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Abstract

Tackling neurodegenerative diseases represent a critical challenge in modern

medicine, with conditions like multiple sclerosis, Alzheimer’s, Huntington’s, and

Parkinson’s disease presenting complex pathologies and overlapping symptom profiles.

Despite over a century of research into these disorders, therapeutic interventions

remain predominantly limited to symptom management rather than disease-modifying

strategies, underscoring the urgent need for innovative diagnostic and treatment

approaches.

Chronic neuroinflammation has been identified as a fundamental pathological

mechanism common to all these neurological disorders, contributing to death of

brain tissue. Microglia, the central nervous system’s primary immune cells, regulate

inflammatory responses through complex pro- and anti-inflammatory mechanisms.

The P2Y12 protein has been identified as a potential biomarker for monitoring

the anti-inflammatory response, offering a promising avenue to developing a deeper

understanding of microglial function during neurodegeneration.

Positron Emission Tomography (PET) is a powerful molecular imaging technique

that provides insight to biological processes in vivo by use of a biomarker-specific

radiotracer. Previous attempts to develop P2Y12 PET tracers have repurposed

ligands from anti-thrombotic drug discovery campaigns, labelling them with short-

lived positron-emitting carbon-11 radionuclides. However, their physicochemical

properties were unsuitable for central nervous system (CNS) penetration, effectively

halting further pre-clinical or clinical development.

The research in this thesis aims to address these challenges through a comprehen-

sive methodological approach. It first leveraged computer-aided drug design (CADD)

to predict optimal binding interactions and physicochemical properties of various

known and novel P2Y12 ligands. By rationally modifying literature P2Y12 ligands,

our research aimed to enhance CNS penetration and develop a viable tracer. A

complementary focus involved the design and synthesis of P2Y12 fluorescent probes

for the development of a competitive NanoBRET binding assay, enabling critical
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biological evaluation of potential PET tracer candidate molecules.

By systematically addressing the technical barriers in tracer development, this

study aimed to support the development of CNS-penetrating P2Y12 PET tracers.

A successful tracer could enable more precise elucidation of the anti-inflammatory

response in vivo, potentially facilitating development of advanced diagnostics, and

more targeted therapeutic interventions for neurodegenerative disorders.
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Introduction
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1.1 Neurodegenerative diseases and inflammation

1.1.1 Neurodegenerative diseases

Neurodegeneration is characterised by the progressive deterioration of brain func-

tion and structure, resulting in the gradual decline of mental and physical condition.1

The earliest literature on neurodegenerative disease dates back to 1817, authored

by James Parkinson.2 At the time of publication, the disease was referred to as

’shaking palsy’, but it is now known as Parkinson’s disease (PD). It is characterised

by involuntary shaking regardless whether the patient is moving or at rest.2 At

that time, understanding of neuroscience was in its infancy, and diagnostic methods

were primarily limited to broad characterisation of symptoms.2 Scientifically backed

research necessary for providing effective treatments to PD patients, let alone finding

a cure, was beyond the understanding of researchers at the time. Since the identifi-

cation of PD, other neurodegenerative conditions such as multiple sclerosis (MS),

Huntington’s disease (HD) and Alzheimer’s disease (AD) have also been recognised,

each with their own symptomatic profiles and pathological hallmarks.

Current therapeutic strategies for neurodegenerative diseases are either disease-

modifying or symptom management treatments. Disease-modifying treatments aim

to intervene in the underlying disease pathology to slow its progression,3 whereas

symptomatic treatments temporarily alleviate the clinical symptoms. However,

no drugs have been developed yet that can cure neurodegenerative diseases or

reverse the damage caused by degeneration.4–8 Early intervention is essential for

disease-modifying treatments to improve long-term patient outcomes. For instance,

the symptomatic onset of AD can occur decades after the initial cerebral amyloid

beta (Aβ) aggregation, with pathological changes preceding the clinical symptoms

(Figure 1).9 Developing sensitive diagnostic tools capable of detecting early bio-

chemical changes in neurodegenerative diseases could facilitate earlier therapeutic

interventions and improve long-term patient outcomes.10,11 Alternatively, these tools

could aid in clinical evaluation for developing more effective treatments.12
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Figure 1: Onset of both motor and non-motor symptoms throughout PD progression
with severity.11

Capitalising on early biomarkers is as crucial as developing treatments for neu-

rodegenerative diseases. Modern imaging techniques that assist in patient diagnosis

include positron emission tomography (PET) imaging, single photon emission com-

puted tomography (SPECT) and magnetic resonance imaging (MRI).11,13,14 While

MRI is effective at aiding diagnosis of neurodegenerative diseases, it typically identi-

fies them in the progressive stages through anatomical changes.15 PET imaging often

uses [18F]fluorodeoxyglucose ([18F]FDG) to monitor biochemical changes resulting

from increased metabolic activity, but neither technique can diagnose a specific

neurodegenerative condition alone.16 SPECT has found success in aiding diagnosis

of PD but lacks resolution.17 Genetic sequencing is used to diagnose HD, but eth-

ical concerns have limited its widespread adoption.10 Novel diagnostic techniques

that employ fluorescent probes and genetic sequencing for other neurodegenerative

diseases have yet to be proven robust for clinical applications.13,18

A comprehensive diagnostic toolbox is needed to target molecular biomarkers of

neurodegenerative diseases for differential diagnosis.10,19 Establishing a correlation

between biomarkers and disease states is critical. Chronic inflammation is a promi-

nent pathological hallmark of all neurodegenerative diseases, and its dysregulation
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contributes towards neuronal death.20,21 Imaging inflammation via PET has the

potential to be extremely useful to understand underlying causes of disease, as

a diagnostic tool, but current gaps in understanding chronic neuroinflammatory

responses remain.10,19,22,23

1.1.2 Neuroinflammation

Neuroinflammation is a complex and essential process for maintaining homeostasis

in the central nervous system (CNS).24 Typically, an exogenous or endogenous insult

will trigger a neuroinflammatory response.25 Cells such as microglia and astrocytes

are immediately recruited to mediate the repair process by secreting cytokines,

chemokines, secondary messengers and reactive oxygen species (ROS).26,27 Historically,

neuroinflammation was characterised as two distinct phases: the pro-inflammatory

response, which is neurotoxic and contains neural insults, and the anti-inflammatory

response, which is neuroprotective.21 However, it is now understood that these

responses exist on a heterogenous spectrum, coexisting in a delicate balance.28

ROS such as hydroxyl radicals, superoxide anions and peroxides are generated as

a part of the pro-inflammatory response mechanism. Lipid oxidation inhibits glucose

transporter type-3 signalling and activates mitogen-activated kinases that leads to

apoptosis.29 Direct ROS reactions can occur with proteins, inhibiting receptors and

enzymatic functions.29 DNAmutations caused by ROS have contributed to accelerated

ageing, exacerbating the already poor regenerative capabilities of the CNS.30,31 ROS

induce downstream excitotoxic conditions by elevating the calcium levels, resulting

in glutamate receptors activation and cell death.29 ROS are promiscuous and can

disrupt cellular functions.29

Cytokines are the primary messengers in modulating cellular behaviours, secreted

by both microglia and astrocytes.32 They alone do not cause damage but activate

cells downstream to perform unique tasks in pro- and anti-inflammatory cascades.

