NMR (400 MHz, DMSO-d6) δ 8.02 – 8.00 (m, 2H), 7.80 – 7.77 

(m, 4H), 7.34 – 7.30 (m, 2H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 167.1, 162.33 (d, 1JCF 

= 245.6 Hz), 143.2, 135.5, 130.0, 129.6, 129.1 (d, 3JCF = 8.3 Hz), 126.7, 115.9 (d, 2JCF = 21.5 

Hz) ppm; 19F NMR (376 MHz, DMSO-d6) δ −114.2 ppm. Characterisation data were 

consistent  with literature.455 
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N-((4-Chlorophenyl)sulfonyl)-4'-fluoro-[1,1'-biphenyl]−4-carboxamide 62 

 

Using General Procedure A, 4'-fluorobiphenyl-4-carboxylic acid 62 (0.22 g, 1.0 mmol) and 

4-chlorobenzenesulfonamide 72 (0.23 g, 1.2 mmol) gave the title compound. The crude residue 

was recrystallised from EtOH to yield N-acylsulfonamide 62 as white cystals (0.23 g, 58%). 

IR (neat, diamond cell) ν 3270, 3097, 3078, 1682, 1435, 1314, 1171, 1162, 1070, 829, 814, 

766, 752, 617 cm−1; LRMS (−ESI) m/z 388  [M−H]−; HRMS Calcd for C19H12
35ClFNO3S

− 

[M−H]−: m/z 388.02159, found m/z 388.02197; 1H NMR (400 MHz, (CD3)2CO) δ 8.15 – 8.12 

(m, 2H), 8.03 – 8.01 (m, 2H), 7.79 – 7.75 (m, 4H), 7.70 – 7.68 (m, 2H), 7.28 – 7.23 (m, 

2H) ppm; 13C NMR (101 MHz, (CD3)2CO) 165.5, 164.0 (d, 1JCF = 246.4 Hz), 145.5, 140.4, 

139.6, 136.7 (d, 4JCF = 3.4 Hz), 131.4, 131.1, 130.1 (d, 3JCF = 8.6 Hz), 130.0, 129.9, 127.9, 

116.7 (d, 2JCF = 21.8 Hz); 19F NMR (376 MHz, CDCl3) δ −115.6 ppm; HPLC (254 nm) RT = 

27.72 min, 99.19%. 

 

3-Nitrobenzenesulfonamide 74 

 

A solution of 3-nitrobenzenesulfonyl chloride 73 (0.86 g, 3.9 mmol) in Et2O (17 mL) was 

cooled to 0 °C, then 26-28% aq. NH3 solution (8 mL) was added dropwise, then the solution 

was stirred vigorously at RT for 1 h. The solution was diluted with brine and H2O, then 

extracted with EtOAc (×3). The organic layers were combined and washed with brine, then 

dried (MgSO4). The solvent was evaporated to yield sulfonamide 74 as a pale-yellow solid 

(0.63 g, 80%). LRMS (−ESI) m/z 201 [M−H]−; 1H NMR (300 MHz, CDCl3) δ 8.61 – 8.60 (m, 

1H), 8.48 – 8.44 (m, 1H), 8.27 – 8.23 (m, 1H), 7.93 – 7.87 (m, 1H) ppm; 13C NMR (75 MHz, 
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CDCl3) δ 148.2, 146.1, 132.2, 131.6, 127.0, 121.0 ppm. Characterisation data were consistent  

with literature.456 

 

4'-Fluoro-N-((3-nitrophenyl)sulfonyl)-[1,1'-biphenyl]−4-carboxamide 64 

 

Using General Procedure A, 4′-fluorobiphenyl-4-carboxylic acid 70 (0.21 g, 0.97 mmol) and 

3-nitrobenzenesulfonamide 74 (0.22 g, 1.1 mmol) gave the title compound. The crude residue 

was purified by flash column chromatography (1-5% MeOH/CH2Cl2) to yield N-

acylsulfonamide 64 as a white solid (0.29 g, 75%). IR (neat, diamond cell) ν 3269, 3225, 3102, 

3086, 2870, 1686, 1604, 1528, 1448, 1433, 1348, 1249, 1174, 1161, 1065, 898, 826, 764 cm−1; 

LRMS (−ESI) m/z 399 [M−H]−; HRMS Calcd for C19H12FN2O5S
− [M−H]−: m/z 399.04564, 

found m/z 399.04568; 1H NMR (400 MHz, DMSO-d6) δ 8.73 (t, J = 2.0 Hz, 1H), 8.59 – 8.52 

(m, 1H), 8.44 (dt, J = 8.1, 1.3 Hz, 1H), 7.97 (dd, J = 8.2, 4.6 Hz, 4H), 7.79 (dd, J = 8.4, 5.1 Hz, 

5H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 165.5, 162.4 (d, 1JCF = 246.0 Hz), 147.7, 143.7, 

141.1, 135.1 (d, 4JCF = 3.1 Hz), 133.7, 131.2, 130.0, 129.3, 129.1 (d, 3JCF = 8.3 Hz), 128.2, 

126.7, 122.6, 115.9 (d, 2JCF = 21.5 Hz) ppm; 19F NMR (376 MHz, DMSO-d6) δ −113.9 ppm; 

HPLC (254 nm) RT = 26.62 min, 98.51%. 

 

4-Nitrobenzenesulfonamide 76 

 

A solution of 4-nitrobenzenesulfonyl chloride 75 (0.86 g, 3.9 mmol) in Et2O (17 mL) was 

cooled to 0 °C, then 26-28% aq. NH3 solution (8 mL) was added dropwise, then the solution 

was stirred vigorously at RT for 1 h. The solution was diluted with brine and H2O, then 

extracted with EtOAc (×3). The organic layers were combined and washed with brine, then 

dried (MgSO4). The solvent was evaporated to yield the product sulfonamide 76 as a pale-

yellow solid (0.55 g, 70%). LRMS (−ESI) m/z 399 [M−H]−; 1H NMR (300 MHz, CDCl3) δ 
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8.41 – 8.38 (m, 2H), 8.14 – 8.11 (m, 2H) ppm; 13C NMR (75 MHz, CDCl3) δ 149.8, 149.4, 

127.2, 123.9 ppm. Characterisation data were consistent  with literature.457 

 

4'-Fluoro-N-((4-nitrophenyl)sulfonyl)-[1,1'-biphenyl]−4-carboxamide 77 

 

Using General Procedure A, 4′-fluorobiphenyl-4-carboxylic acid 70 (0.22 g, 1.0 mmol) and 

4-nitrobenzenesulfonamide 76 (0.22 g, 1.1 mmol) gave the title compound. The crude residue 

was purified by flash column chromatography (0.5-2% MeOH/CH2Cl2) to yield N-

acylsulfonamide 77 as an off-white solid (0.21 g, 52%).  IR (neat, diamond cell) ν 3247, 3109, 

3048, 1716, 1532, 1432, 1421, 1350, 1249, 1164, 1061, 842, 832, 815, 759, 735, 608 cm−1; 

LRMS (−ESI) m/z 399 [M−H]−; HRMS Calcd for C19H12FN2O5S
− [M−H]−: m/z 399.04564, 

found m/z 399.04610; 1H NMR (400 MHz, DMSO) δ 8.94 (d, J = 8.7 Hz, 1H), 8.85 (d, J = 8.9 

Hz, 1H), 8.48 (d, J = 8.4 Hz, 1H), 8.28 – 8.17 (m, 2H), 7.71 (t, J = 8.8 Hz, 1H) ppm; 13C 

NMR (101 MHz, DMSO-d6) δ 165.7, 164.0 (d, 1JCF = 246.4 Hz), 151.8, 146.1, 145.7, 136.6 

(d, 4JCF = 3.2 Hz), 131.2, 130.9, 130.1 (d, 3JCF = 8.2 Hz), 123.0, 127.9, 125.0, 116.7 (d, 2JCF = 

21.6 Hz) ppm; 19F NMR (376 MHz, DMSO-d6) δ −115.1 ppm.  

 

N-((4-Aminophenyl)sulfonyl)-4'-fluoro-[1,1'-biphenyl]−4-carboxamide 65 

 

Using General Procedure C, N-acylsulfonamide 72 (0.10 g, 0.25 mmol) gave the title 

compound 65 without further purification (0.071 g, 77%). IR (neat, diamond cell) ν 3477, 

3378, 3241, 1682, 1625, 1593, 1499, 1433, 1415, 1340, 1324, 1244, 1153, 1071, 828, 810, 764, 
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676 cm−1; LRMS (−ESI) m/z 369 [M−H]−; HRMS Calcd for C19H14FN2O3S
− [M−H]−: m/z 

369.07147, found m/z 369.07142; 1H NMR (400 MHz, DMSO-d6) δ 12.11 (br s, 1H), 7.94 (d, 

J = 8.1 Hz, 2H), 7.78 (td, J = 8.4, 5.1 Hz, 4H), 7.64 (d, J = 8.5 Hz, 2H), 7.32 (t, J = 8.8 Hz, 

2H), 6.62 (d, J = 8.7 Hz, 2H), 6.14 (s, 2H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 164.7, 

162.4 (d, 1JCF = 245.9 Hz), 153.6, 143.2, 135.2 (d, 4JCF = 2.9 Hz), 130.7, 130.0, 129.0 (d, 3JCF 

= 8.3 Hz), 128.9, 126.6, 123.9, 115.9 (d, 2JCF = 21.5 Hz), 112.2 ppm; 19F NMR (376 MHz, 

DMSO-d6) δ −114.1 ppm; HPLC (254 nm) RT = 23.40 min, 97.88%. 

 

4-Chloro-3-nitrobenzenesulfonamide 80 

 

A solution of 4-chloro-3-nitrobenzenesulfonyl chloride 79 (1.0 g, 3.9 mmol) in Et2O (17 mL) 

was cooled to 0 °C, then 26-28% aq. NH3 solution (8 mL) was added dropwise, then the 

solution was stirred vigorously at RT for 1 h. The solution was diluted with brine and H2O, 

then extracted with EtOAc (×3). The organic layers were combined and washed with brine, 

then dried (MgSO4). The solvent was evaporated to yield sulfonamide 80 as a pale-yellow solid 

(0.74 g, 80%). LRMS (−ESI) m/z 235 [M−H]−; 1H NMR (400 MHz, DMSO-d6) δ 8.46 (d, J = 

2.1 Hz, 1H), 8.08 (dd, J = 8.5, 2.1 Hz, 1H), 8.02 (d, J = 8.5 Hz, 1H), 7.74 (br s, 3H) ppm; 13C 

NMR (101 MHz, CDCl3) δ 147.2, 144.1, 132.9, 130.6, 128.6, 123.1 ppm. Characterisation data 

were consistent  with literature.334 

 

N-((4-Chloro-3-nitrophenyl)sulfonyl)-4'-fluoro-[1,1'-biphenyl]−4-carboxamide 81 

 

Using General Procedure A, 4'-fluorobiphenyl-4-carboxylic acid 70 (0.21 g, 0.97 mmol) and 

4-chloro-3-nitrobenzenesulfonamide 80 (0.26 g, 1.1 mmol) gave the title compound. The crude 

residue was recrystallised from EtOH to yield N-acylsulfonamide 81 as a white solid (0.25 g, 
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59%). LRMS (−ESI) m/z 433 [M−H]−; 1H NMR (400 MHz, DMSO-d6) δ 8.60 (d, J = 2.2 Hz, 

1H), 8.25 (dd, J = 8.5, 2.2 Hz, 1H), 8.03 (d, J = 8.5 Hz, 1H), 7.97 (d, J = 8.3 Hz, 2H), 7.78 

(ddd, J = 8.6, 6.3, 2.0 Hz, 4H), 7.37 – 7.26 (m, 2H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 

166.2, 162.4 (d, 1JCF = 245.8 Hz), 147.1, 143.3, 140.6, 135.2 (d, 4JCF = 3.1 Hz), 132.8, 132.5, 

131.1, 130.0, 129.3, 129.1 (d, 3JCF = 8.2 Hz), 126.5, 125.1, 115.9 (d, 2JCF = 21.4 Hz) ppm; 19F 

NMR (376 MHz, DMSO-d6) δ −114.1 ppm. Characterisation data were consistent  with 

literature.334 

 

4'-Fluoro-N-((4-(methylamino)-3-nitrophenyl)sulfonyl)-[1,1'-biphenyl]−4-carboxamide 66 

 

Using General Procedure B, N-acylsulfonamide 81 (0.050 g, 0.11 mmol) and 40% aq. 

MeNH2 solution (0.05 mL) gave the title compound. The crude residue was purified via flash 

column chromatography (5% MeOH/CH2Cl2) to yield N-acylsulfonamide 65 as a yellow solid 

(0.041 g, 83%). IR (neat, diamond cell) ν 3389, 3347, 3307, 3079, 2917, 1687, 1616, 1601, 

1518, 1342, 1236, 1222, 1157, 1023, 1004, 828, 763 cm−1; LRMS (−ESI) m/z 428 

[M−H]−; HRMS Calcd for C20H15FN3O5S
− [M−H]−: m/z 428.07219, found m/z 428.07255; 1H 

NMR (400 MHz, DMSO-d6) δ 8.58 (d, J = 2.2 Hz, 1H), 8.49 (d, J = 5.4 Hz, 1H), 7.98 (d, J = 

2.2 Hz, 1H), 7.96 – 7.93 (m, 2H), 7.79 – 7.70 (m, 2H), 7.66 (d, J = 8.1 Hz, 2H), 7.34 – 7.24 

(m, 2H), 7.06 (d, J = 9.2 Hz, 1H), 2.99 (d, J = 5.0 Hz, 3H) ppm; 13C NMR (101 MHz, DMSO-

d6) δ 167.4, 162.7 (d, 1JCF = 245.3 Hz), 147.9, 142.6, 136.1 (d, 4JCF = 3.0 Hz), 135.0, 134.1, 

130.0, 129.5, 129.4 (d, 3JCF = 8.2 Hz), 128.4, 127.3, 126.7, 116.3 (d, 2JCF = 21.6 Hz), 114.8, 

30.4 ppm; 19F NMR (376 MHz, DMSO-d6) δ −114.5 ppm; HPLC (254 nm) RT = 26.29 min, 

95.64%. 

 

 

 

 

 



Chapter 6 

 

 

149 

N-((4-(Ethylamino)-3-nitrophenyl)sulfonyl)-4'-fluoro-[1,1'-biphenyl]−4-carboxamide 67 

 

Using General Procedure B, N-acylsulfonamide 81 (0.05 g, 0.11 mmol) and 70% aq. EtNH2 

solution (0.05 mL) gave the title compound. The crude residue was purified via flash column 

chromatography (5% MeOH/CH2Cl2) to yield N-acylsulfonamide 67 as a yellow solid (0.029 

g, 57%). IR (neat, diamond cell) ν 3351, 3305, 2921, 2852, 1689, 1615, 1561, 1515, 1442, 

1342, 1228, 1157, 1072, 831, 816, 763, 655 cm−1; LRMS (−ESI) m/z 442 [M−H]−; HRMS 

Calcd for C21H17FN3O5S
− [M−H]−: m/z 442.08784, found m/z 442.08771; 1H NMR (400 MHz, 

DMSO-d6) δ 8.64 (d, J = 2.2 Hz, 1H), 8.54 (t, J = 5.8 Hz, 1H), 7.96 (dd, J = 9.7, 6.6 Hz, 3H), 

7.76 (dt, J = 11.0, 6.9 Hz, 4H), 7.30 (t, J = 8.8 Hz, 2H), 7.20 (d, J = 9.3 Hz, 1H), 3.45 (t, J = 

6.7 Hz, 2H), 1.22 (t, J = 7.1 Hz, 3H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 166.0, 162.2 (d, 

1JCF = 245.5 Hz), 146.8, 142.7, 135.3 (d, 4JCF = 3.2 Hz), 134.2, 132.0, 129.4, 129.0, 128.9 (d, 

3JCF = 8.4 Hz), 127.4, 126.3, 126.2, 115.8 (d, 2JCF = 21.6 Hz), 114.6, 37.3, 13.8 ppm; 19F 

NMR (376 MHz, DMSO-d6) δ −114.3 ppm; HPLC (254 nm) RT = 27.50 min, 96.27%. 

 

2-(Phenylthio)ethan-1-amine 86 

 

A solution of 2-bromoethylamine hydrobromide 84 (0.39 g, 1.9 mmol), K2CO3 (0.61 g, 4.4 

mmol) and sodium thiophenolate 85 (0.19 g, 1.5 mmol) in CH2Cl2 (6 mL) was stirred for 24 h 

at RT. When the reaction was complete, the reaction mixture was diluted with H2O and 

extracted with CH2Cl2 (×3). The combined organic extracts were washed with brine, then dried 

(MgSO4). The solvent was evaporated under reduced pressure to yield amine 86 as a pale 

yellow oil (0.12 g, 40%) which was used immediately without characterisation. 
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4'-Fluoro-N-((3-nitro-4-((2-(phenylthio)ethyl)amino)phenyl)sulfonyl)-[1,1'-biphenyl]−4-

carboxamide 57 

 

Using General Procedure B, N-acylsulfonamide 81 (0.05 g, 0.11 mmol) and amine 86 (0.088 

g, 0.57 mmol) gave the title compound. The crude residue was purified via flash column 

chromatography (1-5% MeOH/CH2Cl2) to yield N-acylsulfonamide 57 as a yellow solid (0.046 

g, 73%). IR (neat, diamond cell) ν 3354, 3247, 3106, 3076, 2923, 2855, 1684, 1613, 1519, 

1433, 1345, 1239, 1160, 1073, 905, 830, 813, 764, 741 cm−1; LRMS (−ESI) m/z 550 [M−H]−; 

HRMS Calcd for C27H21FN3O5S2
− [M−H]−: m/z 550.09121, found m/z 550.09181; 1H 

NMR (500 MHz, DMSO-d6) δ 8.77 (t, J = 6.0 Hz, 1H), 8.62 (d, J = 2.3 Hz, 1H), 7.99 – 7.89 

(m, 3H), 7.82 – 7.73 (m, 4H), 7.42 – 7.35 (m, 2H), 7.34 – 7.29 (m, 2H), 7.29 – 7.24 (m, 2H), 

7.23 – 7.14 (m, 2H), 3.67 (q, J = 6.6 Hz, 2H), 3.28 (t, J = 6.9 Hz, 2H) ppm; 13C NMR (126 

MHz, DMSO-d6) δ 165.5, 162.4 (d, 1JCF = 245.8 Hz), 147.0, 143.3, 135.2 (d, 4JCF = 3.1 Hz), 

135.0, 134.1, 130.9, 129.8, 129.1, 129.1 (d, 3JCF = 9.0 Hz), 129.0, 128.7, 127.8, 126.6, 126.1, 

125.5, 115.9 (d, 2JCF = 21.5 Hz), 115.1, 42.0, 31.1 ppm; 19F NMR (471 MHz, DMSO-d6) δ 

−114.1 ppm; HPLC (254 nm) RT = 29.88 min, 96.49%. Characterisation data were consistent  

with literature.334 

 

N-((3-Nitrophenyl)sulfonyl)adamantane-1-carboxamide 87 

 

Using General Procedure A, adamantane-1-carboxylic acid 102 (0.18 g, 1.0 mmol) and 3-

nitrobenzenesulfonamide 74 (0.22 g, 1.1 mmol) gave the title compound. The crude residue 

was purified by flash column chromatography (10-50% EtOAc/hexane) to yield N-

acylsulfonamide 87 as a white solid (0.17 g, 47%). IR (neat, diamond cell) ν 3203, 3104, 2905, 

2853, 1681, 1537, 1422, 1348, 1184, 1160, 1058, 884, 859, 734, 660 cm−1; LRMS (−ESI) m/z 
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363 [M−H]−; HRMS Calcd for C17H19N2O5S
− [M−H]−: m/z 363.10202, found m/z 

363.10184; 1H NMR (300 MHz, CDCl3) δ 8.86 (t, J = 2.0 Hz, 1H), 8.53 – 8.42 (m, 2H), 7.78 

(t, J = 8.0 Hz, 1H), 2.04 (s, 3H), 1.79 – 1.61 (m, 12H) ppm; 13C NMR (75 MHz, CDCl3) δ 

175.6, 148.2, 140.6, 134.6, 130.5, 128.5, 123.7, 42.2, 38.4, 36.1, 27.7 ppm; HPLC (254 nm) 

RT = 26.69 min, 97.54%. 

 

N-((4-Nitrophenyl)sulfonyl)adamantane-1-carboxamide 107 

 

Using General Procedure A, adamantane-1-carboxylic acid 102 (0.18 g, 1.0 mmol) and 4-

nitrobenzenesulfonamide 76 (0.22 g, 1.1 mmol) gave the title compound. The crude residue 

was purified by flash column chromatography (10-50% EtOAc/hexane) to yield N-

acylsulfonamide 107 as a white solid (0.14 g, 38%). IR (neat, diamond cell) ν 3291, 2904, 

2851, 1719, 1530, 1413, 1344, 1176, 1158, 1040, 876, 852, 737, 604 cm−1; LRMS (−ESI) m/z 

363 [M−H]−; HRMS Calcd for C17H19N2O5S
− [M−H]−: m/z 363.10202, found m/z 

363.10189; 1H NMR (300 MHz, DMSO-d6) δ 12.04 (br s, 1H), 8.44 – 8.41 (m, 2H), 8.13 – 

8.10 (m, 2H), 1.92 (s, 3H), 1.77 – 1.60 (m, 12H) ppm; 13C NMR (75 MHz, DMSO-d6) δ 176.7, 

150.2, 145.0, 129.1, 124.6, 41.6, 37.0, 35.7, 27.3 ppm.  