Occasionally, cytokines may open ion channels and create excitotoxic conditions

leading to apoptosis.33 In post-mortem PD cerebrospinal fluid and AD peripheral
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blood samples, elevated levels of pro-inflammatory cytokines such as interleukin-1β

(IL-1β), IL-6 and tumour necrosis factor (TNF-α) have been observed.33 The self-

perpetuating mechanism in neurodegenerative diseases will have persistent cytokine

signalling.32

Repetitive inflammation inflicts substantial damage upon healthy cells through

necroptosis34 and dysregulated repair.35 However, the anti-inflammatory response

to quell the pro-inflammatory counterpart remains poorly understood. The anti-

inflammatory response mainly regulates the pro-inflammatory response and minimises

damage, allowing the limited regenerative capacity of neurotrophic factors to retain

CNS functions.36 IL-4 has been implicated in regulating ROS generation by the

microglia via stimulating apoptosis,37 while IL-10 has been shown to regulate the

pro-inflammatory cytokine production.38 Current ex vivo studies do not provide

insight into the changes in the anti-inflammatory response that supposedly attenuate

the chronic inflammatory response in neurodegenerative diseases. Post-mortem

examinations have shown that microglial activation is largely responsible for the

upregulation of various inflammatory mediators in neurodegenerative diseases, closely

corresponding with neuroinflammation.39,40

The most widespread cells in the CNS are glial cells,41 such as astrocytes, microglia

and oligodendrocytes. These cells are highly adaptable, capable of responding to

even the smallest changes in the local micro-environment to effectively combat CNS

insults.41 Communication and coordination among glial cells are indispensable for

modulating the neuroinflammatory response.41,42 In particular, intercellular communi-

cation between microglia and astrocytes form the cornerstone of neuroinflammation,

but precise mechanisms and downstream effects remain poorly understood.43,44

Among glial cells, microglia have garnered the most attention due to their versatility

and active frontline role in regulating CNS functions.45
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1.2 Microglia

Microglia are the most populous immune cell in the CNS,46 often referred to

as the macrophages of the CNS.47 These cells originate from prenatal invasion of

macrophages into the CNS, but have distinct characteristics that differentiate them

from macrophages.21,46 Monocytes, progenitor cells to macrophages, are also distin-

guishable from microglia based on their expression of cluster of differentiation (CD)

markers, particularly CD45 and CD11b (higher expression levels in monocytes versus

microglia).46 Microglia survey the local micro-environment by following adenosine

diphosphate (ADP) gradients towards sites of insult.48 Beyond its surveillance func-

tion, microglia clear neural debris, mediate neuroinflammation, promote repair and

perform many other functions as presented in Figure 2.11,49

Figure 2: Phagocytosis, surveillance and release of soluble factors are the core
microglial properties (inner ring) that promote various biological processes (outer
rings).49

Microglial morphology is directly related to stimuli from the local micro-envi-

ronment, resulting in distinct morphologies generally categorised as ramified, hyper-

ramified, amoeboid and phagocytic.48,49 However, the current consensus suggests

that microglial morphology is much more dynamic and requires quantitative tools to
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differentiate them precisely. Walker and coworkers have acknowledged the need for

better tools to discriminate microglia based on their phenotypic state, as morphology

alone provides limited information.48

Historically, microglia were thought to exist in two distinct phenotypic states:

M1 pro-inflammatory and M2 anti-inflammatory. Each state was believed to have

specific functional roles, with microglia exclusively secreting cytokines corresponding

to their state. Recent consensus between Paolicelli and coworkers suggests that

classifying microglia solely based on the M1/M2 paradigm is an oversimplification.49

They reiterated the heterogenous model of microglial phenotypes in which both

the pro- and anti-inflammatory responses can occur simultaneously, reflecting the

dynamic nature of microglia as shown in Figure 3.49

Figure 3: Classical perception encompassed clearly defined states of microglia (left),
while the current model suggests a dynamic activation of microglia that closely
adapts to the local micro-environment.49

Microglial states are also shaped by a combination of intrinsic and extrinsic

factors, spatiotemporal context, and various additional layers of complexity. Intrinsic

determinants include species, ontogeny, sex, and genetic background. The specific

context in which the organism exists is also important, encompassing factors such

as age, spatial location, and environmental influences such as nutrition, microbiota,

pathogens, and drugs. These intrinsic and extrinsic factors collectively impact
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microglia above levels, including epigenomic, transcriptomic, proteomic, metabolomic,

and phenomic, ultimately determining their functions as shown in Figure 4.49

This complexity is not yet fully understood, particularly in the context of neurode-

generative diseases. Chronic activation of microglia has been implicated in conditions

such as AD, PD, HD, and MS.50–52 To elucidate the pathology of neurodegenerative

disease, it is essential to monitor the phenotypic state of microglia throughout dis-

ease progression.48,49 Developing molecular imaging tools to visualise these changes

in vivo, such as radiotracers for use in PET imaging, is crucial for advancing our

understanding of microglial roles in neurodegeneration and the development of more

effective therapeutic strategies.53

Figure 4: Summary of the effects of extrinsic and intrinsic determinants on the
overall microglial state.49

1.2.1 PET imaging

PET is a powerful non-invasive molecular imaging technique for measuring

receptor expression in vivo through the use of a targeted radiolabelled ligand. A

patient is injected with a sub-therapeutic dose to ensure no functional response is

elicited,54 allowing occupancy of the receptor of interest by the tracer to reflect its

innate intrinsic response. The radionuclide emits positrons, colliding with electrons
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typically within 0.5 mm,54 generating two 511 keV γ-rays that travel in opposite

directions perpendicular to the collision pathway in an event called annihilation.55

These γ-rays are captured by a sensor encircling the patient, and the detected signal is

traced back to the source of the annihilation event (Figure 5).54 A three-dimensional

image of tracer distribution can be generated using the detected γ-radiation signals.

SPECT uses a γ-ray emitting radionuclide that can be tracked similarly to PET

imaging but at the cost of resolution.14

Figure 5: For CNS imaging purposes, typically either a carbon-11 or fluorine-18
labelled radiotracer emits positrons, colliding with electrons and emitting two 511
keV γ-rays perpendicular from the trajectory pathway.

PET tracers are typically small organic molecules, making carbon-11 (11C) a

frequently used radionuclide. Carbonyls or methyl groups in tracers can be replaced

with carbon-11 via intermediates such [11C]carbon dioxide, [11C]carbon monoxide,

or [11C]methyl iodide.56 However, the short half-life of carbon-11 (20.39 minutes)

requires on-site synthesis due to rapid decay, subsequently requiring a cyclotron to be

on premises to generate the necessary radiosynthons.57 An alternative radionuclide is

fluorine-18 (18F), which has a radioactive half-life (109.8 minutes) five times longer
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than carbon-11, allowing easier manufacture and distribution of the radiotracer.56 The

extended half-life of fluorine-18 also allows for prolonged scanning times, increasing

the diagnostic versatility.58 The advantages of fluorine-18 make it a practical choice

for PET tracers whenever feasible.56,57

Clinically, PET scans are often performed at a specific time point and within

a limited tissue area, commonly assessed using standardised uptake value (SUV)

imaging. This method estimates receptor expression but provides limited insights

into the kinetics of the radiotracer.59,60 Dynamic imaging overcomes this limitation

by monitoring the signal over time, resulting in a better understanding of ligand

kinetics and enhancing quantification accuracy.60 Total-body imaging further ad-

vances dynamic imaging by improving the signal sensitivity,61 reducing the required

radiotracer dosage and shortening scan times.62,63 This approach may help discern

dysfunctional microglia in chronically diseased states compared to healthy models.64

It may also be conceivable to further differentiate various neurodegenerative diseases

based on the biomarker characteristics.65

Microglial pro-inflammatory responses have been actively studied through PET

imaging of biomarkers such as translocator protein 18 kDa (TSPO) and the purinergic

receptor P2X7 (P2X7) as shown in Figure 6.66–69 TSPO has shown great promise

in identifying neuroinflammation localised in the cortico-limbic system in condi-

tions like AD, PD, MS, and HD, but its expression is not specific to a particular

microglial phenotype.70 There is therefore growing interest in understanding the

intricacies of the innate immune response to neurological insults to develop better

treatment strategies.70 In particular, the anti-inflammatory microglial response has

been overlooked in its significance in neurodegenerative diseases for the past two

decades.
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Figure 6: Literature radiotracers used to targeting microglial TSPO and P2X7 for
monitoring pro-inflammatory responses in the CNS.69

1.2.2 Purinergic receptors and anti-inflammatory response

Purinergic receptors are membrane-bound receptors activated by purines, cate-

gorised as either P1 or P2 receptors. Adenosine serves as the endogenous agonist for

P1 receptors, while phosphorylated nucleosides like adenosine triphosphate (ATP)

and ADP activate P2 receptors.71 These receptors are further subcategorised as either

ligand-gated ion channels (P2X receptors) or G protein-coupled receptors (GPCRs

or P2Y receptors).71

P2X ligand-gated ion channels typically function as multimeric complexes,72

responding rapidly to extracellular ATP by opening ion channels that allow cation

influx.73 This influx subsequently triggers immediate response microglial responses.

For example, activation of P2X4 facilitates chemotaxis, while P2X7 promotes the

release of pro-inflammatory cytokine IL-1β.74 In contrast, GPCRs modulate intracel-

lular pathways to induce prolonged downstream responses that adapt to the gradual

changes in the micro-environment.75 These include the regulation of microglial phago-

cytic activities via P2Y2 and P2Y6, and attenuate glutamate-induced excitotoxicity

signalling through activation of P2Y1 and P2Y12.74,76 The diverse functional response

of microglia resulting from purinergic receptor activation present opportunities to

investigate and understand their nuanced roles.
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Table 2: Receptors expressed on microglia that are biomarkers for pro- and anti-
inflammatory responses. Multiple endogenous ligands are sorted in the order of
affinity toward the receptor.71,77

Receptor
Endogenous

ligand(s)77
Receptor expression

P2X
P2X4 ATP

Up-regulated under pro-inflammatory

response78

P2X7 ATP
Up-regulated under pro-inflammatory

response45,79

P2Y

P2Y1 ADP > ATP
Up-regulated under pro-inflammatory

response78

P2Y2 UTP = ATP
Up-regulated under pro-inflammatory

response80

P2Y6
UDP > UTP »

ATP

Up-regulated under pro-inflammatory

response81

P2Y12 ADP
Up-regulated under anti-inflammatory

response45,79

Beaino and coworkers explored the receptor expression of microglia under anti-

inflammatory stimulation to identify potential biomarkers for use in PET imaging.

Using IL-4 to stimulate an anti-inflammatory response, they measured relative protein

expression through quantitative polymerase chain reaction (qPCR), comparing it

to non-stimulated microglia as a control.79,82,83 This analysis uncovered a four-fold

increase in purinergic receptor P2Y12 (P2Y12) expression.45,79 Western blotting

experiments were subsequently performed to estimate protein expression levels,

indicating a two-fold increase in P2Y12 under anti-inflammatory conditions.79 Given

its role in neuroinflammatory response modulation, P2Y12 is a potential biomarker

for imaging the anti-inflammatory response in the CNS.74 Currently, microglial

P2Y12 studies are limited to in vitro settings due to limitations of PET radiotracers,

see Section 1.4. Extending this research to in vivo models with PET imaging could
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offer a more comprehensive understanding of microglial phenotypes across various

physiological conditions.

1.3 P2Y12

P2Y12 was uncovered by Hollopeter and coworkers in an effort to identify the

target receptor for anti-thrombotic drugs clopidogrel and ticlopidine.84 Surprisingly,

P2Y12 was found to be expressed both in the brain and on platelets. This dis-

covery prompted Sasaki and coworkers to conduct a follow-up study, identifying

that microglia are the sole cell-type that expresses P2Y12 in the brain.85 Mildner

and coworkers further elucidated that P2Y12 was expressed throughout all brain

regions, age groups and stages of life.86 Despite microglia originating from the pre-

natal macrophage invasion to the brain, P2Y12 was not found to be expressed on

macrophages.86

ADP is the endogenous agonist of P2Y12, stimulating platelets and initiating a

biochemical cascade to affect thrombosis.87 This process is beneficial in preventing

excess blood loss by clotting the blood externally, but internal clotting in blood

vessels could cause significant harm. Antagonising P2Y12 can disrupt the event

chain and is the cornerstone strategy for developing anti-thrombotic drugs.88

1.3.1 Therapeutics

In the decade following the identification of P2Y12 as the drug target for clopido-

grel and ticlopidine, there was a surge in the discovery of anti-thrombotic ligands.