 

N-((4-Aminophenyl)sulfonyl)adamantane-1-carboxamide 90 

 

Using General Procedure C, N-acylsulfonamide 107 (0.10 g, 0.27 mmol) gave the title 

compound. The crude residue was purified by flash column chromatography (10-80% 

EtOAc/hexane) to yield N-acylsulfonamide 90 as a white solid (0.073 g, 80%). IR (neat, 

diamond cell) ν 3482, 3383, 3175, 2902, 2851, 1682, 1636, 1598, 1446, 1326, 1150, 1063, 868, 

684 cm−1; LRMS (−ESI) m/z 333 [M−H]−; HRMS Calcd for C17H21N2O3S
− [M−H]−: m/z 

333.12784, found m/z 333.12776; 1H NMR (400 MHz, DMSO-d6) δ 11.14 (br s, 1H), 7.50 – 

7.48 (m, 2H), 6.59 – 6.57 (m, 2H), 6.07 (br s, 2H), 1.91 (s, 3H), 1.71 – 1.60 (m, 12H) ppm; 13C 
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NMR (101 MHz, DMSO-d6) δ 175.5, 153.3, 129.6, 124.2, 112.2, 41.3, 37.0, 35.6, 27.3 ppm; 

HPLC (254 nm) RT = 22.77 min, 97.61%. 

 

N-((4-Chloro-3-nitrophenyl)sulfonyl)adamantane-1-carboxamide 110 

 

Using General Procedure A, adamantane-1-carboxylic acid 102 (0.18 g, 1.0 mmol) and 4-

chloro-3-nitrobenzenesulfonamide 80 (0.26 g, 1.1 mmol) gave the title compound. The crude 

residue was purified by flash column chromatography (20-60% EtOAc/hexane) to yield N-

acylsulfonamide 110 as a white solid (0.27 g, 68%). IR (neat, diamond cell) ν 3310, 3081, 

2917, 2854, 1703, 1537, 1402, 1346, 1181, 1164, 1148, 1052, 1040, 891, 865, 792 cm−1; 

LRMS (−ESI) m/z 397 [M−H]−; HRMS Calcd for C17H18
35ClN2O5S

− [M−H]−: m/z 397.06304, 

found m/z 397.06283; 1H NMR (400 MHz, DMSO-d6) δ 12.03 (br s, 1H), 8.50 (d, J = 2.2 Hz, 

1H), 8.13 (dd, J = 8.5, 2.2 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H) 1.94 (s, 3H), 1.75 – 1.74 (m, 6H), 

1.66 – 1.59 (m, 6H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 176.5, 147.1, 139.6, 133.1, 132.1, 

130.5, 124.9, 41.6, 36.9, 35.6, 27.2 ppm. 

 

N-((4-(Methylamino)-3-nitrophenyl)sulfonyl)adamantane-1-carboxamide 93 

 

Using General Procedure B, N-acylsulfonamide 110 (0.050 g, 0.13 mmol) and 40% 

methylamine solution (0.05 mL) gave the title compound. The crude residue was purified by 

flash column chromatography (0.25-0.5% MeOH/CH2Cl2) to yield N-acylsulfonamide 93 as a 

yellow solid (0.020 g, 41%). IR (neat, diamond cell) ν 3348, 3243, 2929, 2906, 2889, 2851, 

1712, 1624, 1417, 1338, 1313, 1260, 1243, 1178, 1157, 1129, 1100, 1060, 1043, 900, 863, 789, 

658 cm−1; LRMS (−ESI) m/z 392 [M−H]−; HRMS Calcd for C18H22N3O5S
− [M−H]−: m/z  

392.12857, found m/z 392.12923; 1H NMR (400 MHz, DMSO-d6) δ 11.55 (br s, 1H), 8.67 (q, 

J = 5.0 Hz, 1H), 8.54 (d, J = 2.3 Hz, 1H), 7.86 (dd, J = 9.3, 2.3 Hz, 1H), 7.15 (d, J = 9.3 Hz, 

1H), 3.02 – 3.01 (d, J = 4.8 Hz, 3H), 1.92 (s, 3H), 1.72 – 1.60 (m, 12H) ppm; 13C NMR (101 

MHz, DMSO-d6) δ 76.1, 147.9, 133.7, 129.5, 127.5, 124.3, 115.1, 41.4, 36.9, 35.6, 30.0, 27.3 

ppm; HPLC (254 nm) RT = 26.32 min, 96.75%. 
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N-((4-(Ethylamino)-3-nitrophenyl)sulfonyl)adamantane-1-carboxamide 96 

 

Using General Procedure B, N-acylsulfonamide 110 (0.075 g, 0.19 mmol) and 70% 

ethylamine solution (0.05 mL) gave the title compound. The crude residue was purified by 

flash column chromatography (0.25-0.5% MeOH/CH2Cl2) to yield N-acylsulfonamide 96 as a 

yellow solid (0.033 g, 43%). IR (neat, diamond cell) ν 3335, 2923, 2906, 2852, 1696, 1617, 

1561, 1519, 1450, 1340, 1321, 1258, 1240, 1220, 1157, 1132, 1097, 1062, 1021, 997, 978, 891, 

861 cm−1; LRMS (−ESI) m/z 406 [M−H]−; HRMS Calcd for C19H24N3O5S
− [M−H]−: m/z 

406.14422, found m/z 406.14443; 1H NMR (300 MHz, DMSO-d6) δ 11.55 (br s, 1H), 8.59 (t, 

J = 5.8 Hz, 1H), 8.54 (d, J = 2.3 Hz, 1H), 7.84 (dd, J = 9.2, 2.4 Hz, 1H), 7.22 (d, J = 9.3 Hz, 

1H), 3.46 (p, J = 6.9 Hz, 2H), 1.92 (s, 3H), 1.72 – 1.71 (m, 6H), 1.60 (m, 6H), 1.25 – 1.20 (t, 

3H, J = 7.1 Hz) 1.23 (t, J = 7.1 Hz, 3H) ppm; 13C NMR (75 MHz, DMSO-d6) δ 176.2, 147.1, 

133.7, 129.6, 127.7, 124.6, 115.2, 41.4, 37.3, 37.0, 35.6, 27.3, 13.9 ppm; HPLC (254 nm) RT 

= 27.80 min, 98.63%. 

 

N-((3-Nitro-4-((3-(phenylthio)propyl)amino)phenyl)sulfonyl)adamantane-1-carboxamide 99 

 

Using General Procedure B, N-acylsulfonamide 110 (0.050 g, 0.13 mmol) and amine 86 

(0.090 g, 0.59 mmol) gave the title compound. The crude residue was purified by flash column 

chromatography (10-50% EtOAc/hexane), then preparatory TLC (30% EtOAc/hexane, eluting 

twice) to yield N-acylsulfonamide 99 as a yellow solid (0.041 g, 63%). IR (neat, diamond cell) 

ν 3327, 2920, 2851, 1692, 1614, 1565, 1519, 1459, 1335, 1149, 1063, 1050, 1021, 1001, 900, 

864, 737, 690, 655 cm−1; LRMS (−ESI) m/z 514 [M−H]−; HRMS Calcd for C25H28N3O5S2
− 

[M−H]−: m/z 514.14759, found m/z 514.14851; 1H NMR (300 MHz, DMSO-d6) δ 11.57 (br s, 

1H), 8.76 (t, J = 6.0 Hz, 1H), 8.50 (d, J = 2.4 Hz, 1H), 7.80 (dd, J = 9.2, 2.3 Hz, 1H), 7.37 (d, 

J = 7.3 Hz, 2H), 7.28 (t, J = 7.6 Hz, 2H), 7.23 – 7.15 (m, 2H), 3.70 – 3.63 (q, J = 6.4 Hz, 2H), 

3.31 – 3.27 (t, J = 6.4 Hz, 2H), 1.92 (s, 3H), 1.73 (m, 6H), 1.60 (m, 6H) ppm; 13C NMR (75 
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MHz, DMSO-d6) δ 176.1, 147.0, 135.0, 133.6, 129.7, 129.1, 128.7, 127.6, 126.1, 124.9, 115.3, 

42.0, 41.5, 37.0, 35.6, 31.1, 27.3 ppm. HPLC (254 nm) RT = 30.58 min, 95.33%. 

 

2-(Adamantan-1-yl)-N-((3-nitrophenyl)sulfonyl)acetamide 88 

 

Using General Procedure A, adamantane-1-acetic acid (0.19 g, 0.98 mmol) and 3-

nitrobenzenesulfonamide 74 (0.22 g, 1.1 mmol) gave the title compound. The crude residue 

was purified by flash column chromatography (10-50% EtOAc/hexane) to yield N-

acylsulfonamide 88 as a white solid (0.32 g, 86%). IR (neat, diamond cell) ν 3111, 2900, 2847, 

1688, 1534, 1436, 1348, 1176, 1113, 1095, 852, 665 cm−1; LRMS (−ESI) m/z 377 [M−H]−; 

HRMS Calcd for C18H21N2O5S
− m/z 377.11767 [M−H]−, found m/z 377.11746; 1H NMR (400 

MHz, CDCl3) δ 12.30 (br s, 1H), 8.60 (t, J = 2.0 Hz, 1H), 8.56 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 

8.33 (ddd, J = 7.9, 1.8, 1.1 Hz, 1H), 7.95 (t, J = 8.0 Hz, 1H), 1.93 (s, 3H),1.72 – 1.53 (m, 12H) 

ppm; 13C NMR (101 MHz, CDCl3) δ 169.0, 148.2, 140.7, 134.7, 130.5, 128.5, 123.8, 51.2, 

42.5, 36.6, 33.8, 28.6 ppm; HPLC (254 nm) RT = 27.38 min, 99.52%. 

 

2-(Adamantan-1-yl)-N-((4-nitrophenyl)sulfonyl)acetamide 108 

 

Using General Procedure A, adamantane-1-acetic acid (0.19 g, 0.98 mmol) and 4-

nitrobenzenesulfonamide 76 (0.22 g, 1.1 mmol) gave the title compound. The crude residue 

was purified by flash column chromatography (10-50% EtOAc/hexane) to yield N-

acylsulfonamide 108 as a white solid (0.22 g, 58%). IR (neat, diamond cell) ν 3065, 2904, 

2850, 1676, 1530, 1444, 1347, 1308, 1163, 1086, 856, 847, 736, 684 cm−1; LRMS (−ESI) m/z 

377 [M−H]−; HRMS Calcd for C18H21N2O5S
− [M−H]−: m/z 377.11767, found m/z 

377.11746; 1H NMR (400 MHz, DMSO-d6) δ 12.26 (br s, 1H), 8.48 – 8.40 (m, 1H), 8.20 – 

8.12 (m, 1H), 1.95 (s, 2H), 1.85 (s, 3H), 1.61 – 1.42 (m, 12H) ppm; 13C NMR (101 MHz, 

DMSO-d6) δ 169.9, 150.2, 144.6, 129.3, 124.3, 49.1, 41.6, 36.1, 33.0, 27.8 ppm. 
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2-(Adamantan-1-yl)-N-((4-aminophenyl)sulfonyl)acetamide 91 

 

Using General Procedure C, N-acylsulfonamide 108 (0.13 g, 0.34 mmol) gave the title 

compound. The crude residue was purified by flash column chromatography (10-80% 

EtOAc/hexane) to yield N-acylsulfonamide 91 as a white solid (0.073 g, 61%). IR (neat, 

diamond cell) ν 3466, 3367, 3214, 2900, 2846, 1703, 1642, 1595, 1505, 1450, 1434, 1329, 

1254, 1146, 1120, 1084, 849, 831, 686 cm−1; LRMS (−ESI) m/z 347 [M−H]−; HRMS Calcd 

for C18H23N2O3S
− [M−H]−: m/z 347.14349, found m/z 347.14332; 1H NMR (400 MHz, 

DMSO-d6) δ 11.44 (br s, 1H), 7.52 – 7.50 (m, 2H), 6.60 – 6.58 (m, 2H), 6.09 (s, 2H), 1.85 (s, 

2H), 1.83 (s, 3H), 1.61 – 1.40 (m, 12H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 169.2, 153.6, 

129.9, 124.1, 112.2, 49.3, 41.7, 36.3, 32.9, 28.0 ppm; HPLC (254 nm) RT = 23.69 min, 96.33%. 

 

2-(Adamantan-1-yl)-N-((4-chloro-3-nitrophenyl)sulfonyl)acetamide 111 

 

Using General Procedure A, adamantane-1-acetic acid (0.19 g, 0.98 mmol) and 4-chloro-3-

nitrobenzenesulfonamide 80 (0.26 g, 1.1 mmol) gave the title compound. The crude residue 

was purified by flash column chromatography (10-50% EtOAc/hexane) to yield N-

acylsulfonamide 111 as a white solid (0.29 g, 72%). IR (neat, diamond cell) ν 3168, 3097, 

2906, 2850, 1683, 1541, 1428, 1356, 1173, 1088, 1048, 896, 851, 665, 624 cm−1; LRMS (−ESI) 

m/z 411 [M−H]−; HRMS Calcd for C18H20
35ClN2O5S

− [M−H]−: m/z 411.07869, found m/z 

411.07850; 1H NMR (400 MHz, DMSO-d6) δ 12.34 (br s, 1H), 8.52 (d, J = 2.2 Hz, 1H), 8.17 

(dd, J = 8.5, 2.2 Hz, 1H), 8.07 (d, J = 8.5 Hz, 1H), 1.95 (s, 2H), 1.85 (s, 3H), 1.63 – 1.41 (m, 

12H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 170.0, 147.2, 139.3, 132.8, 132.4, 130.5, 124.9, 

49.1, 41.6, 36.1, 33.0, 27.8 ppm.  
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2-(Adamantan-1-yl)-N-((4-(methylamino)-3-nitrophenyl)sulfonyl)acetamide 94 

 

Using General Procedure B, N-acylsulfonamide 111 (0.050 g, 0.12 mmol) and 40% 

methylamine solution (0.05 mL) gave the title compound. The crude residue was purified by 

flash column chromatography (10-50% EtOAc/hexane) to yield N-acylsulfonamide 94 as a 

yellow solid (0.043 g, 87%). IR (neat, diamond cell) ν  3370, 3242, 2900, 2847, 1710, 1625, 

1419, 1342, 1313, 1158, 1114, 1101, 1088, 1046, 898, 845, 803, 663, 624 cm−1; LRMS (−ESI) 

m/z 406 [M−H]−; HRMS Calcd for C19H24N3O5S
− [M−H]−: m/z 406.14422, found m/z 

406.14443; 1H NMR (400 MHz, DMSO-d6) δ 8.67 – 8.66 (q, J = 5.0 Hz, 1H), 8.54 (d, J = 2.2 

Hz, 1H), 7.88 (dd, J = 9.2, 2.3 Hz, 1H), 7.15 (d, J = 9.3 Hz, 1H), 3.00 (d, J = 5.0 Hz, 3H), 1.89 

(s, 2H), 1.83 (s, 3H), 1.61 – 1.40 (m, 12H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 169.8, 

148.1, 134.2, 129.6, 127.7, 124.3, 115.0, 49.2, 41.8, 36.3, 33.1, 30.1, 28.0 ppm. HPLC (254 

nm) RT = 26.78 min, 96.14%. 

 

2-(Adamantan-1-yl)-N-((4-(ethylamino)-3-nitrophenyl)sulfonyl)acetamide 97 

 

Using General Procedure B, N-acylsulfonamide 111 (0.050 g, 0.12 mmol) and 70% 

ethylamine solution (0.05 mL) gave the title compound. The crude residue was purified by 

flash column chromatography (10-50% EtOAc/hexane) to yield N-acylsulfonamide 97 as a 

yellow solid (0.037 g, 72%). IR (neat, diamond cell) ν 3364, 3240, 3097, 2901, 2846, 1714, 

1623, 1561, 1421, 1340, 1322, 1252, 1234, 1157, 1114, 1100, 1088, 894, 847, 805, 664, 624 

cm−1; LRMS (−ESI) m/z 420 [M−H]−; HRMS Calcd for C20H26N3O5S
− [M−H]−: m/z 

420.15987, found m/z 420.16034; 1H NMR (300 MHz, DMSO-d6) δ 11.89 (br s, 1H), 8.64 – 

8.61 (t, J = 5.9 Hz, 1H), 8.55 (d, J = 2.1 Hz, 1H), 7.86 (d, J = 9.3, 2.2 Hz, 1H), 7.24 (d, J = 9.4 

Hz, 1H), 3.51 – 3.42 (quintet, 2H, J = 7.1 Hz), 1.83 (s, 3H), 1.62 – 1.41 (m, 12H), 1.23 – 1.18 

(t, J = 7.1 Hz, 3H) ppm; 13C NMR (75 MHz, DMSO-d6) δ 169.6, 147.2, 134.0, 129.5, 127.9, 
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124.2, 115.0, 49.1, 41.7, 37.4, 36.2, 33.0, 27.9, 13.8 ppm. HPLC (254 nm) RT = 28.02 min, 

96.88%. 

 

2-(Adamantan-1-yl)-N-((3-nitro-4-((2-(phenylthio)ethyl)amino)phenyl)sulfonyl)acetamide 

100 

 

Using General Procedure B, N-acylsulfonamide 111 (0.050 g, 0.12 mmol) and amine 86 

(0.079 g, 0.52 mmol) gave the title compound. The crude residue was purified by flash column 

chromatography (10-50% EtOAc/hexane), then preparatory TLC (30% EtOAc/hexane, eluting 

twice) to yield N-acylsulfonamide 100 as a yellow solid (0.036 g, 56%). IR (neat, diamond 

cell) ν 3339, 3237, 3078, 2897, 2849, 1712, 1620, 1561, 1522, 1424, 1340, 1240, 1159, 1118, 

1104, 1091, 899, 848, 733, 685, 664, 624 cm−1; LRMS (−ESI) m/z  528 [M−H]−; HRMS Calcd 

for C26H30N3O5S2
− [M−H]−: m/z 528.16324, found m/z 528.16412; 1H NMR (500 MHz, 

DMSO-d6) δ 11.91 (br s, 1H), 8.78 – 8.76 (t, J = 6.0 Hz, 1H), 8.52 – 8.51 (d, J = 2.4 Hz, 1H), 

7.85 – 7.81 (dd, J = 9.5, 2.3 Hz, 1H), 7.18 – 7.38 (m, 6H), 3.68 – 3.64 (q, J = 6.5 Hz, 2H), 3.28 

– 3.26 (t, J = 6.5 Hz, 2H), 1.90 (s, 2H), 1.82 (m, 3H), 1.59 – 1.41 (m, 12H); 13C NMR (126 

MHz, DMSO-d6) δ 169.68, 147.04, 134.98, 133.94, 129.74, 129.08, 128.66, 127.76, 126.10, 

124.72, 115.16, 49.13, 41.90, 41.68, 36.17, 32.99, 31.08, 27.89 ppm; HPLC (254 nm) RT = 

30.65 min, 95.62%. 

 

(Adamantan-1-yl)methanol 103 

 

A solution of adamantane-1-carboxylic acid 102 (2.00 g, 11.1 mmol) in THF (30 mL) was 

cooled to 0 °C, then lithium aluminium hydride (1.05 g, 27.7 mmol) was added portionwise, 

then the suspension was then refluxed for 3 h. The suspension was then cooled to 0 °C, then 

H2O (1 mL) was added, followed by 15% aq. KOH (1 mL), then H2O again (3 mL). The mixture 

was stirred at RT for 15 min, then dried (MgSO4) and filtered through a plug of celite. The 
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filtrate was evaporated to yield the alcohol 103 as a white solid (1.74 g, 95%). IR (neat, 

diamond cell) ν 3206, 2893, 2842, 1448, 1342, 1152, 1043, 695 cm−1; 1H NMR (300 MHz, 

CDCl3) δ 3.21 – 3.19 (d, J = 5.1 Hz, 2H), 1.99 (s, 3H), 1.76 – 1.63 (m, 6H), 1.51 (m, 6H), 1.28 

– 1.25 (t, J = 5.1 Hz, 1H) ppm; 13C NMR (75 MHz, CDCl3) δ 74.0, 39.2, 37.3, 34.6, 28.1 ppm. 

 

Adamantane-1-carbaldehyde 104 

 

To a solution of (adamantan-1-yl)methanol 103 (1.0 g, 6.0 mmol) in CH2Cl2 (50 mL) was 

added Dess-Martin periodinane (2.8 g, 6.6 mmol), then the mixture was stirred at RT for 1 h. 

To the mixture was added sat. aq. NaHCO3, then sat. aq. NaHSO3 (1 mL).  The mixture was 

extracted with diethyl ether (×3). The organic layers were combined and washed with brine, 

then dried (MgSO4). The solvent was evaporated under reduced pressure. The crude residue 

was purified by flash column chromatography (CH2Cl2) to yield aldehyde 104 as a colourless, 

waxy solid (0.71 g, 72%). IR (neat, diamond cell) ν 2911, 2852, 1718, 1453, 649 cm−1; 1H 

NMR (400 MHz, CDCl3) δ 9.30 (s, 1H), 2.06 (s, 3H), 1.80 – 1.66 (m, 12H) ppm; 13C 

NMR (101 MHz, CDCl3) δ 206.5, 85.4, 77.2, 76.5, 68.0 ppm.  