Up until 2022, around 1,000 P2Y12 ligands have been synthesised through anti-

thrombotic drug campaigns, with AstraZeneca, Pfizer, and Sanofi leading the efforts

to design the first reversible P2Y12 antagonist with increased efficacy and over-

coming drug resistance against clopidogrel.89 Recently, interest in developing new

anti-thrombotic drugs waned due to the unclear clinical benefits over existing drugs.90

Given that P2Y12 was validated as a key drug target in the periphery, it is not
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surprising that the ligand physicochemical properties were not refined for CNS

applications.

Functional studies on microglial P2Y12 are rare, making its potential as a

therapeutic target in this context uncertain. Webster and coworkers generated P2Y12

knockout models, treated them with clopidogrel, and observed microglial responses

to cerebral ischemia. Homozygous P2Y12 knockout mice did not survive bilateral

common carotid artery occlusion to induce ischemia.91 Interestingly, clopidogrel-

treated and heterozygous P2Y12 knockout mice models exhibited higher neuronal

viability, attributed to the immobilisation of microglia, which prevented microglia-

to-neuron contact leading to neuronal death.91 Lou and coworkers delved further

into the mechanism of action, finding that persistent antagonism and homozygous

P2Y12 knockout models suffered excessive bleeding from an inability of microglia

to chemotax towards damaged sites and repair lesions. However, delayed P2Y12

antagonism or limited P2Y12 availability post-lesion enhanced lesion repair.92 Tozaki-

Saitoh and coworkers administered cangrelor through spinal injection and orally dosed

clopidogrel in mice models, observing a reduction in neuropathic pain.93 Instances

of P2Y12 antagonism have demonstrated potential therapeutic benefits in animal

models, leading some researchers to speculate about possible translation to humans.94

1.3.2 PET imaging studies

The prospects of disease-modifying therapeutics have drawn attention to P2Y12,

but its functional role in neuroinflammation remains enigmatic. Over the past

decade, growing interest in developing a CNS-penetrant P2Y12 PET tracer to better

understand its expression and relevance to brain disease.79 Evidence supporting

P2Y12 as a useful imaging target has been accumulating with each attempt. Beaino

and coworkers identified P2Y12 as a biomarker for the anti-inflammatory response.79

Villa and coworkers concluded that P2Y12 was exclusively expressed on microglia

among other peripheral immune cells.45 Maeda and coworkers observed decreased

P2Y12 expression in PS19 and rTg4510 tauopathy mice compared to wild-type and
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non-transgenic mice models.95 However, all attempts to image CNS P2Y12 in vivo

have been unsuccessful, therefore strategies for developing CNS-penetrant P2Y12

radiotracers must be revisited and analysed to address their shortcomings.

1.4 Microglial P2Y12 PET tracers

CNS exposure remains the biggest challenge that current strategies for P2Y12

PET tracers have yet to overcome. Typically, CNS penetrating ligands need to have

a delicate balance between lipophilicity and hydrophilicity. A ligand that is too

lipophilic will often lead to off-target binding, which may be a substrate for efflux

transporters, making it unable to accumulate in brain parenchyma.96 Downstream

toxicity may ensue from efflux transporter binding such as deactivation of human

ether-à-go-go-Related Gene (hERG) cardiac potassium channel and cytochromes

P450 (CYP) inhibition.96,97 Overly hydrophilic ligands are unable to diffuse across

the tight lipophilic BBB junctions.96

In this work, BBB permeability refers to the passive diffusion into the CNS,

whereas CNS penetration describes the ability of a ligand to both permeate the BBB

and be retained within the CNS. Enzymatic metabolism and efflux by endothelial

transporters also affect the retention of a ligand within the CNS after passively

diffusing across the BBB.98 Careful consideration has been made to accurately

discuss challenges in the design of CNS-penetrating P2Y12 PET tracers in this thesis.

1.4.1 Previous attempts towards CNS P2Y12 PET tracers

In the past decade, re-purposing anti-thrombotic drug candidates have been

the main strategy towards CNS-penetrating P2Y12 PET tracers. Anti-thrombotic

drug candidates do not account for BBB permeability in their design brief, let

alone retention in the CNS. Rather, anti-thrombotic drugs are typically designed

to avoid BBB permeability, minimising the likelihood of off-target effects. Despite

this, the sheer wealth of P2Y12 ligands discovered through anti-thrombotic drug
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discovery offers researchers opportunities to identify ligands with the potential for

CNS penetration.

The first reported attempt towards the design of a CNS-penetrating P2Y12 PET

tracer was by Villa and coworkers, who approached the design by re-purposing

literature ligands. Non-radiolabelled azetidine 1 was identified as their PET lead

from Bach and coworkers anti-thrombotic drug campaign (Figure 7).99 This ligand

possessed single digit nanomolar affinity toward P2Y12 and was radiolabelled for

PET imaging studies in rat models.45 Incorporating a carbon-11 radionuclide into the

lead ligand was straightforward, as the urea moiety could be conveniently synthesised

through a carbon monoxide radiosynthon.56 Despite the promising binding affinity,

azetidine 1 failed to show CNS penetration, halting further investigations.
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Figure 7: Structures of P2Y12 binding ligands from previous PET tracer studies,45,95
radionuclides of the analogues are coloured red. Left: Villa and coworkers carbon-
11 radiolabelled azetidine analogue from Bach and coworkers. CNS MPO and
CNS PET MPO scores were obtained from Wildt and coworkers.45,99,100 Right:
Maeda and coworkers carbon-11 radiolabelled AZD1283 analogue from Bach and
coworkers.95,99,101 CNS MPO and CNS PET MPO were calculated using the algorithm
described by Zhang and coworkers.102 The LogD value was obtained from Jackson
and coworkers,103 while other physicochemical properties were predicted using Marvin
for the CNS MPO and CNS PET MPO algorithms.104

Maeda and coworkers approached the development of a CNS-penetrating P2Y12

PET tracer with a similar strategy, re-purposing AZD1283 2 from Bach and coworkers

due to its high-affinity toward P2Y12 (Figure 7).95,99,101 AZD1283 was carbon-11

radiolabelled via nitrile substitution of a bromonicotinate precursor.95 Despite the
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high-affinity of AZD1283, their radiotracer also failed to accumulate in the CNS in

their rTg4510 mouse models.95
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Figure 8: Structures of P2Y12 binding ligands from Van der Wildt and coworkers.100
Radionuclides of the analogues are coloured red (11C) and green (18F). Left: Van der
Wildt and coworkers carbon-11 radiolabelled thienopyrimidine analogue from Lee
and coworkers.100,105 Right: Van der Wildt and coworkers fluorine-18 radiolabelled
thienopyrimidine analogue from Lee and coworkers.100,105

Van der Wildt and coworkers took a more strategic approach towards CNS-

penetrating P2Y12 PET tracers, guided by CNS multiparameter optimisation (MPO)

and CNS PET MPO scoring to predict CNS penetration through physicochemical

property calculations. They were interested in the thienopyrimidine compounds from

an LG Life Sciences patent for their high-affinity P2Y12 ligands. Ultimately they

decided on thienopyrimidines 3 and 4 based upon further refinement with MPO

calculations. MPO scores are presented in Figure 8 with thienopyrimidine 4 scoring

4.5 at best with CNS MPO (molecules are scored between 0 to 6, with scores ≥4 being

favourable for CNS penetration),106 while displaying high binding affinity (K i = 0.3

nM). Despite their careful approach, none of their ligands showed appreciable CNS

accumulation. However, co-administrating tariquidar, a P-glycoprotein (P-gp) efflux

blocker, allowed them to observe limited BBB permeability with thienopyrimidines 3

and 4. This indicated that the thienopyrimidines were at least partially permeating

through the BBB but were removed from the brain parenchyma by efflux transporters.

However, it has been speculated that mouse and human efflux transporters may
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be different, requiring further investigations or modifications to conclude on CNS

penetration of the thienopyrimidine 4.

In 2022, Jackson and coworkers attempted to design and synthesise a CNS-

penetrating P2Y12 PET tracer, repeating the approach with piperidine 2 by Maeda

and coworkers.95,103 The radiotracer was administered to wild-type (WT) and P2Y12

knockout mice, but it did not accumulate in the CNS due to rapid metabolism and

accumulation in the liver.103 They also highlighted the necessity of using trifluoroacetic

acid (TFA) as a buffer in high-pressure liquid chromatography (HPLC) purity analysis,

suggesting that AZD1283 was likely in its anionic form in physiological conditions,103

making it unlikely to permeate the BBB even if metabolism issues were resolved.107

In summary, re-purposing anti-thrombotic drug candidates has been the predomi-

nant strategy in the design of CNS penetrating P2Y12 PET tracers. Attempts to date

have been unsuccessful due to the inability of the ligands to display CNS penetration.

Van der Wildt and coworkers were the first group to use predictive algorithms in their

design approach, improving the likelihood of identifying a successful CNS penetrating

PET tracer. Despite the favourable CNS MPO score of thienopyrimidine 4, it was

unable to accumulate in the CNS. However, thienopyrimidine 4 was the first to show

moderate BBB permeability. The use of CNS-penetration predictive algorithms is

likely to increase the chances of selecting the appropriate ligand for this application.

Computer-aided strategies should be further investigated to better use them for the

next iteration of designing a CNS-penetrating P2Y12 PET tracer.

1.5 Computer-aided drug design

High attrition rates in clinical drug development and rising costs have led to

the adoption of alternative methods for prudent drug design.108,109 Computer-aided

drug design (CADD) methodologies have become an indispensable part of the

modern drug discovery process. Virtual screening can be used to triage otherwise

impractical numbers of molecules to select compounds for in vitro screening (hit

identification).110,111 Hit-to-lead and lead optimisation campaigns also use predictive
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in silico methods to help refine desired pharmacological activity, reduce the likelihood

of off-target effects, and improve druglikeness and bioavailability of drug candidates.112

1.5.1 CNS-penetration predictive algorithms

CNS-penetration predictive algorithms such as CNSMPO,113 CNS PETMPO102,114

and BBB score115,116 have been developed to use sets of calculated physicochemical

properties to predict various physiochemical and pharmacokinetic parameters of small

molecule drug candidates for CNS penetration. These predictive algorithms were

trained to discriminate common physicochemical trends between CNS-penetrating

drugs and non-CNS-penetrating ligands. Each predictive algorithm assigns physic-

ochemical properties with different weightings, with the caveat that property pre-

diction values differ across various software packages. Re-purposing ligands from

anti-thrombotic drug discovery campaigns for CNS applications would make predic-

tive CNS accumulation algorithms integral to the campaign, especially given the

current challenges in achieving CNS accumulation of P2Y12 PET tracers.

CNS MPO and CNS PETMPO are considered gold standards for CNS-penetration

predictive algorithms, scoring compounds based on properties like calculated logP

(ClogP), calculated logD (ClogD), molecular weight (MW), topological polar surface

area (TPSA), number of hydrogen bond donors, and pK a. The aggregate score ranks

the compound between 0 and 6, with greater scores indicating increased likelihood of

CNS penetration.106 A cut-off score of ≥4 captures approximately 74% of all known

CNS drugs for CNS MPO,113 whereas a score ≥3 captures approximately 79% of all

known PET tracers for CNS PET MPO algorithms.114

Gupta and coworkers scrutinised the CNS MPO predictive algorithm, criticising

the approach to train the model exclusively on ligands that successfully enter the

CNS and the lack of a standardised physicochemical calculation software package.

They highlighted the flaws of excluding valuable training data from non-CNS pene-

trating ligands and the inconsistencies in physicochemical property calculations from

individual software packages (e.g. pK a and logP).117 Although the CNS PET MPO
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method was specifically designed for assessment of CNS PET tracers, both MPO

scoring systems use similar predicted physicochemical properties as their inputs and

therefore suffer from the same variability in scores.

QikProp logBB was developed by Jorgensen and coworkers as part of the Maestro

suite, a complete package for in silico aided drug design.118 While the specifics of

the training dataset remain proprietary, the developers report that 95% of CNS-

penetrant drugs score between -3 and 1.2.118 External benchmarking has suggested

that higher scores generally correspond with increased CNS penetration likelihood.117

QikProp integration within Schrödinger Maestro suite resolves scoring discrepancies

between physicochemical prediction software, a key issue discussed with the CNS

MPO algorithm. Fan and coworkers conducted a randomised test with 1,403 unique

ligands, and the algorithm successfully predicted 82% of the compounds to be

either CNS accumulating or inactive.119 These results suggest that QikProp logBB

is a robust tool for assessing CNS penetration and may provide more consistent

predictions than CNS MPO.

In the design of a CNS penetrating P2Y12 PET tracer, computer-aided ligand

design should be considered. This could guide the ligand selection process by identi-

fying candidates with favourable physicochemical properties for CNS penetration.

Efforts toward CNS P2Y12 PET tracers without computer-aided tools failed to

demonstrate CNS penetration.45,67,103 Van der Wildt and coworkers incorporated

CNS penetration predictive algorithms in their selection strategy, showing promising

results in identifying suitable ligands.100

1.6 Aims of this work

Microglia exhibit increased P2Y12 expression in response to anti-inflammatory

signalling, yet the precise role of this receptor in CNS diseases remains unclear.

Developing a PET tracer to monitor P2Y12 expression in vivo could provide valuable

insights into its function, regulation and dynamics. However, there are currently no

CNS-penetrating PET tracers available for imaging P2Y12. Efforts to repurpose

20



literature P2Y12 ligands for microglial P2Y12 PET imaging applications have yet to

produce a successful tracer. Furthermore, the reliance on carbon-11 radiolabelling

limits the practicality and versatility for CNS PET imaging studies. As such, this

thesis aims to design and synthesise fluorinated P2Y12 ligands tailored for CNS PET

tracing applications.