 

Benzyl (E)-3-(adamantan-1-yl)acrylate 105 

 

To a solution of adamantane-1-carbaldehyde 104 (1.0 g, 6.1 mmol) in toluene (20 mL) was 

added benzyl(triphosphoranylidene)acetate (3.0 g, 7.3 mmol), then the solution was heated at 

reflux for 16 h. The solution was concentrated and then purified by column chromatography 

(0-5% EtOAc/hexane) to yield acrylate 105 as a colourless oil (0.93 g), which was telescoped 

to the next step without characterisation. 
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3-(Adamantan-1-yl)propanoic acid 106 

 

To a solution of crude benzyl (E)-3-(adamantan-1-yl)acrylate 105 (0.93 g) in MeOH (20 mL) 

was added palladium on carbon (0.090 g, 10% by mass), then the suspension was hydrogenated 

via H2 balloon for 16 h. The mixture was filtered through a plug of celite, then the solvent was 

evaporated under reduced pressure. The crude residue was purified by column chromatography 

(5% MeOH/CH2Cl2) to yield acid 106 as an off-white solid (0.48 g, 38% over 2 steps). LRMS 

(−ESI) m/z 207.09 [M−H]−; 1H NMR (300 MHz, CDCl3) δ 2.34 – 2.28 (m, 2H), 1.96 (s, 3H), 

1.73 – 1.60 (m, 6H), 1.47 – 1.41 (m, 8H) ppm; 13C NMR (75 MHz, CDCl3) δ 181.1, 42.1, 38.8, 

37.2, 32.1, 28.7, 28.1 ppm. 

  

3-(Adamantan-1-yl)-N-((3-nitrophenyl)sulfonyl)propenamide 89 

 

Using General Procedure A, 3-(adamantan-1-yl)propanoic acid 106 (0.10 g, 0.48 mmol) and 

3-nitrobenzenesulfonamide 74 (0.11 g, 0.54 mmol) gave the title compound. The crude residue 

was purified by flash column chromatography (10-50% EtOAc/hexanes) to yield N-

acylsulfonamide 89 as an off-white solid (0.16 g, 85%). IR (neat, diamond cell) ν 3256, 3078, 

2898, 2847, 1717, 1533, 1422, 1404, 1349, 1188, 1178, 1111, 1099, 1071, 885, 856, 661 cm−1; 

LRMS (−ESI) m/z 391 [M−H]−; HRMS Calcd for C19H23N2O5S
− [M−H]−: m/z 391.13332, 

found m/z 391.13325; 1H NMR (500 MHz, DMSO-d6) δ 12.32 (br s, 1H), 8.60 (t, J = 2.0 Hz, 

1H), 8.54 (ddd, J = 8.3, 2.4, 1.0 Hz, 1H), 8.35 – 8.30 (m, 1H), 7.94 (t, J = 8.1 Hz, 1H), 2.18 (t, 

J = 7.8 Hz, 2H), 1.81 (s, 3H), 1.60 – 1.48 (m, 6H), 1.26 (m, 6H), 1.19 (t, J = 7.8 Hz, 2H) 

ppm; 13C NMR (126 MHz, DMSO-d6) δ
 172.7, 147.6, 140.7, 133.6, 131.3, 128.2, 122.5, 41.4, 

37.8, 36.4, 31.5, 29.5, 27.9 ppm; HPLC (254 nm) RT = 29.17 min, 96.64%. 
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3-(Adamantan-1-yl)-N-((4-nitrophenyl)sulfonyl)propenamide 109 

 

Using General Procedure A, 3-(adamantan-1-yl)propanoic acid 106 (0.10 g, 0.48 mmol) and 

4-nitrobenzenesulfonamide 76 (0.11 g, 0.54 mmol) gave the title compound. The crude residue 

was purified by flash column chromatography (10-50% EtOAc/hexane) to yield N-

acylsulfonamide 109 as an off-white solid (0.17 g, 90%). IR (neat, diamond cell) ν 3266, 3111, 

3100, 2895, 2845, 1735, 1530, 1422, 1402, 1347, 1186, 1177, 1086, 869, 850, 737, 610 cm−1; 

LRMS (−ESI) m/z 391 [M−H]−; HRMS Calcd for C19H23N2O5S
− [M−H]−: m/z 391.1332, 

found m/z 391.13301; 1H NMR (500 MHz, (CD3)2CO) δ 8.47 – 8.45 (m, 2H), 8.30 – 8.28 (m, 

2H), 2.34 – 2.31 (t, J = 8.1 Hz, 2H), 1.87 (s, 3H), 1.69 – 1.57 (m, 6H), 1.39 – 1.38 (m, 6H), 

1.33 – 1.30 (t, J = 8.1 Hz, 2H) ppm; 13C NMR (126 MHz, (CD3)2CO) δ 172.8, 151.7, 145.9, 

130.6, 124.9, 42.6, 39.0, 37.6, 32.6, 30.6, 29.4 ppm. 

 

3-(Adamantan-1-yl)-N-((4-aminophenyl)sulfonyl)propenamide 92 

 

Using General Procedure C, N-acylsulfonamide 109 (0.050 g, 0.13 mmol) gave the title 

compound. The crude residue was purified by flash column chromatography (10-80% 

EtOAc/hexanes) to yield N-acylsulfonamide 92 as a white solid (0.041 g, 89%). IR (neat, 

diamond cell) ν 3482, 3377, 3240, 3218, 2901, 2845, 1714, 1625, 1593, 1434, 1317, 1154, 

1125, 1082, 846, 832, 679 cm−1; LRMS (−ESI) m/z 361 [M−H]−; HRMS Calcd for 

C19H25N2O3S
− [M−H]−: m/z 361.15914, found m/z 361.15898; 1H NMR (500 MHz, (CD3)2CO) 

δ 10.19 (br s, 1H), 7.69 – 7.67 (m, 2H), 7.63 – 7.61 (m, 2H), 5.60 (br s, 1H), 2.24 – 2.21 (t, J 

= 8.1 Hz, 2H), 1.88 (s, 3H), 1.69 – 1.58 (m, 6H), 1.40 – 1.39 (m, 6H), 1.32 – 1.28 (t, J = 8.1 

Hz, 2H) ppm; 13C NMR (126 MHz, (CD3)2CO) δ 172.1, 154.3, 131.2, 126.5, 113.5, 42.6, 39.3, 

37.7, 32.6, 30.5, 29.5 ppm; HPLC (254 nm) RT = 25.87 min, 96.08%. 
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3-(Adamantan-1-yl)-N-((4-chloro-3-nitrophenyl)sulfonyl)propenamide 112 

 

Using General Procedure A, 3-(adamantan-1-yl)propanoic acid 106 (0.21 g, 1.0 mmol) and 

4-chloro-3-nitrobenzenesulfonamide 80 (0.26 g, 1.1 mmol) gave the title compound. The crude 

residue was purified via flash column chromatography (30-50% EtOAc/hexanes) to yield N-

acylsulfonamide 112 as a white solid (0.25 g, 58%). IR (neat, diamond cell) ν 3275, 3105, 

3063, 2895, 2845, 1720, 1542, 1412, 1349, 1189, 1179, 1116, 1093, 1049, 892, 854, 832, 775, 

612 cm−1; LRMS (−ESI) m/z 425 [M−H]−; HRMS Calcd for C19H23
35ClN2O5S

 [M−H]−: m/z 

425.09325, found m/z 425.09256; 1H NMR (500 MHz, DMSO-d6) δ 8.51 (d, J = 2.2 Hz, 1H), 

8.16 (dd, J = 8.5, 2.2 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H), 2.19 (t, J = 7.8 Hz, 2H), 1.84 (t, J = 3.2 

Hz, 3H), 1.68 – 1.46 (m, 6H), 1.28 (d, J = 2.8 Hz, 6H), 1.21 (t, J = 7.8 Hz, 2H) ppm; 13C 

NMR (126 MHz, DMSO-d6) δ 172.9, 147.2, 139.2, 132.9, 132.4, 130.6, 125.0, 41.4, 37.8, 36.5, 

31.6, 29.5, 27.9 ppm. 

 

3-(Adamantan-1-yl)-N-((4-(methylamino)-3-nitrophenyl)sulfonyl)propenamide 95 

 

Using General Procedure B, N-acylsulfonamide 112 (0.075 g, 0.18 mmol) and 40% aq. 

MeNH2 (0.2 mL) solution gave the title compound. The crude residue was purified via flash 

column chromatography (20-50% acetone/hexane) to yield N-acylsulfonamide 95 as a yellow 

solid (0.042 g, 57%). IR (neat, diamond cell) ν 3364, 3226, 3085, 2904, 2846, 1725, 1618, 

1420, 1346, 1266, 1229, 1182, 1166, 1132, 1120, 1088, 1048, 900, 854, 813, 663 cm−1; LRMS 

(−ESI) m/z 420 [M−H]−; HRMS Calcd for C20H26N3O5S
− [M−H]−: m/z 420.15987, found m/z 

420.15979; 1H NMR (400 MHz, DMSO-d6) δ 8.66 (q, J = 4.9 Hz, 1H), 8.54 (d, J = 2.3 Hz, 

1H), 7.89 (dd, J = 9.2, 2.3 Hz, 1H), 7.15 (d, J = 9.3 Hz, 1H), 3.01 (d, J = 4.9 Hz, 3H), 2.13 (t, 

J = 7.8 Hz, 2H), 2.08 (s, 1H), 1.82 (dd, J = 5.9, 3.1 Hz, 3H), 1.68 – 1.46 (m, 6H), 1.27 (d, J = 

2.8 Hz, 6H), 1.19 (t, J = 7.8 Hz, 2H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 172.4, 148.0, 
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134.0, 129.6, 127.5, 124.2, 115.0, 41.4, 38.0, 36.5, 31.6, 30.0, 29.4, 27.9 ppm; HPLC (254 nm) 

RT = 28.60 min, 96.32%. 

 

3-(Adamantan-1-yl)-N-((4-(ethylamino)-3-nitrophenyl)sulfonyl)propenamide 98 

 

Using General Procedure B, N-acylsulfonamide 112 (0.075 g, 0.18 mmol) and 70% aq. 

EtNH2 solution (0.5 mL) gave the title compound. The crude residue was purified via flash 

column chromatography (20-50% acetone/hexane) to yield N-acylsulfonamide 98 as a yellow 

solid (0.043 g, 56%). IR (neat, diamond cell) ν 3373, 3323, 3096, 2900, 2848, 1719, 1614, 

1565, 1516, 1430, 1338, 1321, 1262, 1237, 1166, 1118, 1091, 1070, 1053, 917, 886, 850, 810, 

659 cm−1; LRMS (−ESI) m/z 434 [M−H]−; HRMS Calcd for C21H28N3O5S
− [M−H]−: m/z 

434.17552, found m/z 434.17466; 1H NMR (400 MHz, DMSO-d6) δ 11.96 (br s, 1H), 8.62 (t, 

J = 5.9 Hz, 1H), 8.54 (d, J = 2.3 Hz, 1H), 7.86 (dd, J = 9.2, 2.3 Hz, 1H), 7.22 (d, J = 9.3 Hz, 

1H), 3.46 (pentet, J = 6.5 Hz, 2H), 2.14 (t, J = 7.7 Hz, 2H), 1.84 – 1.78 (m, 3H), 1.67 – 1.43 

(m, 6H), 1.26 (d, J = 2.8 Hz, 6H), 1.23 – 1.17 (m, 5H) ppm; 13C NMR (101 MHz, DMSO-d6) 

δ 172.5, 147.1, 134.0, 129.5, 127.7, 124.3, 115.0, 41.4, 38.0, 37.4, 36.5, 31.6, 29.4, 27.9, 13.8 

ppm; HPLC (254 nm) RT = 29.79 min, 96.74%. 

 

3-(Adamantan-1-yl)-N-((3-nitro-4-((2-(phenylthio)ethyl)amino)phenyl)sulfonyl)propenamide 

101 

 

Using General Procedure B, N-acylsulfonamide 112 (0.050 g, 0.11 mmol) and amine 86 

(0.085 g, 0.55 mmol) gave the title compound. The crude residue was purified via flash column 

chromatography (20-50% acetone/hexane), then preparatory TLC (0.5% MeOH/CH2Cl2) to 

yield N-acylsulfonamide 101 as a yellow solid (0.041 g, 64%). IR (neat, diamond cell) ν 3355, 

3247, 3232, 3099, 3076, 2899, 2846, 1714, 1614, 1566, 1519, 1437, 1411, 1345, 1272, 1241, 

1164, 1128, 1092, 901, 847, 811, 739, 659 cm−1; LRMS (−ESI) m/z 542 
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[M−H]−; HRMS Calcd for C27H32N3O5S2
− [M−H]−: m/z 542.17779, found m/z 542.17662; 1H 

NMR (400 MHz, DMSO-d6) δ 8.73 (t, J = 6.0 Hz, 1H), 8.50 (d, J = 2.3 Hz, 1H), 7.82 (dd, J = 

9.2, 2.3 Hz, 1H), 7.43 – 7.34 (m, 2H), 7.34 – 7.25 (m, 2H), 7.23 – 7.17 (m, 1H), 7.16 (d, J = 

9.3 Hz, 1H), 3.65 (q, J = 6.6 Hz, 2H), 3.27 (t, J = 6.9 Hz, 3H), 2.10 (t, J = 7.8 Hz, 2H), 1.81 (q, 

J = 3.2 Hz, 3H), 1.73 – 1.43 (m, 6H), 1.27 (d, J = 2.8 Hz, 6H), 1.24 – 1.15 (t, J = 7.8 Hz, 2H) 

ppm; 13C NMR (101 MHz, DMSO-d6) δ 173.1, 146.8, 135.0, 134.0, 129.8, 129.1, 128.7, 127.4, 

126.1, 125.7, 114.9, 41.9, 41.4, 38.2, 36.5, 31.6, 31.2, 29.8, 27.9 ppm; HPLC (254 nm) RT = 

32.07 min, 98.08%. 

 

6.4. Experimental and Characterisation for Chapter 3 

7-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-3,4-dihydronaphthalen-1(2H)-one 147 

 

A mixture of aryl bromide 146 (0.39 g, 1.7 mmol), B2pin2 (0.57 g, 2.3 mmol), KOAc (0.34 g, 

2.5 mmol) and Pd(dppf)Cl2 (0.051 g, 0.69 mmol) was dried under vacuum. Concurrently, 

MeOH (7 mL) was degassed under N2. MeOH was then added to the solid mixture, which was 

heated at 60 ºC for 16 h. When the reaction was complete, the mixture was filtered over a plug 

of celite and the filter cake washed with EtOAc. The solvent was evaporated under reduced 

pressure and the crude residue was purified by flash column chromatography (5-15% 

EtOAc/hexanes) to yield pinacol boronate 147 as a pale yellow oil (0.12 g, 25%). LRMS 

(+ESI) m/z 295 [M+Na]+, 567 [2M+Na]+; 1H NMR (400 MHz, CDCl3) δ 8.50 (s, 1H), 7.87 

(dd, J = 7.6, 1.5 Hz, 1H), 7.28 – 7.22 (m, 1H), 2.98 (t, J = 6.1 Hz, 2H), 2.66 (t, J = 6.5 Hz, 2H), 

2.13 (p, J = 6.3 Hz, 2H), 1.34 (s, 12H) ppm; 13C NMR (101 MHz, CDCl3) δ 198.4, 147.5, 

139.5, 134.2, 132.2, 128.3, 84.1, 39.4, 30.2, 25.0, 23.3 ppm. The carbon bonded to boron could 

not be detected. Characterisation data were consistent with literature.376 
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6-(8-Oxo-5,6,7,8-tetrahydronaphthalen-2-yl)picolinic acid 148 

 

A mixture of pinacol boronate 147 (0.12 g, 0.43 mmol), 6-bromopicolinic acid 210 (0.067 g, 

0.33 mmol), K2CO3 (0.12 g, 0.90 mmol), TBAB (0.010 g, 0.030 mmol) and 

bis(triphenylphosphine)palladium(II) dichloride (Pd(PPh3)2Cl2, 0.011 g, 0.017 mmol) was 

dried under vacuum. Concurrently, 1,4-dioxane/H2O (2:1, 3.6 mL) was degassed under N2. The 

solution was then added to the solid mixture, which was heated in a microwave reactor for 2 h. 

When the reaction was complete, the mixture was partitioned between EtOAc and H2O, then 

the organic layer was extracted. The aqueous layer was acidified to pH 3, at which point a 

precipitate formed. The mixture was filtered and the residue was dried under vacuum. The 

residue was redissolved in 10% aq. K2CO3 solution, then acidified to pH 4, at which point a 

precipitate formed. The mixture was again filtered and the residue was dried under vacuum to 

yield ketone 148 as a white solid (0.055 g, 62%). LRMS (+ESI) m/z 266, [M+Na]+, 555 

[2M+Na]+; 1H NMR (500 MHz, DMSO-d6) δ 8.62 (d, J = 2.1 Hz, 1H), 8.34 (dd, J = 8.1, 2.1 

Hz, 1H), 8.17 (d, J = 7.8 Hz, 1H), 8.04 (t, J = 7.8 Hz, 1H), 7.97 (d, J = 7.6 Hz, 1H), 7.51 (d, J 

= 8.1 Hz, 1H), 3.02 (t, J = 6.0 Hz, 2H), 2.66 (t, J = 6.5 Hz, 2H), 2.08 (p, J = 6.2 Hz, 2H); 13C 

NMR (126 MHz, DMSO-d6) δ 197.6, 166.5, 155.0, 149.8, 145.9, 138.5, 136.4, 132.5, 131.5, 

129.8, 124.5, 123.3, 122.7, 38.7, 28.8, 22.7 ppm. Characterisation data were consistent with 

literature.376 

 

2-Hydrazineylbenzo[d]thiazole 150 

 

A solution of 2-chlorobenzothiazole 149 (0.25 g, 1.5 mmol) and 60% aq. hydrazine hydrate 

(0.7 mL) was refluxed at 80 °C for 2 h. When the reaction was complete, the mixture was 

filtered and the crude residue washed with EtOH. The residue was collected and recrystallised 

from EtOH to yield hydrazine 150 as a white solid (0.23 g, 94%). LRMS (+ESI) m/z 188 
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[M+Na]+, 353 [2M+Na]+; 1H NMR (500 MHz, (CD3)2CO) δ 7.67 (dd, J = 8.0, 1.3 Hz, 1H), 

7.41 (dd, J = 8.1, 1.1 Hz, 1H), 7.29 – 7.22 (m, 1H), 7.07 (td, J = 7.5, 1.2 Hz, 1H) ppm; 13C 

NMR (126 MHz, (CD3)2CO) δ 168.4, 151.3, 130.8, 126.5, 122.3, 122.0, 118.5 ppm. 

Characterisation data were consistent with literature.376 

 

(Z)-6-(8-(2-(Benzo[d]thiazol-2-yl)hydrazineylidene)-5,6,7,8-tetrahydronaphthalen-2-

yl)picolinic acid 126 

 

A solution of ketone 148 (0.060 g, 0.36 mmol) in EtOH (4 mL) was gently heated to dissolve 

the solid. To this was added a solution of hydrazine 150 (0.060 g, 0.22 mmol) in EtOH (4 mL). 

The solution was heated at 80 °C for 1 h, at which point a precipitate had formed. The mixture 

was filtered and the residue dried under vacuum to yield hydrazone 126 as an off-white solid 

(0.028 g, 30%). IR (neat, diamond cell) ν 3520, 3060, 2959, 2938, 2880, 2872, 2422, 1883, 

1682, 1603, 1587, 1572, 1558, 1443, 1410, 1388, 1328, 1310, 1267, 1243, 1152, 1120, 1087, 

1070, 1048, 1030, 1018, 990, 900, 882, 822, 765, 749, 725, 714, 696, 643 cm−1; LRMS (−ESI) 

m/z 413 [M−H]−; 1H NMR (500 MHz, DMSO-d6) δ 8.81 (d, J = 1.9 Hz, 1H), 8.17 – 8.04 (m, 

4H), 8.04 – 7.98 (m, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.40 – 7.34 (m, 2H), 7.28 (t, J = 7.6 Hz, 

1H), 7.10 (t, J = 7.5 Hz, 1H), 2.87 – 2.79 (m, 4H), 1.90 (p, J = 6.3 Hz, 2H) ppm; HPLC (254 

nm) RT = 22.88 min, 96.70%. Characterisation data were consistent with literature.376 

 

Methyl 2-bromothiazole-4-carboxylate 152 

 

A solution of acid 151 (0.50 g, 2.4 mmol) and H2SO4 (0.25 mL) in MeOH (5 mL) was refluxed 

for 2 h. When the reaction was complete, the solution was concentrated under a gentle stream 

of N2. The mixture was then quenched by addition of sat. aq. NaHCO3 (50 mL), then extracted 
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with CH2Cl2 (×3). The combined organic layers were washed with brine, then dried (MgSO4). 

The solvent was evaporated under reduced pressure to yield the aryl bromide 152 as a cream 

yellow solid (0.48 g, 89%), which was used without further purification. LRMS (+ESI) m/z 

244, 246 [M+Na]+; 1H NMR (400 MHz, DMSO-d6) δ 8.12 (s, 1H), 3.94 (s, 3H) ppm; 13C 

NMR (101 MHz, DMSO-d6) δ 160.7, 147.0, 137.0, 131.1, 52.8 ppm. 

 

Tert-butyl 8-(benzo[d]thiazol-2-ylcarbamoyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate 

155 

 

Using General Procedure D, 2-aminobenzothiazole 154 (0.16 g, 1.1 mmol) and 2-(tert-

butoxycarbonyl)-1,2,3,4-tetrahydroisoquinoline-8-carboxylic acid 153 (0.20 g, 0.72 mmol) 

gave the title compound. The crude residue was purified by flash column chromatography (20-

50% EtOAc/hexanes) to yield amide 155 as a white solid (0.31 g, 71%). IR (neat, diamond 

cell) ν 3122, 3066, 2976, 2935, 2883, 2832, 1683, 1669, 1599, 1545, 1477, 1445, 1421, 1364, 

1296, 1278, 1251, 1223, 1162, 1145, 1111, 916, 907, 874, 856, 841, 785, 755, 743, 731, 684, 

441 cm−1; LRMS (+ESI) m/z 432 [M+Na]+, (−ESI) m/z 408 [M−H]−; 1H NMR (500 MHz, 

DMSO-d6) δ 11.89 (br s, 1H), 7.79 (dd, J = 7.9, 1.2 Hz, 1H), 7.47 (dd, J = 7.6, 1.2 Hz, 1H), 

7.25 – 7.22 (m, 1H), 7.20 (d, J = 7.7 Hz, 1H), 7.18 – 7.12 (m, 1H), 7.08 – 7.02 (m, 1H), 6.94 

(d, J = 8.1 Hz, 1H), 4.90 (s, 2H), 3.63 (s, 2H), 2.87 (s, 2H), 1.45 (s, 9H) ppm. Characterisation 

data were consistent with literature.378 

 

 

 

 

 

 

 

 

 



Chapter 6 

 

 

167 

N-(Benzo[d]thiazol-2-yl)-1,2,3,4-tetrahydroisoquinoline-8-carboxamide 156 

 

A solution of amide 155 (0.19 g, 0.46 mmol) in CH2Cl2 (2 mL) was cooled in an ice-water 

bath, then 4 M HCl in 1,4-dioxane (1 mL) was added dropwise. The solution was allowed to 

warm to RT and stirred for 16 h. When the reaction was complete, the solvent was evaporated 

under a gentle stream to N2 to yield amine 156 as a white powder (0.14 g, 99%). IR (neat, 

diamond cell) ν 3498, 3345, 3162, 3034, 2977, 2926, 2829, 2748, 2674, 2594, 2500, 2469, 

2405, 1689, 1588, 1561, 1539, 1464, 1453, 1427, 1362, 1347, 1318, 1290, 1266, 1235, 1215, 

1201, 1129, 1101, 1064, 1017, 821, 807, 777, 762, 740, 722 cm−1; LRMS (+ESI) m/z 310, 

(−ESI) m/z 308 [M−H]−; 1H NMR (400 MHz, DMSO-d6) δ 9.85 (s, 2H), 8.01 (dd, J = 7.9, 1.2 

Hz, 1H), 7.82 – 7.76 (m, 1H), 7.74 (dd, J = 6.9, 2.1 Hz, 1H), 7.51 – 7.39 (m, 3H), 7.34 (ddd, J 

= 8.2, 7.2, 1.1 Hz, 1H), 4.49 – 4.42 (m, 2H), 3.35 (dt, J = 7.6, 3.9 Hz, 2H), 3.11 (t, J = 6.2 Hz, 

2H) ppm. Characterisation data were consistent with literature.378 

 

Methyl 2-(8-(benzo[d]thiazol-2-ylcarbamoyl)-3,4-dihydroisoquinolin-2(1H)-yl)thiazole-4-

carboxylate 157 

 

To solution of amine 156 (0.050 g, 0.16 mmol) and aryl bromide 152 (0.036 g, 0.16 mmol) in 

dimethylacetamide (0.75 mL) was added Cs2CO3 (0.26 g, 0.81 mmol), then the solution was 

heated at 50 °C for 16 h. When the reaction was complete, the solution was acidified with 1 M 

HCl, then extracted with CH2Cl2 (×3). The organic layers were combined and washed with 

brine, then dried (MgSO4). The solvent was evaporated under reduced pressure to yield the 

crude residue, which was purified by column chromatography (1-5% MeOH/CH2Cl2) to yield 
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ester 157 as a white solid (0.046 g, 63%), which was telescoped to the next step without 

characterisation. 

 

2-(8-(Benzo[d]thiazol-2-ylcarbamoyl)-3,4-dihydroisoquinolin-2(1H)-yl)thiazole-4-carboxylic 

acid 127 

 

Using General Procedure E, ester 157 (0.046 g, 0.10 mmol) and LiOH (0.012 g, 0.51 mmol) 

gave the title compound. The crude residue was purified by column chromatography (1-5% 

MeOH/CH2Cl2) to yield acid 127 as a white solid (0.044 g, 99%). IR (neat, diamond cell) ν 

3128, 2955, 2924, 2871, 2852, 1670, 1597, 1533, 1443, 1415, 1355, 1296, 1278, 1203, 1140, 

784, 755, 727, 682, 633 cm−1 LRMS (−ESI) m/z 435 [M−H]−; 1H NMR (500 MHz, DMSO-

d6) δ 8.01 (dd, J = 7.9, 1.2 Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H), 7.67 (dd, J = 7.5, 1.5 Hz, 1H), 

7.50 – 7.29 (m, 5H), 4.86 (s, 2H), 3.75 (t, J = 6.0 Hz, 2H), 3.04 (t, J = 6.0 Hz, 2H) ppm; HPLC 

(254 nm) RT = 21.93 min, 96.73%. Characterisation data were consistent with literature.378 

 

N-(Benzo[d]thiazol-2-yl)-1-(3-bromophenyl)cyclopropane-1-carboxamide 158 

 

Using General Procedure D, 2-aminobenzothiazole 154 (0.75 g, 5.0 mmol) and 1-(3-

bromophenyl)cyclopropane-1-carboxylic acid 159 (0.60 g, 2.5 mmol) gave the title compound.  

The crude residue was purified by flash column chromatography (30-50% EtOAc/hexanes) to 

yield amide 158 as a white solid (0.77 g, 83%). IR (neat, diamond cell) ν 3149, 3100, 3064, 

3013, 2954, 2695, 1673, 1596, 1523, 1478, 1447, 1411, 1308, 1279, 1266, 1208, 1151, 1069, 

961, 879, 817, 779, 753, 728, 694, 664, 635 cm−1; LRMS (−ESI) m/z 371, 373 

[M−H]−; HRMS Calcd for C17H12BrN2OS− [M−H]−: m/z 370.98592, 372.98387, found m/z 

370.98565, 372.98374; 1H NMR (400 MHz, CDCl3) δ 8.61 (br s, 1H), 7.80 (ddd, J = 7.9, 1.3, 
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0.6 Hz, 1H), 7.71 – 7.62 (m, 2H), 7.54 (ddd, J = 8.0, 2.0, 1.1 Hz, 1H), 7.47 – 7.36 (m, 2H), 

7.33 – 7.27 (m, 2H), 1.85 (q, J = 4.0 Hz, 2H), 1.31 (q, J = 4.0 Hz, 2H) ppm; 13C NMR (101 

MHz, CDCl3) δ 171.8, 157.8, 148.4, 139.9, 134.4, 132.4, 132.3, 131.3, 130.1, 126.4, 124.2, 

123.8, 121.5, 121.0, 30.7, 18.1 ppm. 

 

N-(Benzo[d]thiazol-2-yl)-1-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)cyclopropane-1-carboxamide 162 

 

Using General Procedure F, aryl bromide 158 (0.25 g, 0.67 mmol) gave the title compound. 

The crude residue was purified by flash column chromatography (5-10% acetone/hexanes) to 

yield amide 162 as a white solid (0.21 g, 75%). IR (neat, diamond cell) ν 3394, 2981, 2923, 

1679, 1531, 1447, 1431, 1418, 1385, 1361, 1325, 1275, 1141, 1111, 1094, 1073, 966, 859, 760, 

732, 714, 681, 669 cm−1; LRMS (+ESI) m/z 443 [M+Na]+,  (−ESI) m/z 419 

[M−H]−; HRMS Calcd for C23H24BN2O3S
− [M−H]−: m/z 419.16062, found m/z 419.16027; 1H 

NMR (400 MHz, CDCl3) δ 8.54 (br s, 1H), 7.91 (d, J = 1.7 Hz, 1H), 7.85 (dt, J = 7.3, 1.3 Hz, 

1H), 7.79 (dd, J = 7.9, 1.1 Hz, 1H), 7.66 (dt, J = 8.1, 0.9 Hz, 1H), 7.58 (ddd, J = 7.7, 2.0, 1.4 

Hz, 1H), 7.45 (t, J = 7.5 Hz, 1H), 7.39 (ddd, J = 8.2, 7.2, 1.3 Hz, 1H), 7.31 – 7.27 (m, 1H), 1.83 

(q, J = 3.9 Hz, 2H), 1.37 (s, 12H), 1.34 (q, J = 4.0 Hz, 2H) ppm; 13C NMR (101 MHz, CDCl3) 

δ 172.7, 158.0, 148.5, 137.6, 136.8, 135.6, 134.3, 132.4, 131.4, 129.9, 129.2, 126.3, 124.0, 

121.5, 120.9, 84.3, 30.9, 25.0, 18.1 ppm. 
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Methyl 2-(3-(1-(benzo[d]thiazol-2-ylcarbamoyl)cyclopropyl)phenyl)thiazole-4-carboxylate 

161 

 

A mixture of pinacol boronate 162 (0.15 g, 0.36 mmol), aryl bromide 152 (0.12 g, 0.54 mmol), 

Pd(PPh3)4 (0.021 g, 0.018 mmol) and Na2CO3 (0.11 g, 1.1 mmol) was dried under vacuum. 

Concurrently, a mixture of 1,4-dioxane (0.75 mL) and H2O (0.25 mL) was degassed with N2. 

The solution was added to the solids and the mixture heated at 80 °C for 16 h. When the reaction 

was complete, the mixture was diluted with 1 M HCl. The aqueous layer was extracted with 

EtOAc (×3) and the combined organic layers were washed with brine and dried (MgSO4). The 

solvent was evaporated to yield the crude residue, which was purified by flash column 

chromatography (5-10% acetone/hexanes, then 20-30% acetone/hexanes) to yield ester 161 as 

a white solid (0.019 g, 12%), which was telescoped to the next step without characterisation.  

 

2-(3-(1-(Benzo[d]thiazol-2-ylcarbamoyl)cyclopropyl)phenyl)thiazole-4-carboxylic acid 139 

 

Using General Procedure E, ester 161 (0.019 g, 0.044 mmol) and LiOH (0.005 g, 0.2 mmol) 

gave the title compound. The residue was purified by reverse phase column chromatography 

(0-100% MeCN/H2O) to yield acid 139 as an off-white solid (0.018 g, 99%). IR (neat, diamond 

cell) ν 3474, 3474, 3157, 3120, 3059, 2958, 2921, 2851, 1692, 1667, 1537, 1454, 1438, 1362, 

1343, 1310, 1284, 1258, 1245, 1228, 1177, 1164, 1120, 1093, 1027, 989, 961, 943, 900, 828, 

809, 773, 756, 739, 728, 705, 696, 679, 640 cm−1; LRMS (−ESI) m/z 420 

[M−H]−; HRMS Calcd for C21H14N3O3S2
− [M−H]−: m/z 420.04821, found m/z 420.04826; 1H 

NMR (400 MHz, (CD3)2CO) δ 8.44 (s, 1H), 8.26 (t, J = 1.9 Hz, 1H), 8.02 (dt, J = 7.9, 1.4 Hz, 

1H), 7.94 – 7.87 (m, 1H), 7.75 (dt, J = 7.6, 1.4 Hz, 1H), 7.63 – 7.54 (m, 2H), 7.37 (td, J = 7.7, 

1.3 Hz, 1H), 7.31 – 7.25 (m, 1H), 1.79 (q, J = 4.1 Hz, 2H), 1.43 (q, J = 4.1 Hz, 2H) ppm; 13C 
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NMR (101 MHz, (CD3)2CO) δ 172.82, 168.58, 162.21, 158.81, 149.64, 148.64, 140.29, 

136.97, 134.64, 134.19, 133.05, 130.84, 129.93, 129.05, 127.35, 126.81, 124.52, 122.15, 

121.72, 31.52, 17.53 ppm; HPLC (254 nm) RT = 27.28 min, 99.66%. 

 

1-(3-Bromophenyl)cyclobutane-1-carbonitrile 167 

 

To a solution of nitrile 166 (0.66 mL, 5.1 mmol) in DMF (12 mL) was added NaH (0.45 g, 

11.2 mmol), at which point the solution turned deep red. After 30 minutes, the solution was 

cooled in an ice-water bath and 1,3-dibromopropane (0.55 mL 5.4 mmol) was added dropwise, 

and then the solution was stirred for 16 h at RT. When the reaction was complete, the solution 

was diluted with H2O and extracted with EtOAc (×3). The organic layers were combined and 

washed with brine, then dried (MgSO4). The crude residue was purified by flash column 

chromatography (10-30% EtOAc/hexane) to yield nitrile 167 as a colourless oil (0.55 g, 46%). 

LRMS (−ESI) m/z 258, 260 [M−H]−; 1H NMR (500 MHz, CDCl3) δ 7.53 (t, J = 1.9 Hz, 1H), 

7.43 (ddd, J = 7.9, 1.9, 1.1 Hz, 1H), 7.32 (ddd, J = 7.8, 1.9, 1.1 Hz, 1H), 7.25 – 7.19 (m, 1H), 

2.80 (dddd, J = 12.8, 6.1, 3.3, 1.5 Hz, 2H), 2.62 – 2.53 (m, 2H), 2.48 – 2.35 (m, 1H), 2.06 (dtt, 

J = 11.7, 9.0, 4.4 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3) δ 142.1, 131.2, 130.6, 129.0, 

124.5, 123.9, 123.2, 39.9, 34.7, 17.2 ppm. Characterisation data were consistent with 

literature.458 

 

1-(3-Bromophenyl)cyclobutane-1-carboxylic acid 165 

 

To a solution of nitrile 167 (0.55 g, 2.34 mmol) in 1:1 EtOH/H2O (5 mL) was added KOH 

(0.66 g, 11.7 mmol), and then solution was refluxed for 16 h. When the reaction was complete, 

the mixture was concentrated under a gentle stream of N2, then acidified by addition of 1 M 

HCl and extracted with EtOAc (×3). The organic layers were combined and washed with brine, 

then dried (MgSO4). The solvent was evaporated under reduced pressure to yield acid 165 with 

no further purification (0.47 g, 79%). LRMS (−ESI) m/z 253, 255 [M−H]−, 529, 531, 533 
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[2M−2H+Na]−; 1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 1.9 Hz, 1H), 7.38 (dt, J = 7.1, 1.9 

Hz, 1H), 7.25 – 7.15 (m, 2H), 2.90 – 2.78 (m, 2H), 2.57 – 2.45 (m, 2H), 2.10 (dp, J = 11.3, 8.6 

Hz, 1H), 1.88 (dtt, J = 10.7, 9.1, 4.8 Hz, 1H) ppm; 13C NMR (101 MHz, CDCl3) δ 181.5, 145.5, 

130.2, 130.0, 129.9, 125.3, 122.6, 52.1, 32.4, 16.8 ppm. Characterisation data were consistent 

with literature.459 

 

N-(Benzo[d]thiazol-2-yl)-1-(3-bromophenyl)cyclobutane-1-carboxamide 164 

 

Using General Procedure D, 2-aminobenzothiazole 154 (0.59 g, 3.9 mmol) and acid 165 (0.50 

g, 2.0 mmol) gave the title compound. The crude residue was purified by flash column 

chromatography (30-50% EtOAc/hexanes) to yield amide 164 as a white solid (0.61 g, 80%). 

IR (neat, diamond cell) ν 3252, 3208, 3082, 3054, 2985, 2944, 2865, 1666, 1595, 1532, 1476, 

1451, 1438, 1287, 1255, 1228, 1118, 962, 848, 823, 780, 760, 733, 699, 691, 676 cm−1; LRMS 

(−ESI) m/z 385, 387 [M−H]−; HRMS Calcd for C18H14BrN2OS− [M−H]−: m/z 385.00157, 

386.99952, found m/z 385.00197, 386.99973; 1H NMR (400 MHz, CDCl3) δ 8.76 (br s, 1H), 

7.81 (d, J = 7.9 Hz, 1H), 7.67 (d, J = 8.1 Hz, 1H), 7.48 (d, J = 1.7 Hz, 1H), 7.44 (ddd, J = 7.4, 

6.2, 1.5 Hz, 1H), 7.41 – 7.37 (m, 1H), 7.35 – 7.17 (m, 3H), 2.94 (ddd, J = 11.5, 9.0, 5.2 Hz, 

2H), 2.55 (ddd, J = 12.2, 9.4, 7.3 Hz, 2H), 2.21 (dddd, J = 16.3, 11.3, 9.1, 7.3 Hz, 1H), 1.97 

(dddd, J = 14.7, 11.1, 9.4, 5.5 Hz, 1H) ppm; 13C NMR (101 MHz, CDCl3) δ 173.5, 158.2, 

148.3, 144.6, 131.1, 131.0, 129.7, 128.1, 126.4, 125.1, 124.2, 123.7, 121.5, 121.0, 53.1, 32.1, 

16.6 ppm. 
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N-(Benzo[d]thiazol-2-yl)-1-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)cyclobutane-1-carboxamide 163 

 

Using General Procedure F, aryl bromide 164 (0.25 g, 0.65 mmol) gave the title compound. 

The crude residue was purified by flash column chromatography to yield pinacol boronate 163 

as a white solid (0.18 g, 63%). IR (neat, diamond cell) ν 3388, 3244, 2976, 2944, 2868, 1688, 

1598, 1530, 1444, 1419, 1380, 1355, 1316, 1291, 1260, 1190, 1166, 1142, 1081, 963, 937, 862, 

846, 756, 730, 707, 675 cm−1; LRMS (−ESI) m/z 433 [M−H]−; HRMS Calcd for 

C24H27BN2NaO3S
− [M+Na]+: m/z 457.17277, found m/z 457.17277; 1H NMR (500 MHz, 

CDCl3) δ 8.37 (br s, 1H), 7.79 (tdd, J = 6.7, 2.1, 1.0 Hz, 3H), 7.69 – 7.63 (m, 1H), 7.47 – 7.34 

(m, 3H), 7.30 – 7.27 (m, 1H), 3.02 – 2.92 (m, 2H), 2.65 (tdd, J = 9.4, 7.5, 2.3 Hz, 2H), 2.27 

(dtt, J = 11.3, 9.1, 7.5 Hz, 1H), 1.97 (dtt, J = 11.0, 9.3, 5.3 Hz, 1H), 1.36 (s, 12H) ppm; 13C 

NMR (126 MHz, CDCl3) δ 174.3, 158.1, 148.5, 141.5, 134.5, 132.4, 132.4, 129.6, 129.0, 

126.3, 124.0, 121.5, 120.9, 84.2, 53.2, 32.2, 25.0, 16.7 ppm. The carbon bonded to boron could 

not be detected. 

 

N-(Benzo[d]thiazol-2-yl)-1-(3-cyanophenyl)cyclobutane-1-carboxamide 170 

 

A mixture of aryl bromide 164 (0.10 g, 0.26 mmol), Zn(CN)2 (0.061 g, 0.52 mmol) and 

Pd(PPh3)4 (0.060 g, 0.0052 mmol) was dried under vacuum. Concurrently, DMF (1 mL) was 

degassed under N2. The solvent was added to the solids and the mixture solution was heated at 

100 ºC for 3 h. When the reaction was complete, the mixture was diluted with 1 aq. M NH3 

solution. The aqueous layer was extracted with EtOAc (×3) and the combined organic layers 

were washed with brine and dried (MgSO4). The solvent was evaporated under a gentle stream 
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of N2 to yield the crude residue, which was purified by flash column chromatography (10-40% 

EtOAc/hexanes) to yield nitrile 170 as a white solid (0.071 g, 91%). IR (neat, diamond cell) ν 

3340, 3134, 2989, 2890, 2226, 1698, 1587, 1570, 1435, 11376, 1342, 1310, 1287, 1216, 1190, 

1139, 1085, 971, 947, 859, 840, 756, 745, 701, 667 cm−1; LRMS (−ESI) m/z 332 [M−H]−, 687 

[2M−2H+Na]−; HRMS Calcd for C19H14N3OS− [M−H]− m/z 332.08631, found m/z 

332.08632; 1H NMR (500 MHz, CDCl3) δ 9.56 (br s, 1H), 7.81 (dd, J = 8.0, 1.3 Hz, 1H), 7.66 

– 7.59 (m, 2H), 7.56 (dt, J = 7.4, 1.5 Hz, 1H), 7.49 – 7.36 (m, 3H), 7.30 (ddd, J = 8.2, 7.2, 1.1 

Hz, 1H), 2.95 (dtd, J = 12.1, 5.6, 2.6 Hz, 2H), 2.49 (tdd, J = 9.3, 7.1, 2.5 Hz, 2H), 2.14 (dddd, 

J = 16.3, 9.1, 7.2, 3.8 Hz, 1H), 1.94 (dtt, J = 11.5, 9.2, 5.7 Hz, 1H) ppm; 13C NMR (126 MHz, 

CDCl3) δ 173.2, 158.5, 148.2, 143.8, 132.2, 131.2, 130.8, 130.0, 129.9, 126.4, 124.2, 121.6, 

120.9, 118.4, 113.3, 53.0, 32.0, 16.4 ppm. 