The work in Chapter 2 describes the rational design of a potential CNS penetrat-

ing and fluorinated P2Y12 ligand library using CADD methodologies. Fluorine was

incorporated to facilitate the eventual development of a fluorine-18 PET tracer that

is practical and versatile. Effective PET imaging of microglial P2Y12 requires the

ligand to achieve CNS penetration without compromising binding affinity. CADD-

guided modifications facilitated rational design of CNS-penetrating fluorinated P2Y12

ligands. A divergent synthetic strategy was developed to access an initial library of

compounds.

The lack of an accessible assay for evaluating affinities of the fluorinated P2Y12

ligands developed in Chapter 2 prompted the development of NanoBRET P2Y12

probes. Chapter 3 addresses the selection and virtual screening of suitable literature

P2Y12 ligands to guide NanoBRET P2Y12 probe design. Initial selection criteria

focused on identifying ligands with a known binding pose and high-affinity binding

at P2Y12. Docking studies using a published P2Y12 crystal structure were used to

refine structures that maintain high-affinity to the target.

Building upon the findings, a P2Y12 ligand was chosen based on predicted affinity

and synthetic accessibility. In Chapter 4, a library of NanoBRET P2Y12 probes

was generated from this selected ligand, focusing on probing linker interactions.

This involved exploring various linker lengths and types to identify the optimal

configuration for the fluorescent probe, as well as evaluating different fluorophores

for their suitability. The development of a NanoBRET fluorescent probe will not

only facilitate biological evaluation of new P2Y12 ligands such as those in Chapter

2, but also provides a scalable platform for high-throughput screening to identify

new CNS-penetrating P2Y12 PET tracers.
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Chapter 2

P2Y12 PET Tracers

2.1 Introductory remarks

The link between the P2Y12 expression and the CNS anti-inflammatory response

has made it a target for imaging neurodegenerative conditions throughout disease

progression. As discussed in Chapter 1, current strategies for designing P2Y12

PET tracers have been isolated to repurposing anti-thrombotic drug candidates. The

strength of this strategy is the known pharmacokinetics profiles of these molecules,

particularly for those that were progressed further through clinical trials. However,

the main drawback was the lack of consideration toward CNS penetration. CADD

could help us determine whether the modification is tolerable at the binding pocket

and predict whether the ligand would accumulate in the CNS.

2.1.1 Chapter aims and objectives

The work described in this chapter aimed to synthesise fluorinated P2Y12 ligands

that would retain affinity to P2Y12 and accumulate in the CNS. The workflow for this

chapter comprised lead identification, ligand docking, CNS penetration predictions,

retrosynthetic analysis, and chemical synthesis of a focused library of P2Y12 ligands.

As a starting point, we focused on adapting high-affinity ligands that have functional

groups that could be modified to incorporate a fluorine atom, to aid PET tracer
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development in the future.

2.2 Lead identification and library design

Literature P2Y12 ligands may not have been viable drugs for various reasons,

such as limited clinical response or toxicity.120 However, these considerations are less

critical in the development of PET tracers. Typically, the sub-therapeutic dosage

would rather avoid the elicitation of pharmacological effects, providing an accurate

reflection of biological response under neurodegenerative conditions. Additionally,

toxicity is less concerning due to the low doses required for imaging.121 For CNS PET

tracers, high-affinity and selective binding are essential, alongside structural features

that facilitate high CNS uptake. Literature P2Y12 ligands and anti-thrombotic drugs

provide many high-affinity options, granting the opportunity to triage and identify

promising candidates for CNS PET tracer development.

A challenge with the selection process was the variance in the reported binding

affinity values. Ideally, binding affinities for these ligands would be reported as stan-

dardised inhibition or dissociation constants (K i or K d), enabling direct comparisons

across studies.107 Binding half maximal inhibitory concentration (IC50) values are

subject to variability depending on experimental conditions, which may complicate

cross-study comparisons.122 We made attempts to take into account the variability

of available data when performing our ligand selection.

2.2.1 Selecting a lead candidate

We began by investigating reported anti-thrombotic drugs to identify a lead

compound suitable for CNS applications. At first glance, small irreversible P2Y12 an-

tagonists appear promising (Figure 9). Clopidogrel, for example, has demonstrated

CNS penetration in mice models.93 However, patients taking CYP enzyme inhibitors

or with CYP2C19 polymorphisms, accounting for 30% of the population, were unable

to metabolise clopidogrel to its active thiol form.89,90,123 Furthermore, irreversible
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PET tracers are prone to off-target binding interactions and are commonly known as

flow limited tracers.124 This means perfusion governing tissue distribution will result

in a gradient effect from the injection site.58 This makes it impractical to repurpose

such irreversible P2Y12 PET ligands for CNS PET applications.
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Figure 9: Structures of anti-thrombotic drugs that are irreversible P2Y12 antago-
nists. These are prodrugs that are metabolised to reveal the respective reactive thiol
species that irreversibly binds to P2Y12.

Reversible anti-thrombotic drugs are alternatives that could display more favour-

able pharmacological profiles as PET tracers and higher affinity at P2Y12. Repur-

posing these drugs, which includes ticagrelor 11 and cangrelor 12, appeared unlikely

to penetrate the CNS due to their relatively large size and high polarity. Significant

modifications to ticagrelor 11 or cangrelor 12 would be required to make them CNS

active, deviating from their well characterised pharmacological profile.
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Figure 10: Selected structures of reported drugs and drug candidates with associated
binding affinities (IC50 or K i) at P2Y12.110 MW = molecular weight. TPSA =
topological polar surface area. The TPSA was predicted using ChemDraw.125

Industry efforts to develop more effective anti-thrombotic drugs have resulted
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in a broad selection of reversible P2Y12 ligands. The structural diversity among

these ligands offers an opportunity to identify a lead with suitable physicochemical

properties for CNS penetration (Figure 10). Piperidine 13 and anthraquinone 14

are likely to be charged under physiological conditions, which would prevent BBB

penetration.126 Pyrazole 15 was also considered suboptimal for CNS applications, as

its large size hinders both CNS penetration and synthetic accessibility. In contrast,

indole 16 and nicotinates 17 and 18 were evaluated as promising candidates for

repurposing in CNS PET imaging, given their smaller molecular size. Notably, both

nicotinates 17 and 18 have previously been investigated for CNS PET imaging,

making them appealing for further exploration. While binding affinities measured as

K i or K d values would allow for accurate comparisons, nicotinate 17 was selected as

the lead from the available binding data. At the time of lead selection, the work by