 

N-(Benzo[d]thiazol-2-yl)-1-(3-carbamothioylphenyl)cyclobutane-1-carboxamide 169 

 

A solution of nitrile 170 (0.10 g, 0.30 mmol) and Na2S·9H2O (0.17 g, 0.71 mmol) in DMF (1 

mL) was heated at 130 °C for 2 h. The reaction mixture was subsequently poured into H2O. 

The aqueous layer was extracted with EtOAc (×3) and the combined organic layers were 

washed with brine and dried (MgSO4). The solvent was evaporated under reduced pressure to 

yield the crude residue, which was purified by column chromatography (20-60% 

EtOAc/hexanes) to yield thioamide 169 as a brown solid (0.054 g, 49%), which was telescoped 

to the next step without characterisation. 
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Ethyl 2-(3-(1-(benzo[d]thiazol-2-ylcarbamoyl)cyclobutyl)phenyl)thiazole-4-carboxylate 168 

 

A solution of thioamide 169 (0.050 g, 0.14 mmol) and ethyl glyoxalate (0.020 mL, 0.16 mmol) 

in EtOH (2 mL) was heated at reflux for 2 h. When the reaction was complete, the mixture was 

concentrated under a gentle stream of N2, then diluted with H2O. The aqueous layer was 

extracted with EtOAc (×3) and the combined organic layers were washed with brine, then dried 

(MgSO4). The solvent was evaporated under reduced pressure to yield the crude residue, which 

was purified by column chromatography to yield ester 168 as an off-white solid (0.052 g, 83%). 

IR (neat, diamond cell) ν 3569, 3256, 3114, 3072, 3042, 2952, 2921, 2852, 1708, 1686, 1598, 

1537, 1475, 1452, 1441, 1408, 1371, 1342, 1292, 1268, 1224, 1156, 1123, 1112, 1094, 1020, 

1006, 943, 943, 863, 843, 795, 753, 728, 714, 693 cm−1; LRMS (+ESI) m/z 486 [M+Na]+; 

(−ESI) m/z 462.10 [M−H]−; HRMS Calcd for C24H21N3NaO3S2
− [M+Na]+: m/z 486.09165, 

found m/z 486.09181; 1H NMR (400 MHz, (CD3)2CO) δ 10.86 (br s, 1H), 8.37 (s, 1H), 8.20 

(d, J = 1.9 Hz, 1H), 7.86 (td, J = 7.8, 1.4 Hz, 2H), 7.65 – 7.56 (m, 2H), 7.50 (t, J = 7.8 Hz, 1H), 

7.38 – 7.30 (m, 1H), 7.30 – 7.18 (m, 1H), 4.34 (q, J = 7.1 Hz, 2H), 3.10 (ddd, J = 12.3, 8.8, 5.9 

Hz, 2H), 2.70 (tdd, J = 9.3, 7.1, 2.4 Hz, 2H), 2.03 – 1.92 (m, 2H), 1.34 (t, J = 7.1 Hz, 3H) 

ppm; 13C NMR  (101 MHz, (CD3)2CO) δ 175.1, 168.8, 161.7, 159.1, 149.9, 149.0, 145.2, 

134.3, 133.1, 130.6, 129.6, 128.8, 126.8, 126.4, 125.1, 124.4, 122.1, 121.6, 61.7, 54.6, 54.5, 

32.8, 16.9, 14.6 ppm. 

 

2-(3-(1-(Benzo[d]thiazol-2-ylcarbamoyl)cyclobutyl)phenyl)thiazole-4-carboxylic acid 140 

 

Using General Procedure E, ester 168 (0.025 g, 0.054 mmol) and LiOH (0.006 g, 0.3 mmol) 

gave the title compound as a white solid (0.023 g, 99%). IR (neat, diamond cell) ν 3550, 3509, 



Chapter 6 

 

 

176 

3245, 3111, 3069, 2944, 2911, 2860, 1699, 1681, 1604, 1466, 1460, 1439, 1420, 1368, 1335, 

1301, 1278, 1219, 1160, 1124, 1119, 1081, 1031, 951, 865, 849, 799, 742, 726, 689 cm−1; 

LRMS (−ESI) m/z 434.05 [M−H]−; HRMS Calcd for C22H17N3O3S2
− [M−H]− m/z 458.06035, 

found m/z 458.06084; 1H NMR (500 MHz, DMSO-d6) δ 12.43 (br s, 1H), 8.49 (s, 1H), 8.14 

(s, 1H), 7.95 (d, J = 7.9 Hz, 1H), 7.85 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 8.1 Hz, 1H), 7.60 (d, J = 

7.8 Hz, 1H), 7.54 (t, J = 7.7 Hz, 1H), 7.40 (t, J = 7.7 Hz, 1H), 7.28 (t, J = 7.6 Hz, 1H), 3.01 – 

2.92 (m, 2H), 2.60 (dt, J = 12.0, 8.5 Hz, 2H), 1.96 – 1.81 (m, 1H) ppm; 13C NMR (126 MHz, 

DMSO-d6) δ 174.6, 167.2, 162.1, 158.5, 148.4, 148.4, 144.1, 132.7, 131.4, 129.6, 128.7, 128.7, 

126.1, 125.3, 124.0, 123.6, 121.6, 120.3, 53.1, 31.9, 15.9 ppm; HPLC (254 nm) 24.47 min, 

95.30%. 

 

N-(Benzo[d]thiazol-2-yl)-2-iodobenzamide 172 

 

Using General Procedure D, 2-iodobenzoic acid 171 (0.83 g, 3.4 mmol) and 2-

aminobenzothiazole 154 (1.0 g, 6.7 mmol) gave the title compound. The crude residue was 

purified via flash column chromatography (20-50% EtOAc/hexane) to yield amide 172 as an 

off-white solid (0.51 g, 40%).  IR (neat, diamond cell) ν 3046, 3122, 2917, 2887, 2836, 2771, 

2690, 2690, 1689, 1680, 1599, 1579, 1551, 1477, 1453, 1442, 1431, 1230, 1279, 1260, 1136, 

1108, 1016, 914, 867, 845, 769, 755, 739, 726, 712, 702, 679, 655, 636 cm−1; LRMS (+ESI) 

m/z 403 [M+Na]+, (−ESI) m/z 378.92 [M−H]−; HRMS Calcd for C14H8IN2O5S
− [M−H]−: m/z 

378.94075, found m/z 378.94052; 1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 7.9 Hz, 1H), 7.71 

(d, J = 8.0 Hz, 1H), 7.51 (dd, J = 7.7, 1.7 Hz, 1H), 7.27 (t, J = 7.6 Hz, 1H), 7.22 (t, J = 7.6 Hz, 

1H), 7.16 – 7.07 (m, 1H), 7.01 (td, J = 7.7, 1.7 Hz, 1H), 6.86 (d, J = 8.1 Hz, 1H) ppm; 13C 

NMR (101 MHz, CDCl3) δ 167.4, 159.3, 147.9, 140.6, 139.5, 132.6, 131.9, 129.3, 128.5, 

126.4, 124.1, 121.4, 120.5, 92.7 ppm. 
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N-(Benzo[d]thiazol-2-yl)-2-((trimethylsilyl)ethynyl)benzamide 173 

 

A mixture of aryl iodide 172 (0.050 g, 0.13 mmol), Pd(PPh3)2Cl2 (0.009 g, 0.013 mmol) and 

CuI (0.001 g, 0.007 mmol) were dried under vacuum. Concurrently, a solution of 

trimethylsilylacetylene (TMSA, 0.028 mL, 0.20 mmol) and Et3N (0.040 mL, 0.39 mmol) in 

DMF (1 mL) was degassed under N2. The solution was added to the solids and the mixture was 

heated at 30 ºC for 3 h. When the reaction was complete, the mixture was diluted with 1 M 

HCl solution and extracted with EtOAc (×3). The combined organic layers were washed with 

brine, then dried (MgSO4). The solvent was evaporated under reduced pressure to yield the 

crude residue, which was purified by flash column chromatography (5-15% EtOAc/hexane) to 

yield alkyne 173 as a cream yellow solid (0.072 g, 16%).  IR (neat, diamond cell) ν 3064, 3012, 

2955, 2924, 2852, 1720, 1608, 1594, 1499, 1472, 1440, 1360, 1338, 1303, 1280, 1265, 1249, 

1223, 1175, 1150, 1140, 1092, 1073, 1015, 911, 857, 755, 729, 694, 678, 647, 614 cm−1; LRMS 

(+ESI) m/z 373 [M+Na]+; HRMS Calcd for C19H18N2NaOSSi+ [M+Na]+: m/z 373.08013, 

found m/z 373.08032; 1H NMR (500 MHz, CDCl3) δ 8.05 (s, 1H), 8.00 (d, J = 7.5 Hz, 1H), 

7.98 (d, J = 8.1 Hz, 1H), 7.91 (d, J = 7.9 Hz, 2H), 7.72 (td, J = 7.6, 1.2 Hz, 1H), 7.59 (td, J = 

7.5, 0.9 Hz, 1H), 7.49 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H), 7.38 (ddd, J = 8.2, 7.2, 1.2 Hz, 1H), 0.44 

(s, 9H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 166.5, 156.1, 149.0, 143.4, 137.3, 133.6, 

132.7, 129.8, 128.2, 126.2, 124.8, 124.5, 123.4, 122.3, 121.2, 116.5, 0.4 ppm. 

 

Methyl 2-((trimethylsilyl)ethynyl)thiazole-4-carboxylate 174 

 

A mixture of aryl bromide 152 (1.0 g, 4.4 mmol), Pd(PPh3)4 (0.26 g, 0.22 mmol) and CuI (0.042 

g, 0.22 mmol) was dried under vacuum. Concurrently, a solution of TMSA (3.2 mL, 23 mmol), 

Et3N (5.0 mL, 53 mmol) and DMF (5 mL) was degassed under N2. The solution was added to 

the solids and the mixture was stirred at 40 ºC for 1 h. When the reaction was complete, the 
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mixture was diluted 1 M HCl solution and extracted with EtOAc (×3). The combined organic 

layers were washed with brine, then dried (MgSO4). The solvent was evaporated to yield the 

crude residue, which was purified by flash column chromatography (10-30% EtOAc/hexane) 

to yield alkyne 174 (0.73 g, 68%), which was telescoped to the next step without 

characterisation. 

 

Methyl 2-ethynylthiazole-4-carboxylate 175 

 

To a solution of alkyne 174 (0.97 g, 4.3 mmol) in THF (5 mL) was added tetrabutylammonium 

fluoride in THF solution (1 mL), at which point the solution turned black, then the solution was 

stirred at RT for 30 min. When the reaction was complete, the solution was diluted with H2O 

and extracted with EtOAc (×3). The combined organic layers were washed with brine, then 

dried (MgSO4). The solvent was evaporated under reduced pressure, and the crude residue was 

purified by flash column chromatography (20-40% EtOAc/hexane) to yield alkyne 175 as a 

cream yellow solid (0.66 g, 92%). IR (neat, diamond cell) ν 3110, 2957, 1716, 1489, 1446, 

1317, 1236, 1152, 1084, 986, 870, 841, 781, 761, 706, 650, 631 cm−1; LRMS (+ESI) m/z 

356.95 [2M+Na]+; 1H NMR (400 MHz, CDCl3) δ 8.19 (s, 1H), 3.97 (s, 3H), 3.51 (s, 1H) 

ppm; 13C NMR (101 MHz, CDCl3) δ 161.3, 148.4, 147.5, 129.0, 75.8, 52.8 ppm. 

 

Methyl 2-((2-(benzo[d]thiazol-2-ylcarbamoyl)phenyl)ethynyl)thiazole-4-carboxylate 176 

 

A mixture of aryl iodide 172 (0.10 g, 0.27 mmol), alkyne 175 (0.050 g, 0.30 mmol), Pd(PPh3)4 

(0.010 g, 0.014 mmol) and CuI (0.003 g, 0.014 mmol) were dried under vacuum. Concurrently, 

a solution of Et3N (0.50 mL, 6.8 mmol) and DMF (0.5 mL) was degassed under N2. The 

solution was added to the solvent and the mixture was heated at 40 °C for 1 h. When the reaction 

was complete, the mixture was diluted with 1 M HCl solution, then extracted with EtOAc (×3). 
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The combined organic layers were washed with brine, then dried (MgSO4). The solvent was 

evaporated under reduced pressure to yield the crude residue, which was purified by column 

chromatography (5-20% EtOAc/hexanes) to yield ester 176 as a yellow solid, which was 

telescoped to the next step without characterisation (0.026 g, 24%). 

 

2-((2-(Benzo[d]thiazol-2-ylcarbamoyl)phenyl)ethynyl)thiazole-4-carboxylic acid 141 

 

Using General Procedure E, ester 176 (0.026 g, 0.062 mmol) and LiOH (0.007 g, 0.3 mmol) 

gave the title compound as a yellow solid, without further purification (0.025 g, 99%). IR (neat, 

diamond cell) ν 3137, 3119, 3055, 3036, 2945, 2945, 2918, 2895, 2847, 2788, 2758, 1671, 

1598, 1535, 1455, 1441, 1319, 1297, 1278, 1246, 1184, 1159, 1110, 1068, 1028, 1017, 916, 

871, 748, 725, 695, 653 cm−1; LRMS (−ESI) m/z 404 [M−H]−; HRMS Calcd for 

C20H10N3O3S2
− [M−H]−: m/z 404.01691, found m/z 404.01679; 1H NMR (400 MHz, CDCl3) δ 

8.03 (d, J = 7.7 Hz, 2H), 7.86 (d, J = 7.7 Hz, 1H), 7.60 (t, J = 7.4 Hz, 1H), 7.55 – 7.43 (m, 3H), 

7.41 – 7.28 (m, 2H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 165.57, 161.73, 159.44, 149.32, 

148.00, 147.47, 140.61, 139.66, 133.32, 132.02, 129.21, 128.62, 127.95, 126.41, 124.25, 

121.60, 120.82, 102.80, 96.82, 93.42 ppm; HPLC (254 nm) RT = 23.47 min, 95.82%. 

 

1-(7-Fluoronaphthalen-1-yl)ethan-1-one 178 

 

A solution of 2-fluoronaphthalene 177 (0.25 g, 1.7 mmol) in CH2Cl2 (2.5 mL), then cooled to 

−78 °C. To the solution was added AlCl3 (0.68 g, 5.1 mmol), then acetyl chloride (AcCl, 0.24 

mL, 3.4 mmol) dropwise, at which point the solution turned green. The solution was then stirred 

for 4 h, with the cooling bath allowed to warm to RT. When the reaction was complete, the 

reaction was quenched by addition of 1 M HCl, then extracted with CH2Cl2 (×3). The combined 

organic layers were washed with brine and dried (MgSO4). The solvent was evaporated to yield 
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the crude residue, which was purified by flash column chromatography (20-40% 

EtOAc/hexanes) to yield ketone 178 as a colourless oil (0.21 g, 63%). LRMS (+ESI) m/z 211 

[M+Na]+, 399 [2M+Na]+; 1H NMR (300 MHz, CDCl3) δ 8.61 (dd, J = 12.2, 2.6 Hz, 1H), 8.09 

– 7.96 (m, 2H), 7.48 (t, J = 7.7 Hz, 1H), 7.32 (ddd, J = 9.0, 7.9, 2.6 Hz, 1H), 2.75 (s, 3H) 

ppm; 13C NMR (75 MHz, CDCl3) δ 201.1, 162.6 (d, 1JCF = 247.1 Hz), 134.2 (d, 4JCF = 5.9 Hz), 

133.4 (d, 5JCF = 1.3 Hz), 131.5 (d, 3JCF = 10.9 Hz), 131.2 (d, 5JCF = 1.1 Hz), 130.8 (d, 3JCF = 

9.4 Hz), 130.5, 123.7 (d, 4JCF = 2.5 Hz), 117.0 (d, 2JCF = 25.6 Hz), 110.5 (d, 2JCF = 23.9 Hz), 

29.8 ppm; 19F NMR (282 MHz, CDCl3) δ −110.6 (m) ppm. Characterisation data were 

consistent with literature.409 

 

1-(7-Fluoronaphthalen-1-yl)ethan-1-one 179 

 

To a solution of ketone 178 (0.54 g, 2.9 mmol) in MeOH (2 mL) was added 12.5% aq NaOCl 

solution (3 mL) and the mixture was stirred at RT for 72 h. When the reaction was complete, 

the mixture was diluted with sat. aq. NaHCO3, then extracted with EtOAc. The aqueous layer 

was then acidified with 1 M HCl, then extracted with EtOAc (×3). The combined organic layers 

were washed with brine and dried (MgSO4). The solvent was evaporated to yield the crude 

residue, which was purified by flash column chromatography (20-40% acetone/hexanes) to 

yield acid 179 as a white solid (0.19 g, 35%). LRMS (−ESI) m/z 189 [M−H]−, 401 

[2M−2H+Na]−; 1H NMR (500 MHz, DMSO-d6) δ 8.67 (dd, J = 12.5, 2.7 Hz, 1H), 8.32 – 8.25 

(m, 1H), 8.23 (d, J = 8.3 Hz, 1H), 8.13 (dd, J = 9.1, 6.2 Hz, 1H), 7.59 (dd, J = 8.2, 7.3 Hz, 1H), 

7.53 (ddd, J = 9.0, 8.3, 2.7 Hz, 1H) ppm; 13C NMR (126 MHz, DMSO-d6) δ 168.3, 161.1 (d, 

1JCF = 244.2 Hz), 133.3, 131.8, 131.7 (d, 3JCF = 9.7 Hz), 131.5, 130.8, 126.6 (d, 4JCF = 5.8 Hz), 

124.4 (d, 4JCF = 2.4 Hz), 116.4 (d, 2JCF = 25.5 Hz), 109.2 (d, 2JCF = 23.8 Hz) ppm; 19F 

NMR (471 MHz, DMSO-d6) −111.2 ppm. Characterisation data were consistent with 

literature.460  
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N-(Benzo[d]thiazol-2-yl)-7-fluoro-1-naphthamide 142 

 

Using General Procedure D, acid 179 (0.010 g, 0.053 mmol) and 2-aminobenzothiazole 154 

(0.009 g, 0.058 mmol) gave the title compound. The crude residue was purified by flash column 

chromatography (20-40% acetone/hexanes) to yield amide 142 as a white solid (0.011 g, 65%). 

IR (neat, diamond cell) ν 3477, 3216, 3163, 3061, 3036, 2955, 2918, 2850, 1933, 1894, 1679, 

1630, 1596, 1583, 1542, 1514, 1473, 1441, 1295, 1282, 1266, 1248, 1207, 1168, 1135, 1121, 

933, 894, 866, 828, 809, 779, 748, 725, 709, 685, 658 cm−1; LRMS (−ESI) m/z 321 [M−H]−, 

665 [2M−2H+Na]−; HRMS Calcd for C18H10FN2OS− [M−H]−: m/z 321.05034, found m/z 

321.05031; 1H NMR (400 MHz, DMSO-d6) δ 13.03 (br s, 1H), 8.23 (d, J = 8.3 Hz, 1H), 8.17 

(dd, J = 9.1, 6.1 Hz, 1H), 8.12 – 8.02 (m, 3H), 7.80 (d, J = 8.1 Hz, 1H), 7.64 (t, J = 7.7 Hz, 

1H), 7.56 (td, J = 8.3, 2.3 Hz, 1H), 7.48 (t, J = 7.6 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H) ppm; 13C 

NMR (101 MHz, DMSO-d6) δ 167.4, 160.9 (d, 1JCF = 244.7 Hz), 158.5, 132.0, 131.6 (d, 3JCF 

= 9.6 Hz), 131.5, 130.7 (d, 3JCF = 10.1 Hz), 130.5, 130.0 (d, 4JCF = 6.1 Hz), 128.8, 126.2, 124.4 

(d, 4JCF = 2.0 Hz), 123.8, 121.8, 120.5, 116.8 (d, 2JCF = 25.3 Hz), 108.6 (d, 2JCF = 23.1 Hz) 

ppm; 19F NMR (376 MHz, DMSO-d6) −111.5 ppm; HPLC (254 nm) RT = 27.49 min, 96.79%. 

 

Methyl 2-(benzo[d]thiazol-2-ylcarbamoyl)benzoate 181 

 

Using General Procedure D, monomethyl phthalate 180 (0.50 g, 2.8 mmol) and 2-

aminobenzothiazole 154 (0.83 g, 5.5 mmol) gave the title compound. The crude residue was 

purified by flash column chromatography (30-50% EtOAc/hexanes) to yield ester 181 as a 

white solid (0.66 g, 76%). IR (neat, diamond cell) ν 3217, 3157, 3121, 3069, 3035, 2954, 2843, 
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1720, 1671, 1599, 1530, 1447, 1435, 1294, 1277, 1262, 1222, 1190, 1164, 1135, 1116, 1079, 

1071, 963, 910, 866, 803, 761, 728, 709, 681, 663, 644 cm−1; LRMS (+ESI) m/z 335 [M+Na]+, 

(−ESI) m/z 311 [M−H]−; HRMS Calcd for C16H12N2NaO3S
+ [M+Na]+: m/z 335.04608, found 

m/z 335.04634, calcd for C16H11N2O3S
− m/z 311.04959 [M−H]−, found m/z 311.04902; 1H 

NMR (500 MHz, CDCl3) δ 12.48 (br s, 1H), 7.77 (ddd, J = 8.0, 1.3, 0.6 Hz, 1H), 7.70 – 7.65 

(m, 1H), 7.55 – 7.50 (m, 1H), 7.33 (td, J = 7.5, 1.5 Hz, 1H), 7.29 (td, J = 7.6, 1.5 Hz, 1H), 7.20 

(ddd, J = 8.1, 7.2, 1.1 Hz, 1H), 7.07 (ddd, J = 8.3, 7.2, 1.2 Hz, 1H), 6.78 (dt, J = 8.1, 0.9 Hz, 

1H), 3.81 (s, 3H) ppm; 13C NMR (126 MHz, CDCl3) δ 168.1, 166.3, 160.2, 147.6, 136.1, 132.3, 

131.6, 130.6, 130.3, 129.0, 127.9, 126.1, 123.8, 121.2, 120.0, 52.8 ppm. 

 

2-(Benzo[d]thiazol-2-ylcarbamoyl)benzoic acid 182 

 

Using General Procedure E, ester 181 (0.050 g, 0.16 mmol) gave the title compound 182 as 

a white solid (0.046 g, 96%). IR (neat, diamond cell) ν 3243, 3169, 3065, 2965, 2932, 2851, 

2805, 2616, 2423, 1868, , 1847, 1689, 1595, 1581, 1552, 1448, 1303, 1284, 1251, 1229, 1149, 

1080, 1066, 988, 920, 881, 872, 804, 781, 758, 733, 719, 705, 662, 643 cm−1; LRMS (−ESI) 

m/z 297 [M−H]−; HRMS Calcd for C15H9N2O3S
− [M−H]−: m/z 297.03394, found m/z 

297.03382; 1H NMR (500 MHz, DMSO-d6) δ 12.81 (br s, 1H), 8.01 (d, J = 7.8 Hz, 1H), 7.96 

– 7.91 (m, 1H), 7.76 (d, J = 8.1 Hz, 1H), 7.69 (td, J = 7.5, 1.4 Hz, 1H), 7.66 – 7.58 (m, 2H), 

7.48 – 7.41 (m, 1H), 7.33 (t, J = 7.6 Hz, 1H), 4.07 (br s, 1H) ppm; 13C NMR (126 MHz, 

DMSO-d6) δ 168.4, 167.1, 158.3, 148.6, 136.3, 132.0, 131.6, 130.3, 130.1, 129.8, 128.1, 126.2, 

123.6, 121.7, 120.6 ppm. 
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1H-Tetrazol-5-amine 184 

 

A solution of aminoguanidine bicarbonate 183 (1.36 g, 10.0 mmol) in 32% HCl (3 mL) solution 

and H2O (6 mL) was cooled in an ice-water bath, then a solution of NaNO2 (0.720 g, 10.0 

mmol) in H2O (2 mL) was added dropwise. The solution was stirred for 30 min, then basified 

to pH 9 using sat. aq. Na2CO3 solution, then heated at 85 °C for 3 h. The solution was then 

adjusted to pH 5 using 1 M HCl, at which point a precipitate formed. The mixture was left to 

cool at −20 °C for 16 h, then filtered. The crude residue was washed with sat. aq. NH4Cl to 

afford tetrazole 184, which was recrystallised from MeOH (0.34 g, 40%). IR (neat, diamond 

cell) ν 3470, 3376, 3335, 3186, 2799, 2609, 2459, 1637, 1447, 1399, 1296, 1156, 1052, 993, 

909, 755, 740 cm−1; LRMS (+ESI) m/z 86 [M+H]+, 171 [2M+Na]+;  1H NMR (400 MHz, 

DMSO-d6) δ 6.45 (br s, 2H) ppm. Characterisation data were consistent with literature.461 

 

Benzyl 2-(2-ethoxy-2-oxoethoxy)benzoate 198 

 

To a solution of benzyl salicylate 196 (0.46 g, 2.0 mmol) in acetone (10 mL) was added ethyl 

bromoacetate 197 (0.27 mL, 2.4 mmol) and K2CO3 (0.97 g, 7.0 mmol), then the mixture was 

refluxed for 16 h, after which the solution had turned pink. The mixture was concentrated under 

a gentle stream of N2, then diluted with H2O and sat. aq. Na2CO3 and extracted with EtOAc 

(×4). The combined organic layers were washed with brine and dried (MgSO4). The solvent 

was evaporated to yield the crude residue, which was purified by flash column chromatography 

(10-30% EtOAc/hexanes) to yield ester 196 as a colourless oil (0.51 g, 81%).  IR (neat, 

diamond cell) ν 3066, 3034, 2981, 2981, 2939, 2908, 1755, 1725, 1601, 1489, 1453, 1376, 

1297, 1244, 1193, 1167, 1132, 1074, 1027, 752, 734, 696, 660 cm−1; LRMS (+ESI) m/z 337 

[M+Na]+, 651 [2M+Na]+; HRMS Calcd for C18H18NaO5
+ [M+Na]+: m/z 337.10464, found m/z 

337.10417; 1H NMR (300 MHz, CDCl3) δ 7.86 (dd, J = 7.8, 1.8 Hz, 1H), 7.51 – 7.26 (m, 7H), 

7.04 (td, J = 7.6, 1.0 Hz, 1H), 6.90 (dd, J = 8.4, 1.0 Hz, 1H), 5.36 (s, 2H), 4.70 (s, 2H), 4.24 (q, 
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J = 7.1 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3) δ 168.7, 165.8, 

157.9, 136.3, 133.6, 132.1, 128.7, 128.3, 128.2, 121.8, 121.4, 114.5, 66.8, 61.5, 14.3 ppm. 

 

2-(2-Ethoxy-2-oxoethoxy)benzoic acid 199 

 

To a solution of ester 198 (0.1 g, 0.32 mmol) in MeOH (5 mL) was added Pd/C (0.1 g), then 

the suspension was hydrogenated via H2 balloon for 16 h. When the reaction was complete, the 

mixture was filtered through a plug of celite and washed with EtOAc. The solvent was 

evaporated under reduced pressure, then the crude residue was purified by flash column 

chromatography (1-3% MeOH/CH2Cl2) to yield acid 199 as a white solid (0.039 g, 55%).  IR 

(neat, diamond cell) ν 3264, 2994, 2943, 2913, 1739, 1720, 1602, 1583, 1486, 1458, 1436, 

1418, 1377, 1342, 1297, 1262, 1236, 1160, 1126, 1098, 1059, 1020, 959, 839, 797, 753, 736, 

686, 640, 597, 528 cm−1; LRMS (−ESI) m/z 223 [M−H]−, 469 [2M−2H+Na]−; HRMS Calcd 

for C11H11O5
− [M−H]−: m/z 223.06120, found m/z 223.06087; 1H NMR (300 MHz, CDCl3) δ 

8.20 (dd, J = 7.8, 1.8 Hz, 1H), 7.56 (ddd, J = 8.3, 7.4, 1.8 Hz, 1H), 7.19 (td, J = 7.6, 1.0 Hz, 

1H), 6.94 (dd, J = 8.3, 1.0 Hz, 1H), 4.82 (s, 2H), 4.34 (q, J = 7.2 Hz, 2H), 1.34 (t, J = 7.1 Hz, 

3H) ppm; 13C NMR (75 MHz, CDCl3) δ 167.7, 165.2, 156.3, 135.0, 134.3, 123.4, 119.1, 113.0, 

66.5, 62.7, 14.2 ppm. 

 

Ethyl 2-(2-(benzo[d]thiazol-2-ylcarbamoyl)phenoxy)acetate 200 

 

Using General Procedure D, ester 199 (0.039 g, 0.17 mmol) and 2-aminobenzothiazole 154 

(0.039 g, 0.26 mmol) gave the title compound. The crude residue was purified by flash column 

chromatography (10-50% EtOAc/hexanes) to yield amide 200 as a white solid (0.030 g, 48%). 

IR (neat, diamond cell) ν 3290, 3062, 2990, 2967, 2906, 2852, 1739, 1653, 1600, 1535, 1472, 
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1445, 1365, 1295, 1265, 1232, 1161, 1126, 1105, 1061, 1015, 918, 866, 855, 758, 750, 727, 

708, 678, 521 cm−1; LRMS (+ESI) m/z 379 [M+Na]+, (−ESI) m/z 355 [M−H]−, 733 

[2M−2H+Na]−; HRMS Calcd for C18H16N2NaO4S
+ [M+Na]+: m/z 379.07230, found m/z 

379.07203, calcd for C18H15N2O4S
− m/z 355.07580, found m/z 35507522; 1H NMR (300 MHz, 

CDCl3) δ 11.62 (br s, 1H), 8.36 (dd, J = 7.9, 1.9 Hz, 1H), 7.90 – 7.79 (m, 2H), 7.56 (ddd, J = 

8.3, 7.3, 1.9 Hz, 1H), 7.44 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H), 7.31 (ddd, J = 8.2, 7.3, 1.1 Hz, 1H), 

7.26 – 7.16 (m, 1H), 6.95 (dd, J = 8.3, 1.0 Hz, 1H), 4.89 (s, 2H), 4.50 (q, J = 7.1 Hz, 2H), 1.39 

(t, J = 7.1 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3) δ 167.9, 163.2, 158.3, 156.1, 149.2, 134.7, 

133.3, 132.7, 126.1, 123.8, 122.9, 121.4, 121.4, 120.1, 112.6, 66.2, 62.6, 14.4 ppm. 

 

2-(2-(Benzo[d]thiazol-2-ylcarbamoyl)phenoxy)acetic acid 201 

 

Using General Procedure E, ester 200 (0.030 g, 0.084 mmol) and LiOH (0.010 g, 0.42 mmol) 

gave the title compound 201 as a white solid (0.027 g, 99%). IR (neat, diamond cell) ν 3291, 

3087, 3062, 2951, 2920, 2850, 2346, 1675, 1599, 1534, 1483, 1451, 1297, 1285, 1202, 1159, 

1118, 1106, 1073, 1058, 1015, 944, 918, 889, 878, 758, 745, 728, 710, 679, 662, 648, 609, 520 

cm−1; LRMS (−ESI) m/z 327 [M−H]−, 677 [2M−2H+Na]−; HRMS Calcd for C16H11N2O4S
− 

[M−H]−: m/z 327.04450, found m/z 327.04416; 1H NMR (500 MHz, DMSO-d6) δ 12.31 (br s, 

1H), 8.02 (d, J = 7.9 Hz, 1H), 7.90 (dd, J = 7.8, 1.8 Hz, 1H), 7.77 (d, J = 8.1 Hz, 1H), 7.61 

(ddd, J = 8.8, 7.4, 1.8 Hz, 1H), 7.49 – 7.43 (m, 1H), 7.34 (t, J = 7.6 Hz, 1H), 7.26 (d, J = 8.4 

Hz, 1H), 7.18 (t, J = 7.5 Hz, 1H), 4.99 (s, 2H) ppm; 13C NMR (126 MHz, DMSO-d6) δ 170.6, 

164.3, 157.6, 156.0, 148.7, 134.1, 131.7, 131.1, 126.2, 123.7, 121.8, 121.8, 121.2, 120.7, 114.1, 

66.0 ppm. 
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N-(Benzo[d]thiazol-2-yl)-2-(2-(methylamino)-2-oxoethoxy)benzamide 144 

 

Using General Procedure D, acid 201 (0.030 g, 0.091 mmol) and 2 M MeNH2 in THF solution 

(0.23 mL) gave the title compound. The crude residue was purified by flash column 

chromatography (1-5% MeOH/CH2Cl2) to yield amide 144 as a white solid (0.019 g, 61%). IR 

(neat, diamond cell) ν 3281, 3244, 3126, 2919, 2851, 1686, 1655, 1598, 1586, 1523, 1489, 

1465, 1438, 1415, 1296, 1277, 1262, 1244, 1227, 1165, 1122, 1102, 1029, 915, 761, 741, 731, 

684, 674, 591, 530, 516, 437 cm−1; LRMS (+ESI) m/z 364 [M+Na]+, (−ESI) m/z 340 

[M−H]−; HRMS Calcd for C17H15N3NaO3S
+ [M+Na]+: m/z 364.07263, found m/z 364.07297; 

calcd for C17H14N3O3S
 [M−H]−: m/z 340.07614, found m/z 340.07595; 1H NMR (300 MHz, 

DMSO-d6) δ 8.26 (d, J = 5.0 Hz, 1H), 8.02 (d, J = 7.9 Hz, 1H), 7.84 – 7.74 (m, 2H), 7.65 – 

7.53 (m, 1H), 7.46 (t, J = 7.6 Hz, 1H), 7.34 (t, J = 7.5 Hz, 1H), 7.23 – 7.10 (m, 2H), 4.80 (s, 

2H), 2.69 (d, J = 4.6 Hz, 3H) ppm; 13C NMR (75 MHz, DMSO-d6) δ 168.6, 165.0, 157.9, 

155.8, 148.7, 133.9, 131.7, 131.0, 126.3, 123.8, 122.5, 122.0, 121.8, 120.7, 114.0, 67.9, 25.5 

ppm; HPLC (254 nm) RT = 22.27 min, 98.34%. 

 

N-(Benzo[d]thiazol-2-yl)-6-bromo-1H-indole-1-carboxamide 204 

 

A solution of 6-bromoindole 205 (0.5 g, 2.6 mmol) and 1,1′-carbonyldiimidazole (0.62 g, 3.8 

mmol) in MeCN (7 mL) was refluxed for 16 h, then 2-aminobenzothiazole 154 (0.77 g, 5.1 

mmol) was added and the mixture refluxed for 6 h. When the reaction was complete, the solvent 

was evaporated under a gentle stream of N2. The crude residue was purified by flash column 

chromatography (10-30% EtOAc/hexane) to yield aryl bromide 204 as a white solid. (0.47 g, 
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50%). IR (neat, diamond cell) ν 3157, 3100, 2906, 2853, 2771, 2749, 1653, 1555, 1524, 1465, 

1444, 1430, 1421, 1400, 1376, 1341, 1307, 1267, 1250, 1223, 1199, 1169, 1119, 1068, 884, 

869, 808, 799, 783, 760, 741, 718, 680, 647 cm−1; LRMS (−ESI) m/z 370, 372 

[M−H]−; HRMS Calcd for C16H9BrN3OS− [M−H]−: m/z 369.96552, 371.96347, found m/z 

369.96553, 371.96345; 1H NMR (500 MHz, (CD3)2CO) δ 8.82 (d, J = 1.9 Hz, 1H), 8.02 (d, J 

= 3.7 Hz, 1H), 7.89 – 7.83 (m, 1H), 7.60 – 7.56 (m, 1H), 7.53 (d, J = 8.3 Hz, 1H), 7.51 – 7.44 

(m, 1H), 7.35 (ddd, J = 8.3, 5.6, 1.6 Hz, 3H), 6.64 (d, J = 3.7 Hz, 1H) ppm; 13C NMR (126 

MHz, (CD3)2CO) δ 171.0, 158.8, 137.2, 137.2, 130.9, 128.1, 128.0, 128.0, 126.1, 124.7, 123.5, 

123.0, 119.7, 117.6, 114.2, 106.9 ppm. 

 

Methyl 6-bromopicolinate 202 

 

To a solution of 6-bromopicolinic acid 202 (1.0 g, 5.0 mmol) in MeOH (10 mL) was added 

H2SO4 (0.5 mL) and the solution was refluxed for 1 h. When the reaction was complete, the 

solution was concentrated under a gentle stream of N2. The mixture was then quenched by 

addition of sat. aq. NaHCO3 (50 mL), then extracted with CH2Cl2 (×3). The combined organic 

layers were washed with brine, then dried (MgSO4). The solvent was evaporated under reduced 

pressure to yield the aryl bromide 202 as a cream yellow solid (1.01 g, 94%), which was used 

without further purification. LRMS (+ESI) m/z 238, 240 [M+Na]+, 453, 455, 457 [2M+Na]+; 

1H NMR (500 MHz, CDCl3) δ 8.08 (dd, J = 7.1, 1.4 Hz, 1H), 7.73 – 7.64 (m, 2H), 3.99 (s, 3H) 

ppm; 13C NMR (101 MHz, DMSO-d6) δ (126 MHz, CDCl3) δ 164.57, 148.89, 142.25, 139.31, 

131.95, 124.18, 53.29 ppm. Characterisation data were consistent with literature.462 
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Methyl 6-(1H-indol-6-yl)picolinate 208 

 

A mixture of boronic acid 209 (0.30 g, 1.9 mmol), aryl bromide 202 (0.37 g, 1.7 mmol), 

Na2CO3 (0.54 g, 5.1 mmol) were dried under vacuum. Concurrently, a mixture of 1,4-dioxane 

(3 mL) and H2O (1 mL) was degassed with N2. The solution was added to the solids and the 

mixture heated at 80 ºC for 16 h. When the reaction was complete, the mixture was diluted 

with 1 M HCl. The aqueous layer was extracted with EtOAc (×3) and the combined organic 

layers were washed with brine and dried (MgSO4). The solvent was evaporated to yield the 

crude residue, which was purified by flash column chromatography (20-40% acetone/hexanes) 

to yield indole 208 as a white solid (0.27 g, 57%). IR (neat, diamond cell) ν 3365, 3293, 3043, 

3027, 3017, 2956, 1731, 1720, 1586, 1508, 1438, 1394, 1326, 1311, 1285, 1245, 1196, 1171, 

1148, 1093, 1054, 978, 895, 815, 766, 739, 731, 669, 643, 623 cm−1; LRMS (+ESI) m/z 275 

[M+Na]+, 527 [2M+Na]+, (−ESI) m/z 251 [M−H]−; HRMS Calcd for C15H11N2O2
− [M−H]−: 

m/z 251.08260, found m/z 251.08286; 1H NMR (500 MHz, CDCl3) δ 8.67 (br s, 1H), 8.24 (dt, 

J = 1.7, 0.9 Hz, 1H), 8.01 (dd, J = 7.5, 1.0 Hz, 1H), 7.93 (dd, J = 8.0, 1.1 Hz, 1H), 7.85 (t, J = 

7.8 Hz, 1H), 7.74 (dd, J = 8.3, 1.6 Hz, 1H), 7.70 (d, J = 8.3 Hz, 1H), 7.22 (dd, J = 3.2, 2.4 Hz, 

1H), 6.54 (ddd, J = 3.0, 1.9, 0.9 Hz, 1H), 4.02 (s, 3H) ppm; 13C NMR (126 MHz, CDCl3) δ 

166.4, 158.9, 147.9, 137.7, 136.5, 132.4, 129.2, 126.3, 123.8, 122.8, 120.9, 119.0, 110.6, 102.5, 

52.9 ppm. 

 

6.5. Experimental and Characterisation for Chapter 4 

2-Iodo-1-methoxy-4-nitronaphthalene 227 

 

To a mixture of 1-methoxy-4-nitronaphthalene 228 (0.25 g, 1.2 mmol) and N-iodosuccinimide 

(0.31 g, 1.4 mmol) was added trifluoroacetic acid (5 mL), then the solution was refluxed for 
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24 h. When the reaction was complete, the excess iodine was quenched by addition of sat. aq. 