Van der Wildt and coworkers was yet to be published, and we were unaware that

nicotinate 17 was BBB impermeable.100

2.2.2 Modifications to the lead

Figure 11: Schematic of the general antagonist binding interactions with the
P2Y12R. Yellow = hydrophobic functional groups, blue = polar functional groups,
pink = heterocycles and orange = carbocycles. The key amino acid residue inter-
actions are represented with dashed lines. Bold dashed lines are the hydrophobic
pockets or cavities within the binding site.110
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Before proceeding with modifications to the lead, we reviewed the literature

to identify tolerable positions for fluorine incorporation. Experimental data from

P2Y12 drug discovery campaigns and docking studies provided insights into the

binding pocket, directing us towards sites where functional group alterations might be

tolerated. Paoletta and coworkers’ docking studies elucidated key binding interactions

with residues within the P2Y12 binding pocket, correlating them with experimental

data.127 This aided our design of a general pharmacophore model, as shown in

Figure 11 summarising common structural motifs across drug candidates. This

model highlighted the importance of key amino acid interactions, including hydrogen

bonding with Asn159, Arg256 and Lys280, and hydrophobic interactions with Tyr105.

Our chosen lead 17 fits this pharmacophore model.

Literature has reported that the narrow hydrophobic pocket on the western half

of the lead could accommodate alkyl esters up to eight carbons in length.128 Across

the docking studies, the carbonyl was deemed essential for H-bonding interactions

with Asn159.127 A fluorine atom was introduced at the terminal position of the

alkyl chain for synthetic accessibility as a radiolabelling handle. We proposed a

library to incorporate an alkyl chain attached to either an ester or ketone moiety,

with a terminal fluorine (Figure 12). Despite esters may hydrolyse in vivo,45 these

modifications were incorporated in our library due to the synthetic accessibility to

rapidly probe out the fluorine tolerability at the binding pocket. Then we performed

docking studies on the modified compounds to evaluate likely affinity for P2Y12 and

helped to guide optimal rational molecular design.
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Figure 12: Planned modifications on the lead compound based on predicted
physicochemical properties, its effect on CNS accumulation and predicted P2Y12
binding affinity.

CADD tools such as docking studies and physicochemical predictors are powerful

tools to incorporate in a structure-based drug design (SBDD) campaign. The Glide

package within Schrödinger Maestro enables in silico exploration of ligand-protein

interactions. QikProp is a powerful tool within the Schrödinger suite for CNS

drug discovery that predicts BBB permeability from the aggregation of 36 unique

physicochemical parameters.117 We submitted the modified ligands to docking and

physicochemical predictive algorithms to evaluate whether they were suitable for

synthesis and further investigation.

To perform in silico docking studies, the protein and ligand were prepared using

the tools within Schrödinger Maestro. First, the antagonist-bound P2Y12 crystal

structure (PDB ID: 4NTJ) was selected as the protein, given the similarity of the

bound nicotinate antagonist to our compound library 17. The protein was then man-

ually inspected to remove detergents, water and steroids to reduce computational cost

and interference from extraneous substances. The protein was then prepared using

the in-built Protein Preparation Wizard in the Schrödinger Maestro suite. Finally,

the ligands were prepared using the LigPrep package (generating 3D structures and

ionisation states), multiple conformers of the ligands were generated using Confgen,

a Glide grid was generated with the bound ligand as the centroid, and Glide docking

was carried out with the extra precision (GlideXP) scoring function. For the detailed
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procedure and protocols, see 6.1.

Table 3: Table of lead azetidine compound 17 with proposed modifications.
Schrödinger QikProp logBB is a predictor of CNS druggability (95% of all orally
available drugs score between -3 to 1.2). Schrödinger Maestro Glide predicts ligand-
protein interactions and outputs a score based on the calculated free energy of binding
(the more negative the score, the stronger the predicted binding affinity).
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N

N
H

N
H

O

S

O

O
S

Cl

IC50 = 6.2 nM

logBB = -2.7

GlideXP = -12.4

17

Compound code logBB GlideXP
17 -2.7 -12.4
19 -2.7 -13.7
20 -2.6 -13.5
21 -2.9 -15.0
22 -2.4 -12.3
23 -2.5 -15.1

The docking studies predicted almost all the modified ligands to have greater

affinity than lead compound 17 (Table 3). Compound 22 scored closely with the

lead compound, so it would be difficult to conclusively say how well the fluorine-

modified compound would perform in biological assays. The shorter length of the

fluoroethyl ketone analogue followed the experimental data, suggesting the loss of

binding affinity when chain lengths were shorter than those of ethyl esters. Besides

the fluoroethyl ketone, all other compounds follow the expected results, with the

general trend toward increased binding affinity with longer alkyl chains. Based on

the QikProp logBB scores, all the compounds showed potential to penetrate the CNS.

Fluorinated ketones 24 and 25 were subsequently added to the proposed library to

serve as length-matched comparatives to the ester series. This addition aimed to

establish trends between the ester and ketone functionalities in binding at P2Y12.
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2.3 Lead synthesis

We opted to develop a divergent synthetic strategy to access our proposed library

of fluorinated P2Y12 ligands. This could be divided in two phases: a convergent

approach to access the lead compound and divergent synthesis to furnish our modified

compounds. The key intermediates are broken down into smaller fragments as shown

in Scheme 1. Although nicotinate 27 needed to be synthesised, azetidine 28 and

thiophene 29 were commercially available.
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Scheme 1: Key fragments for synthesis of our P2Y12 ligand library identified by
retrosynthetic analysis.

In Bach’s approach to the lead compound (Scheme 2), the cumulative 3.5%

yield over six steps was an inefficient strategy. The low overall yield was exacerbated

by the final sulfonylurea forming step (11% yield), resulting in the significant loss of

late stage materials in the process. Purifying this material to obtain larger amounts

of the divergent intermediate would require large scale column chromatography and

solvent volumes to isolate the product, both of which are challenging to scale up.

Optimisation of the synthetic route was therefore investigated to improve the yield

toward the divergent intermediate. We initially took inspiration from Bach and

coworkers’ approach to link the fragments and access lead 17.99
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Scheme 2: Bach’s synthetic route to lead 17. (a) Cyanoacetamide, NaOEt, EtOH,
rt, 24 h, 67%; (b) (COCl)2, cat. DMF, DCM, reflux, 18 h, 98%; (c) iPr2NEt, DCE,
rt, o/n, 66%; (d) Troc-Cl, NaOH, DCE/H2O, 0 ◦C - rt, 7 h, 73%; (e) i) 4 M HCl in
dioxane, DCM, rt, 30 min, ii) Et3N, MeCN, reflux, 1 h, 11% (over 2 steps).