Na2S2O3 solution, then extracted with EtOAc (×2). The combined organic layers were washed 

with sat. aq. Na2CO3 solution (×2), then brine, then dried (MgSO4). The solvent was evaporated 

under reduced pressure to yield the crude residue, which was purified by column 

chromatography (1-5% EtOAc/hexanes) to yield aryl iodide 227 as a yellow solid (0.15 g, 

37%). LRMS (+ESI) m/z 352 [M+Na]+; 1H NMR (500 MHz, CDCl3) δ 8.63 – 8.58 (m, 2H), 

8.22 (dd, J = 8.5, 1.2 Hz, 1H), 7.76 (ddd, J = 8.5, 6.8, 1.3 Hz, 1H), 7.67 (ddd, J = 8.1, 6.8, 1.1 

Hz, 1H), 4.04 (s, 3H) ppm; 13C NMR (126 MHz, CDCl3) δ 161.9, 143.1, 134.3, 130.2, 128.8, 

128.3, 126.8, 124.1, 123.2, 83.5, 62.4 ppm. Characterisation data were consistent with 

literature.419  

Methyl 2-((1-methoxy-4-nitronaphthalen-2-yl)thio)acetate 225 

 

A mixture of aryl iodide 227 (0.25 g, 0.76 mmol), Xantphos (0.13 g, 30 mol %) and 

tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3, 0.17 g, 20 mol %) were dried under 

vacuum. Concurrently, a solution of DIPEA (0.26 mL, 1.5 mmol) and methyl thioglycolate 226 

(0.14 mL, 1.5 mmol) in 1,4-dioxane (2.5 mL) was degassed under N2. The solution was added 

to the solid mixture, which was then heated at reflux for 4 h. When the reaction was complete, 

the mixture was filtered through a plug of celite. The filtrate was evaporated under reduced 

pressure to yield the crude residue, which was purified by column chromatography (40-100% 

EtOAc/hexanes) to yield thioether 225 as a yellow oil which solidified (0.22 g, 94%). LRMS 

(+ESI) m/z 330 [M+Na]+; 1H NMR (400 MHz, CDCl3) δ 8.62 (dt, J = 8.8, 0.9 Hz, 1H), 8.39 

(s, 1H), 8.21 (ddd, J = 8.4, 1.5, 0.8 Hz, 1H), 7.72 (ddd, J = 8.6, 6.9, 1.5 Hz, 1H), 7.66 (ddd, J 

= 8.2, 6.9, 1.2 Hz, 1H), 4.09 (s, 3H), 3.79 (s, 2H), 3.72 (s, 3H) ppm; 13C NMR (101 MHz, 

CDCl3) δ 169.7, 162.6, 160.2, 129.9, 129.1, 128.1, 127.5, 126.2, 123.9, 123.1, 122.9, 62.1, 

52.9, 35.3 ppm. Characterisation data were consistent with literature.419 
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Methyl 2-((4-amino-1-methoxynaphthalen-2-yl)thio)acetate 223 

 

A solution of nitroarene 225 (0.050 g, 0.16 mmol) and 4,4′-bipyridine (0.0005 g, 0.003 mmol) 

in DMF (1 mL) was cooled in an ice-water bath, then tetrahydroxydiboron (0.088 g, 0.98 

mmol) was added. The solution was allowed to warm to RT and stirred for 16 h. When the 

reaction was complete, the solution was diluted with water and extracted with EtOAc (×3). The 

combined organic extracts were washed with brine, then dried (MgSO4). The solvent was 

evaporated to yield amine 223 as a light brown oil, which was used immediately without further 

purification (0.044 g, 98%). LRMS (+ESI) m/z 278 [M+H]+, 300 [M+Na]+, 577 [2M+Na]+; 

1H NMR (400 MHz, CDCl3) δ 8.07 – 8.02 (m, 1H), 7.77 (dt, J = 8.1, 1.1 Hz, 1H), 7.51 (ddd, 

J = 8.3, 6.8, 1.3 Hz, 1H), 7.45 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H), 6.78 (s, 1H), 3.93 (s, 3H), 3.75 

(s, 2H), 3.70 (s, 3H) ppm; 13C NMR (101 MHz, CDCl3) δ 170.5, 147.9, 139.1, 128.8, 126.7, 

125.5, 124.4, 123.6, 122.7, 121.5, 111.0, 61.6, 52.6, 35.6 ppm. Characterisation data were 

consistent with literature.419 

 

Methyl 2-((4-((4-bromophenyl)sulfonamido)-1-methoxynaphthalen-2-yl)thio)acetate 230 

 

Using General Procedure G, aniline 223 (0.044 g, 0.16 mmol) and 4-bromobenzenesulfonyl 

chloride (0.042 g, 0.16 mmol) gave the title compound. The crude residue was purified by 

column chromatography (5-30% EtOAc/hexanes) to yield sulfonamide 230 as a brown oil 

(0.070 g, 89%). LRMS (+ESI) m/z 518, 520 [M+Na]+, (−ESI) m/z 494, 496 [M−H]−; 1H NMR 

(400 MHz, CDCl3) δ 8.06 (dd, J = 8.3, 1.2 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H), 7.60 (d, J = 8.7 

Hz, 2H), 7.55 – 7.48 (m, 3H), 7.42 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 7.36 (s, 1H), 6.76 (s, 1H), 

3.99 (s, 3H), 3.72 (s, 3H), 3.65 (s, 2H) ppm; 13C NMR (101 MHz, CDCl3) δ 170.0, 154.5, 

138.5, 132.5, 130.1, 129.1, 128.9, 128.2, 127.6, 127.3, 127.3, 126.2, 123.7, 122.7, 122.2, 61.7, 

52.8, 35.2 ppm. Characterisation data were consistent with literature.419 
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2-((4-((4-Bromophenyl)sulfonamido)-1-hydroxynaphthalen-2-yl)thio)acetic acid 51 

 

Using General Procedure H, ester 230 (0.070 g, 0.14 mmol) and BBr3 (0.70 mL, 0.70 mmol) 

gave the title compound. The crude residue was purified by reverse phase column 

chromatography (0-100% MeCN/H2O) to yield acid 51 as an off-white solid (0.026 g, 39%). 

LRMS (+ESI) m/z 490, 492 [M+Na]+, (−ESI) m/z 465.90, 467.86 [M−H]−; 1H NMR (400 

MHz, DMSO-d6) δ 10.02 (br s, 1H), 8.18 – 8.11 (m, 1H), 7.88 – 7.79 (m, 1H), 7.70 (d, J = 8.6 

Hz, 2H), 7.54 (d, J = 8.5 Hz, 2H), 7.51 – 7.39 (m, 2H), 7.03 (s, 1H), 3.52 (s, 2H) ppm; 13C 

NMR (101 MHz, DMSO-d6) δ 171.1, 152.6, 139.1, 132.1, 131.1, 129.4, 128.8, 126.7, 126.4, 

125.8, 125.1, 123.7, 123.2, 122.5, 112.9, 36.9 ppm; HPLC (254 nm) 22.72 min, 97.54%. 

Characterisation data were consistent with literature.419 

 

4-Phenoxybenzenesulfonic acid 232 

 

A solution of diphenyl ether 231 (0.93 mL, 5.9 mmol) in CH2Cl2 (30 mL) was cooled in an ice-

water bath, then chlorosulfonic acid (0.39 mL, 5.9 mmol) was added dropwise. The solution 

was stirred for 2 h, then the solvent was evaporated under a gentle stream of N2 to yield sulfonic 

acid 232 as a pale pink solid (1.47 g, 99%). LRMS m/z 249 [M−H]−; 1H NMR (500 MHz, 

CDCl3) δ 10.54 (s, 1H), 7.89 – 7.82 (m, 2H), 7.46 – 7.37 (m, 2H), 7.27 – 7.20 (m, 1H), 7.11 – 

7.01 (m, 4H) ppm; 13C NMR (126 MHz, CDCl3) δ 162.6, 154.8, 130.6, 130.3, 129.3, 125.3, 

120.5, 117.6 ppm. Characterisation data were consistent with literature.463 
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4-Phenoxybenzenesulfonyl chloride 233 

 

To a solution of sulfonic acid 232 (1.47 g, 5.9 mmol) in thionyl chloride (10 mL) was added 

DMF (3 drops), then the solution was refluxed for 2 h. When the reaction was complete, the 

solvent was evaporated under a gentle stream of N2, then the residue was diluted with Et2O. 

The organic layer was washed with 5% aq. NaOH solution (×2), then H2O (×2), then dried 

(MgSO4). The solvent was evaporated under reduced pressure to yield sulfonyl chloride 233 

as a brown oil (1.46 g, 93%). LRMS (+ESI) m/z 291 [M+Na]+; 1H NMR (400 MHz, CDCl3) 

δ 7.98 (d, J = 9.1 Hz, 2H), 7.45 (t, J = 7.5 Hz, 2H), 7.28 (t, J = 7.4 Hz, 1H), 7.14 – 7.04 (m, 

4H) ppm; 13C NMR (101 MHz, CDCl3) δ 164.0, 154.5, 137.8, 130.6, 129.8, 125.9, 120.8, 

117.6 ppm. Characterisation data were consistent with literature.463 

 

2-((1-Hydroxy-4-((4-phenoxyphenyl)sulfonamido)naphthalen-2-yl)thio)acetic acid 234 

 

Using General Procedure G, aniline 223 (0.090 g, 0.33 mmol) and sulfonyl chloride 233 (0.11 

g, 0.41 mmol) gave the title compound. The crude residue was purified by column 

chromatography (10-40% EtOAc/hexanes) to yield sulfonamide 234 as an off-white solid (0.13 

g, 76%). LRMS (+ESI) m/z 532 [M+Na]+; (−ESI) m/z 508 [M−H]−; 1H NMR (400 MHz, 

CDCl3) δ 8.04 (dt, J = 8.4, 1.0 Hz, 1H), 7.80 (dt, J = 8.4, 0.9 Hz, 1H), 7.72 – 7.64 (m, 2H), 

7.50 (ddd, J = 8.3, 6.8, 1.2 Hz, 1H), 7.45 – 7.32 (m, 4H), 7.22 – 7.15 (m, 1H), 7.06 (s, 1H), 

6.95 (dd, J = 8.6, 1.2 Hz, 1H), 6.89 (d, J = 8.9 Hz, 1H), 3.97 (s, 3H), 3.70 (s, 3H), 3.67 (s, 2H) 

ppm; 13C NMR (101 MHz, CDCl3) δ 170.0, 161.8, 155.3, 154.2, 132.9, 130.2, 130.1, 129.8, 

128.8, 128.2, 127.1, 127.0, 125.8, 125.0, 123.6, 122.5, 122.5, 120.2, 117.8, 61.6, 52.8, 35.3 

ppm. Characterisation data were consistent with literature.419 
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2-((1-Hydroxy-4-((4-phenoxyphenyl)sulfonamido)naphthalen-2-yl)thio)acetic acid 215 

 

Using General Procedure H, ester 234 (0.12 g, 0.24 mmol) and BBr3 (0.71 mL, 0.71 mmol) 

gave the title compound. The crude residue was purified by reverse phase column 

chromatography (0-100% MeCN/H2O) to yield acid 215 as an off-white solid (0.046 g, 41%). 

LRMS (−ESI) m/z 480 [M−H]−; 1H NMR (500 MHz, DMSO-d6) δ 9.85 (s, 1H), 8.18 – 8.12 

(m, 1H), 7.90 – 7.84 (m, 1H), 7.63 – 7.57 (m, 2H), 7.53 – 7.47 (m, 1H), 7.48 – 7.36 (m, 3H), 

7.22 (tt, J = 7.4, 1.1 Hz, 1H), 7.07 – 6.98 (m, 5H), 3.54 (s, 2H) ppm; 13C NMR (126 MHz, 

DMSO-d6) δ 206.5, 171.2, 160.4, 155.2, 152.4, 133.8, 131.2, 130.3, 129.5, 126.7, 125.7, 125.1, 

124.7, 124.1, 123.4, 122.4, 119.6, 117.9, 113.0, 36.9 ppm; HPLC (254 nm) 24.28 min, 97.30%. 

Characterisation data were consistent with literature.419 

  

Methyl 2-((4-(2-cyclohexylacetamido)-1-methoxynaphthalen-2-yl)thio)acetate 236 

 

Using General Procedure D, aniline 223 (0.045 g, 0.16 mmol) and cyclohexaneacetic acid 

(0.035 mL, 0.24 mmol) gave the title compound. The crude residue was purified by column 

chromatography, (1-2% MeOH/CH2Cl2) to yield amide 236 as a brown solid (0.048 g, 74%). 

IR (neat, diamond cell) ν 3255, 2919, 2851, 1743, 1646, 1622, 1536, 1499, 1439, 1396, 1363, 

1297, 1220, 1201, 1190, 1149, 1122, 1074, 995, 979, 897, 857, 761, 721, 711, 677, 655, 589 

cm−1 LRMS (+ESI) m/z 424 [M+Na]+, 825 [2M+Na]+; (−ESI) m/z 400.16 [M−H]−, 800.99 

[2M−H]−; HRMS Calcd for C22H27NNaO4S
+ [M+Na]+: m/z 424.15530, found m/z 424.15521; 

calcd for C22H27NO4S
 [M−H]−: m/z 400.15880, found m/z 400.15918; 1H NMR (400 MHz, 

CDCl3) δ 8.15 – 8.08 (m, 1H), 7.92 (s, 1H), 7.80 – 7.74 (m, 1H), 7.58 – 7.48 (m, 2H), 7.34 (s, 

1H), 3.99 (s, 3H), 3.78 (s, 2H), 3.71 (s, 3H), 2.37 (d, J = 7.1 Hz, 2H), 2.03 – 1.83 (m, 3H), 1.79 

– 1.64 (m, 3H), 1.46 – 1.02 (m, 5H) ppm; 13C NMR (101 MHz, CDCl3) δ 171.6, 170.2, 152.8, 
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129.3, 128.6, 128.2, 126.7, 126.6, 123.6, 123.5, 122.7, 121.6, 61.5, 52.7, 45.5, 35.7, 35.4, 33.3, 

30.4, 29.8, 26.3, 26.2 ppm.  

 

2-((4-(2-Cyclohexylacetamido)-1-hydroxynaphthalen-2-yl)thio)acetic acid 219 

 

Using General Procedure H, ester 236 (0.053 g, 0.13 mmol mmol) and BBr3 (0.53 mL, 0.53 

mmol) gave the title compound. The crude residue was purified by reverse phase column 

chromatography (0-100% MeCN/H2O) to yield acid 219 as a white solid (0.025 g, 51%). IR 

(neat, diamond cell) ν  3471, 3264, 3062, 2915, 2848, 2663, 1724, 1647, 1534, 1501, 1450, 

1439, 1372, 1360, 1347, 1291, 1248, 1216, 1185, 1169, 1158, 1123, 1074, 866, 760, 749, 722, 

709, 666, 646 cm−1 LRMS (+ESI) m/z 396 [M+Na]+; (−ESI) m/z 372 [M−H]−; HRMS Calcd 

for C20H23NO4S
− [M−H]−: m/z 372.12750, found m/z 372.12770; 1H NMR (500 MHz, 

(CD3)2CO) δ 9.39 (s, 1H), 8.73 (d, J = 8.2 Hz, 1H), 8.44 (d, J = 8.3 Hz, 1H), 8.28 (d, J = 6.8 

Hz, 1H), 7.99 (dt, J = 15.1, 7.6 Hz, 2H), 4.19 (s, 2H), 2.85 (d, J = 7.0 Hz, 2H), 2.38 (s, 1H), 

2.31 (d, J = 13.0 Hz, 2H), 2.18 (d, J = 13.1 Hz, 2H), 2.12 (d, J = 12.8 Hz, 1H), 1.76 (q, J = 12.7 

Hz, 2H), 1.66 (t, J = 12.5 Hz, 1H), 1.54 (q, J = 11.0 Hz, 2H) ppm; 13C NMR (126 MHz, 

(CD3)2CO) δ 173.6, 171.9, 154.2, 131.5, 129.5, 128.2, 127.1, 126.4, 125.7, 124.2, 123.3, 111.8, 

45.1, 39.7, 36.3, 33.9, 27.1, 26.9 ppm; HPLC (254 nm) 22.84 min, 96.41%. 

 

Methyl 2-(4-phenoxyphenyl)acetate 240 

 

To a solution of phenylboronic acid 239 (0.37 g, 3.0 mmol), methyl 4-hydroxyphenylacetate 

238 (0.25 g, 1.5 mmol), copper(II) acetate hydrate (0.30 g, 1.5 mmol) in CH2Cl2 (7.5 mL) was 

added 4 Å molecular sieves (0.25 g) and pyridine (0.61 mL, 7.5 mmol), and the solution was 

stirred at RT for 16 h. When the reaction was complete, the solution was diluted with 1 M HCl 

solution and extracted with CH2Cl2 (×3). The combined organic layers were washed with brine 

and dried (MgSO4). The solvent was evaporated under reduced pressure to yield the crude 

residue, which was purified by column chromatography (5-50% EtOAc/hexanes) to yield ester 
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240 as a clear oil (0.065 g, 18%). LRMS (+ESI) m/z 265 [M+Na]+, m/z 507 [2M+Na]+; 1H 

NMR (400 MHz, CDCl3) δ 7.38 – 7.28 (m, 2H), 7.24 (d, J = 8.6 Hz, 2H), 7.14 – 7.06 (m, 1H), 

7.06 – 6.99 (m, 2H), 6.97 (d, J = 8.6 Hz, 2H), 3.71 (s, 3H), 3.61 (s, 2H); 13C NMR (101 MHz, 

CDCl3) δ 172.3, 157.3, 156.6, 130.7, 129.9, 128.9, 123.4, 119.1, 119.1, 52.2, 40.5 ppm. 

Characterisation data were consistent with literature.464 

 

2-(4-Phenoxyphenyl)acetic acid 241 

 

Using General Procedure E, ester 240 (0.065 g, 0.27 mmol) and LiOH (0.032 g, 1.3 mmol) 

gave the title compound 241 as a white solid, which was used without further purification 

(0.060 g, 98%). LRMS (+ESI) m/z 273 [M−H+2Na]+, (−ESI) m/z 227 [M−H]−, 477 

[2M−2H+Na]−; 1H NMR (400 MHz, CDCl3) δ 7.31 – 7.21 (m, 2H), 7.20 – 7.13 (m, 2H), 7.03 

(t, J = 7.4 Hz, 1H), 6.97 – 6.91 (m, 2H), 6.89 (d, J = 8.6 Hz, 2H), 3.55 (s, 2H) ppm; 13C NMR 

(101 MHz, CDCl3) δ 177.5, 157.2, 156.8, 130.9, 129.9, 128.1, 123.5, 119.2, 119.0, 40.4 ppm. 

Characterisation data were consistent with literature.465 

 

Methyl 2-((1-methoxy-4-(2-(4-phenoxyphenyl)acetamido)naphthalen-2-yl)thio)acetate 242 

 

Using General Procedure D, aniline 223 (0.090 g, 0.33 mmol), acid 241 (0.096 g, 0.42 mmol), 

HATU (0.19 g, 0.49 mmol) and DIPEA (0.11 mL, 0.65 mmol) gave the title compound. The 

crude residue was purified by flash column chromatography (5-40% EtOAc/hexanes) to yield 

ester 242 as an off-white solid (0.082 g, 52%). IR (neat, diamond cell) ν 3284, 3047, 2997, 

2960, 2939, 2926, 2844, 1737, 1651, 1590, 1533, 1508, 1500, 1486, 1454, 1442, 1390, 1363, 

1293, 1244, 1222, 1196, 1170, 1146, 1073, 1000, 976, 875, 863, 852, 816, 780, 763, 733, 710, 

692, 676 cm−1; LRMS (+ESI) m/z 510 [M+Na]+; (−ESI) m/z 486 [M−H]−; HRMS Calcd for 

C28H25NNaO5S
+ [M+Na]+: m/z 510.13456, found m/z 510.13439; calcd for C28H24NO5S

− m/z 

486.13807, found m/z 486.13876;  1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.4 Hz, 1H), 

7.94 (s, 1H), 7.50 (t, J = 7.6 Hz, 1H), 7.46 – 7.29 (m, 7H), 7.18 – 6.92 (m, 5H), 3.96 (s, 3H), 
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3.84 (s, 2H), 3.77 (s, 2H), 3.70 (s, 3H) ppm; 13C NMR (101 MHz, CDCl3) δ 170.2, 169.9, 

157.4, 152.8, 131.2, 130.8, 130.0, 129.9, 129.3, 128.9, 127.8, 126.8, 123.8, 122.9, 122.7, 120.9, 

119.8, 119.2, 119.1, 119.0, 61.6, 52.7, 44.1, 35.4 ppm. 

 

2-((1-Hydroxy-4-(2-(4-phenoxyphenyl)acetamido)naphthalen-2-yl)thio)acetic acid 220 

 

Using General Procedure H, ester 242 (0.045 mg, 0.092 mmol) and BBr3 (0.37 mL, 0.37 

mmol) gave the title compound. The crude residue was purified by reverse phase flash column 

chromatography (0-100% H2O/MeCN) to yield acid 220 as an off-white solid (0.023 g, 54%). 

IR (neat, diamond cell) ν 3603, 3451, 3391, 3284, 3035, 2923, 2852, 2659, 1697, 1654, 1610, 

1591, 1532, 1500, 1489, 1452, 1410, 1384, 1338, 1276, 1244, 1218, 1195, 1164, 1074, 966, 

874, 854, 842, 764, 753, 691, 663, 607 cm−1; LRMS (+ESI) m/z 482 [M+Na]+; (−ESI) m/z 458 

[M−H]−; HRMS Calcd for C26H21NNaO5S
+ [M+Na]+: m/z 482.10326, found m/z 482.10367; 

calcd for C26H20NO5S
 [M−H]−: m/z 458.10677, found m/z 458.10738; 1H NMR  (500 MHz, 

DMSO-d6) δ 9.93 (s, 1H), 8.24 – 8.17 (m, 1H), 7.88 – 7.80 (m, 1H), 7.56 – 7.48 (m, 3H), 7.46 

– 7.35 (m, 4H), 7.13 (t, J = 7.4 Hz, 1H), 7.05 – 6.97 (m, 4H), 3.75 (s, 2H), 3.63 (s, 2H) ppm; 

13C NMR (126 MHz, DMSO-d6) δ 171.5, 169.9, 156.9, 155.2, 151.4, 131.5, 130.8, 130.0, 

129.4, 127.0, 126.5, 125.6, 125.5, 125.1, 123.3, 122.8, 122.7, 118.7, 118.4, 113.1, 41.9, 37.2 

ppm; HPLC (254 nm) 24.34 min, 96.13%. 
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Methyl 2-((4-((4-(1H-pyrazol-1-yl)phenyl)sulfonamido)-1-methoxynaphthalen-2-

yl)thio)acetate 244 

 

To a solution of aniline 223 (0.090 g, 0.33 mmol) and 4-(1H-pyrazol-1-yl)benzenesulfonyl 

chloride 243 (0.079 g, 0.33 mmol) in CH2Cl2 (2.5 mL) was added pyridine (0.039 mL, 0.49 

mmol) and the solution stirred at RT for  3 h. When the reaction was complete, the solution 

was diluted with aq. 1 M HCl solution, then extracted with EtOAc (×3). The combined organic 

extracts were washed with brine, then dried (MgSO4). The solvent was evaporated to yield the 

crude residue, which was purified by column chromatography (10-40% EtOAc/hexanes) to 

yield sulfonamide 244 as a pale green solid (0.13 g, 86%). IR (neat, diamond cell) ν 3243, 

3126, 2955, 2853, 2642, 2525, 1723, 1595, 1569, 1524, 1503, 1395, 1371, 1338, 1321, 1306, 

1270, 1158, 1091, 1074, 1061, 1026, 950, 912, 901, 882, 841, 752, 672, 634, 606 cm−1; LRMS 

(+ESI) m/z 506 [M+Na]+; (−ESI) m/z 482 [M−H]−; HRMS Calcd for C23H21N3NaO5S2
+ 

[M+Na]+: m/z 506.08148, found m/z 506.08127; calcd for C23H20N3O5S2
 [M−H]−: m/z 

482.08499, found m/z 482.08550;  1H NMR (400 MHz, CDCl3) δ 8.05 (dt, J = 8.4, 1.0 Hz, 

1H), 7.94 (d, J = 2.6 Hz, 1H), 7.83 (d, J = 8.9 Hz, 2H), 7.77 (d, J = 8.4 Hz, 1H), 7.76 – 7.72 

(m, 3H), 7.48 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.44 – 7.36 (m, 2H), 6.78 (s, 1H), 6.50 (dd, J = 

2.6, 1.7 Hz, 1H), 3.98 (s, 3H), 3.68 (s, 3H), 3.65 (s, 2H) ppm; 13C NMR (101 MHz, CDCl3) δ 

170.0, 154.4, 143.4, 142.4, 136.6, 130.1, 129.2, 128.9, 127.8, 127.3, 127.2, 127.0, 126.0, 123.6, 

122.7, 122.2, 118.8, 109.0, 61.7, 52.8, 35.3 ppm. 
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2-((4-((4-(1H-Pyrazol-1-yl)phenyl)sulfonamido)-1-hydroxynaphthalen-2-yl)thio)acetic acid 

221 

 

Using General Procedure H, ester 244 (0.042 g, 0.087 mmol) and BBr3 (0.26 mL, 0.26 mmol) 

gave the title compound. The crude residue was purified by reverse phase column 

chromatography (0-100% MeCN/H2O) to yield acid 221 as a white solid (0.019 g, 47%).  IR 

(neat, diamond cell) ν 3243, 3126, 2955, 2922, 2853, 2642, 2525, 1723, 1595, 1569, 1524, 

1503, 1395, 1371, 1338, 1321, 1306, 1269, 1226, 1158, 1091, 1074, 1061, 1026, 950, 912, 901, 

882, 841, 752, 672, 634, 606 cm−1; LRMS (−ESI) m/z 454 [M−H]−; HRMS Calcd for 

C21H16N3O5S2
− [M−H]−: m/z 454.05369, found m/z 454.05434; 1H NMR (500 MHz, DMSO-

d6) δ 9.96 (s, 1H), 8.56 (d, J = 2.6 Hz, 1H), 8.14 (dd, J = 8.1, 1.5 Hz, 1H), 7.99 – 7.93 (m, 2H), 

7.89 (dd, J = 8.1, 1.5 Hz, 1H), 7.81 (d, J = 1.7 Hz, 1H), 7.75 – 7.69 (m, 2H), 7.43 (dddd, J = 

16.6, 8.2, 6.8, 1.4 Hz, 2H), 7.08 (s, 1H), 6.59 (t, J = 2.1 Hz, 1H), 3.49 (s, 2H) ppm; 13C NMR 

(126 MHz, DMSO-d6) δ 171.2, 152.8, 142.3, 142.1, 136.9, 131.2, 129.5, 128.6, 128.3, 126.7, 

125.7, 125.2, 123.8, 123.3, 122.5, 118.2, 112.9, 108.8, 37.2 ppm; HPLC (254 nm) 21.22 min, 

98.11%.  

 

1-Nitro-4-phenoxybenzene 247 

 

4-fluoronitrobenzene 245 (0.25 g, 1.8 mmol) and phenol 246 (0.17 g, 1.8 mmol) were dissolved 

in DMF (12 mL), then K2CO3 (0.29 g, 2.1 mmol) was added. The solution was stirred at RT 

for 16 h. When the reaction was complete, the mixture was diluted with H2O and extracted 

with EtOAc (×3). The combined organic layers were washed with brine, then dried (MgSO4). 

The solvent was evaporated under reduced pressure to yield the crude residue, which was 

purified by flash column chromatography (1–5% EtOAc/hexanes) to yield nitroarene 247 as a 

yellow oil (0.24 g, 63%). LRMS (+ESI) m/z 238 [M+Na]+; 1H NMR (400 MHz, CDCl3) δ 
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8.23 – 8.12 (m, 2H), 7.48 – 7.38 (m, 2H), 7.29 – 7.23 (m, 1H), 7.13 – 7.06 (m, 2H), 7.05 – 6.95 

(m, 2H) ppm; 13C NMR (101 MHz, CDCl3) δ 163.5, 154.9, 142.8, 130.5, 126.1, 125.6, 120.7, 

117.3 ppm. Characterisation data were consistent with literature.466 

 

4-Phenoxyaniline 248 

 

A solution of nitroarene 247 (0.22 g, 1.0 mmol) and 4,4′-bipyridine (0.0005 g, 0.003 mmol) in 

DMF (1.5 mL) was cooled in an ice-water bath, then tetrahydroxydiboron (0.27 g, 3.0 mmol) 

was added. The solution was allowed to warm to RT and stirred for 30 min. When the reaction 

was complete, the solution was diluted with water and extracted with EtOAc (×3). The 

combined organic extracts were washed with brine, then dried (MgSO4). The solvent was 

evaporated to yield aniline 248 as an off-white solid (0.19 g, 99%). LRMS (+ESI) m/z 186 

[M+H]+; 1H NMR (400 MHz, CDCl3) δ 7.33 – 7.24 (m, 2H), 7.02 (tt, J = 7.2, 1.1 Hz, 1H), 

6.94 (dt, J = 7.8, 1.1 Hz, 2H), 6.90 – 6.85 (m, 2H), 6.74 – 6.65 (m, 2H), 3.58 (s, 2H) ppm; 13C 

NMR (101 MHz, CDCl3) δ 159.0, 148.8, 142.8, 129.7, 122.2, 121.3, 117.4, 116.4 ppm. 

Characterisation data were consistent with literature.467 

 

Methyl 2-((1-methoxy-4-(3-(4-phenoxyphenyl)ureido)naphthalen-2-yl)thio)acetate 251 

 

A solution of aniline 223 (0.045 g, 0.16 mmol) in CH2Cl2 (1 mL) was cooled in an ice-water 

bath, then a solution of triphosgene (0.019 g, 0.065 mmol) in CH2Cl2 (2 mL) was added 

dropwise. The solution was allowed to warm to RT and stirred for 4 h. When the reaction was 

complete, the solvent was evaporated under a gentle stream of N2. The residue was 

subsequently redissolved in CH2Cl2 (2 mL), then aniline 248 (0.038 g, 0.20 mmol) and Et3N 

(0.034 mL, 0.24 mmol) were added, and the solution was stirred at RT for 16 h. When the 

reaction was complete, the solution was diluted with H2O, then extracted with EtOAc (×3). The 

combined organic extracts were washed with brine, then dried (MgSO4). The solvent was 
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evaporated to yield the crude residue, which was purified by column chromatography (20-50% 

EtOAc/hexanes) to yield urea 251 as a brown solid (0.017 g, 11%). IR (neat, diamond cell) ν 

3326, 3094, 2950, 2930, 2874, 1735, 1653, 1608, 1591, 1534, 1506, 1486, 1438, 1410, 1359, 

1336, 1305, 1220, 1159, 1123, 1069, 975, 955, 852, 778, 731, 692, 653 cm−1; LRMS (+ESI) 

m/z 511 [M+Na]+; (−ESI) m/z 487 [M−H]−; HRMS Calcd for C27H24N2NaO5S
 [M+Na]+: m/z 

511.12981, found m/z 511.12938; calcd for C27H23N2O5S
 [M−H]−: m/z 487.13332, found m/z 

487.13423; 1H NMR (400 MHz, CDCl3) δ 8.04 (d, J = 8.4 Hz, 1H), 7.89 (d, J = 8.4 Hz, 1H), 

7.68 (s, 1H), 7.49 (t, J = 7.6 Hz, 1H), 7.39 (t, J = 7.6 Hz, 1H), 7.28 (d, J = 7.7 Hz, 2H), 7.19 (s, 

1H), 7.10 (s, 1H), 7.06 (t, J = 7.4 Hz, 1H), 6.93 (d, J = 8.0 Hz, 2H), 6.88 (s, 2H), 3.94 (s, 3H), 

3.72 (s, 2H), 3.63 (s, 3H) ppm; 13C NMR (101 MHz, CDCl3) δ 170.4, 157.8, 154.9, 153.7, 

153.3, 133.8, 129.8, 129.4, 129.0, 127.2, 127.2, 125.3, 123.3, 123.1, 122.7, 122.5, 122.4, 119.8, 

118.5, 61.7, 52.8, 35.1 ppm. The peak corresponding to the urea carbon could not be detected. 

 

6.6.  Experimental for Scaffold Hopping Using Spark™ Software 

The Spark™ software package (10.7.1, Cresset®, Litlington, Cambridgeshire, UK; 

http://www.cresset-group.com/spark/) was used to visualise and perform scaffold hopping of 

the lead molecules. This software package utilises Cresset’s field technology which condenses 

the molecular fields into a set of points around the molecule, called “field points”. The 

electrostatic, van der Waals and hydrophobic potentials of the molecule are therefore 

represented as field points, which are generated using the eXtended Electron Distribution 

(XED) forcefield. The field types are represented as follows: red (postive), blue (negative), 

orange (hydrophobic), and yellow (van der Waals attractive forces). The size of the field or 

spheres indicates whether more energetically favourable interactions can be made. 

Structures of 126 and 127 were drawn using ChemDraw Professional 23.0.1 and energy 

minimised using MM2 calculation within Chem3D 23.0.1. Minimised structures were loaded 

into the R-group replacement workflow of Spark and the regions to be replaced were selected 

as shown in Chapter 3.5. The experiment was run using commercial databases based on 

eMolecules screening compounds, VeryCommon (67,888 fragments; appearing in at least 725 

molecules), Common (112,949 fragments; appearing in 215–724 molecules), LessCommon 

(211,480 fragments; appearing in 65–214 molecules) and Rare (279,658 fragments; appearing 

in 25–64 molecules). All other parameters were left as default settings. The scoring criteria for 

replacement fragments was weighted based on 50% field score and 50% shape score. The 
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results of the Spark search showed 500 possible R-group replacements, which were ranked 

according to the scoring criteria above. 

6.7. Experimental for Docking Studies 

All molecular docking studies were performed with the Maestro software package (2024-

1, Schrodinger Inc., New York, USA) within the Drug Discovery Initiative In Silico Drug 

Design Facility at the School of Pharmacy, University of Sydney.  

The homology models and crystal structures of BCL-XL (PDB: 2O2N and 3ZLN) and 

MCL-1 (PDB: 2NLA) were imported from PDB and prepared using Protein Preparation 

Wizard embedded in Maestro. This program assigns bond orders, adds hydrogen atoms, and 

creates zero-order bonds to metals and disulfide bonds, among other tasks. The hydrogen bond 

networks within the proteins were optimized with all het groups within the receptor grid 

bounding box previously removed and the protein structure minimized to a root-mean-square 

deviation of 0.3 Å using the OPLS3 force field.468, 469 The structures of desired ligands were 

drawn using ChemDraw Professional 23.0.1 and energy minimisation was completed using 

MM2 calculations in Chem3D 23.0.1. The ligands were prepared using LigPrep to generate 

potential ionisation states at pH 7.0 ± 2.0. ConfGen was utilized to obtain up to 64 different 

conformers for each ligand.470  

The Receptor Grid Generation tool in Glide was used to characterize the binding site for 

the docking studies.367, 471 Binding sites were defined by a 20 Å bounding box centred at the 

ligand within the active site of each crystal structure. All other settings were left as the default. 

Finally, ligands were docked into the receptor grids using Glide.367, 471 Molecular docking 

was carried out using Glide’s Extra Precision (XP) setting to refine binding energy estimates.472 

All other settings were left as the default for docking. 

 

6.8. Experimental for Biological Evaluation 

All biological evaluation was performed by Dr. Alexandra Maximova within the Faculty 

of Health Sciences, University of Sydney. 

 

6.8.1.  Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) Assay 

To explore compound binding to the BCL-XL protein as a potential drug target, a TR-

FRET assay (50223, BPS Bioscience) was performed according to the manufacturer’s protocol. 

Compounds were incubated at 10 M in anti-His Tb-labelled donor, dye-labelled acceptor, 

BCL-XL peptide ligand (BCL-2 interacting mediator of cell death, BIM) and BCL-XL protein 
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in 96-well polypropylene V-bottom microplates while protected from light for 3 h at RT. A 

negative control representing non-specific binding was performed by incubating all reagents in 

the absence of BIM and test compounds. A positive control for binding of BIM to the BCL-XL 

protein was performed by incubating all reagents in test compound vehicle (0.1% DMSO) with 

the absence of test compounds. A sample (17 μL) from each well was transferred to a 384-well 

white proxy plate (Thermo Fisher Scientific) and fluorescence was read on a PHERAstar 

microplate reader (BMG LABTECH) at 620 nm and 665 nm. Values were calculated for each 

wavelength corrected for non-specific binding by subtracting the negative control value and 

then expressing values in the presence of each drug as a percentage of the positive control.  

 

6.8.2.  AlphaScreen® Assay 

The ability of compounds to bind to BCL-2 was explored using a protocol adapted from 

a modified AlphaScreen® approach by Lv and co-workers.451 Compounds were incubated at 

10 M in BCL-2 (9 nM, SRP0186, Sigma-Aldrich) and biotin-tagged BIM (52 nM, sequence 

biotin-MRPEIWIAQELRRIGDEFNA, AnaSpec) in 96-well polypropylene V-bottom 

microplates (Greiner Bio-One) for 2 h at RT. Following incubation, AlphaLISA™ anti-6xHis 

acceptor beads (5 μg/mL, AL178C, PerkinElmer) were added to all wells and incubated for 1 

h at RT. Lastly, AlphaScreen® streptavidin donor beads (5 μg/mL) (67600025, PerkinElmer) 

were added to all wells and incubated while protecting from light for 45 min at RT. A negative 

control to determine non-specific binding was represented by incubating all reagents with non-

biotin-tagged BIM (5.2 μM) in absence of test compounds. A positive control to determine 

binding between biotin-tagged BIM and BCL-2 was performed by incubating all reagents in 

test vehicle compound with the absence of test compounds. A sample (17 μL) from each well 

was transferred to a 384-well white proxy plate (Thermo Fisher Scientific) and fluorescence 

was read on a PHERAstar microplate reader at 620 nm and 665 nm. Values were calculated 

for each wavelength, corrected for non-specific binding by subtracting the negative control 

value, and expressed as a percentage of the positive control.  

 

6.8.3.  Statistical Analysis 

Data collected from experiments examining drug binding was analysed to determine 

significant differences between positive control and drug (10 μM) treatment conditions, for 

compounds which inhibited binding by more than 50%. The false discovery rate was set to 5%. 
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Statistical significance for all experiments was determined using a cut-off p-value < 0.05 in 

Prism using one-way ANOVA and Dunnett’s test. 
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Appendix A – Selected Tables 

 

Table A: Factors secreted in the SASP. 

SASP Factor Class Notes 

Soluble factors 

IL-6 

Interleukins 

 

IL-7  

IL-1a, -1b  

IL-13  

IL-15  

IL-8 

Chemokines 

 

GRO-a, -b, -g Growth-related oncogene 

MCP-2 
Membrane cofactor protein 

MCP-4 

MIP-1a 
Macrophage inflammatory protein 

MIP-3a 

HCC-4  

Eotaxin-3  

GM-CSF Other inflammatory 

factors 

 

Granulocyte-macrophage colony-

stimulating factor 

 

MIF Macrophage migration inhibitory factor 

Amphiregulin 

Growth factors and 

regulators 

 

Epiregulin  

Heregulin  

EGF Endothelial growth factor 

KGF Keratinocyte growth factor 

VEGF Vascular endothelial growth factor 

Angiogenin  

SCF Stem cell factor 

SDF-1 Stromal cell-derived factor 

https://en.wikipedia.org/wiki/Granulocyte-macrophage_colony-stimulating_factor
https://en.wikipedia.org/wiki/Granulocyte-macrophage_colony-stimulating_factor
https://en.wikipedia.org/wiki/Granulocyte-macrophage_colony-stimulating_factor
https://en.wikipedia.org/wiki/Granulocyte-macrophage_colony-stimulating_factor
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PIGF Placental growth factor 

IGFBP-2, -3, -4, -6, -7 
Insulin-like growth factor binding 

protein 

MMP-1, -3, -10, -12, -

13, -14 

Proteases and 

regulators 

Matrix metalloproteinase 

TIMP-1, -2 Tissue inhibitor of metalloproteinase 

PAI-1, -2 Plasminogen activator inhibitor 

t-PA Tissue-type plasminogen activator 

u-PA Urokinase-type plasminogen activator 

Cathepsin B  

Soluble or shed receptors or ligands 

ICAM-1, -3 Intercellular adhesion molecule 

OPG Osteoprotegerin 

sTNFR-I 
Soluble tumour necrosis factor receptor 

sTNFR-II 

TRAIL-R3 
Tumour necrosis factor-related 

apoptosis-inducing ligand 

Fas  

u-PAR u-PA receptor 

SGP130 Soluble glycoprotein 

EGF-R Endothelial growth factor 

Nonprotein soluble factors 

PGE2 Prostaglandin E2 

NO Nitric oxide 

ROS Reactive oxidative species 

Insoluble factors 

Fibronectin 

Collagens 

Laminin 
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Table B: Known senomorphics. 

Name Structure Pathway affected 

Natural Products 

Rapamycin 

 

mTOR kinase inhibitor 

Everolimus 

 

mTOR kinase inhibitor 

Resveratrol 

 

NF-κB pathway inhibitor 

NRF2 pathway activator 

Apigenin 

 

NF-κB pathway inhibitor 

Kaempferol 

 

NF-κB pathway inhibitor 

SIRT1 inducer 

Epigallocatechin gallate 

 

mTOR signaling 

inhibitor 

SIRT1, SIRT3 inducer 

NRF2 pathway activator 
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FDA-Approved Drugs 

Metformin 
 

NF-κB pathway inhibitor 

Mitochondrial complex I 

inhibitor 

Ruxotinilib 

 

JAK1, JAK2 inhibitor 

Other Senomorphics 

Loperamide  

 

Ca2+ channel inhibitors 

Niguldipine 

 

Ca2+ channel inhibitors 

KU-60019 

 

ATM kinase inhibitor 
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Table C: Known and potential senolytic small molecules 

Name Structure Pathway affected 

Kinase inhibitors 

Dasatinib 

 

Abl, Tec and Src 

kinases 

Nintedanib 

 

JAK2, STAT3 inhibitor 

R406 

 

FAK, p38 MAPK 

inhibitor 

Terreic acid 

 

BTK inhibitor 

Daidzein 

 

Unknown 

PD-98059 

 

Unknown 

Y-27632 

 

Unknown 

KU-60019 

 

ATM kinase inhibitor 

BCL-2 family inhibitors 

ABT-263 

 

BCL-2, BCL-XL 

inhibitor 
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ABT-737 

 

BCL-W, BCL-XL 

inhibitor 

A1331852 

 

BCL-XL inhibitor 

A1155463 

 

BCL-XL inhibitor 

S63835 

 

MCL-1 inhibitor 

UMI-77 

 

MCL-1 inhibitor 

AZD5991 

 

MCL-1 inhibitor 
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Plant extracts 

Quercetin 

 

PI3K/AKT 

Fisetin 

 

PI3K/AKT 

EF24 

 

BCL-XL, MCL-1 

Procyanidin C1 

 

Unknown 

Gingerenone A 

 

Unknown 

Piperlongumine 

 

OXR1 inhibitor 

HSP inhibitors 

Geldanamycin 

 

HSP90 inhibitor 
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Tanespimycin 

 

HSP90 inhibitor 

Alvespimycin 

 

HSP90 inhibitor 

25-

hydroxycholesterol 

 

CRYAB inhibitor 

BET family inhibitors 

ARV825 

 

BET family degrader 

JQ1 

 

BET inhibitor 

 

 

p53 stabilisers 

RG-7112 

 

MDM2 inhibitor 
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P5091 

 

USP7 inhibitor 

P22077 

 

USP7 inhibitor 

PPARα agonist 

Fenofibrate 

 

PPARα agonist 

Repurposed cancer drugs 

GL-V9 

 

Alkalisation of 

lysosomes 

Panobinostat 

 

HDAC inhibitor 

Antibiotics 

Azithromycin 

 

Antibiotic 

Roxithromycin 

 

Antibiotic 

Nigericin 

 

Antibiotic 
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Appendix B – UMI-77 Analogues for Docking 

 

The following compounds were designed as part of the SAR probing study of chapter 4. 

The energy-minimised structures of these compounds were docked to a structure of MCL-1 as 

described in Chapter 4.4. to design a library of UMI-77 derivatives. 
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