Our divergent synthetic strategy to access the fluorinated analogues 17-25 is

shown in Scheme 3. Hydrolysis of lead 17 gives access to divergent acid intermediate

34. Carboxylic acid 34 undergoes Steglich esterification to furnish our leads 19-

21, and amide coupling to form the Weinreb amide 35. Subsequently, treating

Weinreb amide 35 with the respective fluorinated Grignard reagent would access

both fluorinated ketone analogues 22-25.
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Scheme 3: Our divergent synthetic strategy to access fluorinated analogues of lead
17. (a) NaOH, H2O/THF, rt, o/n; (b) Fluorinated alcohol, EDC, THF, 0 ◦C - rt,
o/n; (c) N,O-Dimethylhydroxylamine, EDC, THF, 0 ◦C - rt, o/n; (d) Fluorinated
alkyl Grignard reagents, Et2O, rt.

2.3.1 Nicotinate core synthesis

Following literature procedures,129,130 we treated ethyl acetoacetate with dimethyl-

formamide dimethylacetal (DMF-DMA) to append dimethylamine to ethyl acetoac-

etate in situ (Scheme 4). Malononitrile and Et3N were then added to cyclise

pyridone 31 and recrystallisation afforded the pure product with fair yields (67%,

over 2 steps). NMR spectra confirmed the pyridone cyclisation from the aromatic

proton at 8.43 ppm and broad amide peak at 12.95 ppm (Appendix 6). Despite our

rigorous attempts to recrystallise product obtained from the liquors of crystallisation

to improve the overall yield, we could not achieve the yields reported in the literature.

Nevertheless, a yield sacrifice on the first step of the synthesis was not detrimental
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in our synthetic strategy to access lead 17.
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Scheme 4: Synthesis of the nicotinate core starting from ethyl acetoacetate 36 via
pyridone 31. (a) i) DMF-DMA, EtOH, 42 ◦C, 6 h, ii) Malononitrile, Et3N, EtOH,
30 ◦C, 18 h, 67%; (b) POCl3, MeCN, 80 ◦C, 22 h, 87%.

Pyridone 31 was subjected to chlorination conditions using POCl3, yielding

nicotinate 27 in good yields, comparable to the literature (87%). The absence of the

pyridone broad amide proton (12.95 ppm, Appendix 7) and chlorine MS splitting

pattern (Appendix 8) suggested the chlorination was successful. Nicotinate 27 was

accessed over two steps, without requiring chromatographic purification. This was

well-suited for gram-scale synthesis. Both the pyridone 31 and nicotinate 27 were

bench-stable and synthesised in advance of the nucleophilic aromatic substitution

(SNAr) with azetidine 28.

Azetidine 28 was treated with nicotinate 27 under basic conditions (Scheme 5),

and the reaction was monitored via thin-layer chromatography (TLC) analysis until

complete consumption of starting material was observed. The crude product was

purified by flash chromatography to access compound 32 in excellent yields (93%).

This substantially improved upon the reported yields (67%) by allowing sufficient

time for complete consumption of starting material. Upon scaling up the reaction,

concentrating the fractions using a rotovap resulted in an oil, which did not crystallise

until it was dried vigorously under high vacuum pressure. Recrystallisation from

EtOAc afforded free-flowing crystalline material which was easier to isolate and

handle for subsequent reactions.
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Scheme 5: Nucleophilic aromatic substitution of nicotinate 27 with azetidine 28.
(a) iPr2NEt, DCE, rt, o/n, 93%.

2.3.2 Sulfonylurea formation

In situ generation of isocyanate via Troc-carbamate

In preparation for the sulfonylurea formation, we attempted synthesis of compound

33 via dropwise treatment of sulfonamide 29 with Troc-Cl under biphasic conditions

(entry 1, Table 4). TLC analysis indicated rapid formation of a new product,

but stirring overnight revealed complete reversion to the starting material. Flash

chromatography and subsequent spectroscopic analysis confirmed that the isolated

product was predominantly the unreacted starting material.

Formation of the Troc-carbamate on sulfonamide 29 was complicated by compet-

ing deprotection reaction. A large excess of Troc-Cl was added to drive the reaction

to completion (entry 2, Table 4), but the reaction progress stalled (as observed by

TLC analysis), and was therefore halted. This resulted in only 27% isolated yield of

the desired product alongside recovery of starting material (entry 2, Table 4) after

flash chromatography.
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Table 4: Optimisation of Troc-carbamate formation of sulfonamide 29. a The
reaction mixture was analysed by TLC, and quantities of recovered starting material
(SM) were not calculated.

H2N
S

O

O
S

Cl

N
H

S

O

O
S

Cl

O

O

Cl

Cl
Cl

Conditions

29 33

Entry Scale (g) Conditions Outcome

1 0.15 NaOH, Troc-Cl (2 eq.), DCM/H2O,

rt, o/n

SMa

2 0.15 NaOH, Troc-Cl (14.3 eq.),

DCM/H2O, rt, 2 h

27% yield +

SMa

3 0.15 NaOH, Troc-Cl (2 eq.), DCE/H2O, 0

◦C - rt, 2 h

72% yield +

SMa

4 1.5 NaOH, Troc-Cl (2 eq.), DCE/H2O, 0

◦C - rt, 2 h

66% yield +

SMa

5 15 NaOH, Troc-Cl (2 eq.), DCE/H2O, 0

◦C - rt, 2 h

34% yield +

SMa

The proposed Troc-deprotection mechanism under basic biphasic conditions is

shown in Scheme 6. Due to the acidic nature of the carbamate proton (predicted

pK a = 3.1),131 deprotonation by a base drives the formation of the deprotonated inter-

mediate 38. A reversible equilibrium exists between this intermediate and liberated

2,2,2-trichloroethanol 40 and isocyanate 39. This can be attacked by hydroxide ions,

driving the reaction toward a decarboxylation pathway as shown by intermediates

41-43, regenerating sulfonamide 29. Literature has reported similar heat-driven

decomposition for isocyanates.132 The in situ formation of isocyanates under basic

conditions was reported by Azad, Dauvergne, Caplow and coworkers.133–135
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Scheme 6: Proposed mechanism of the in situ isocyanate formation of carbamates
in the presence of NaOH and water. The pK a of the sulfonamide was predicted using
MolGpka following the protocol laid out by Pan and coworkers.131

The biphasic Troc-carbamate formation was optimised by reducing the reaction

temperature (entries 3-5, Table 4). Lowering the temperature helped stabilise

Troc-carbamate 33 throughout product formation, while attenuating the competing

deprotection reaction. This adjustment led to improved yields (72%, entry 3, Table 4)

and prompted subsequent scale-up reactions. However, during purification by flash

chromatography, the desired product eluted rapidly and coeluted with traces of an

unknown brown impurity. Despite the inefficient separation, adequate quantities of

Troc-carbamate 33 were obtained for sulfonylurea formation studies.

To access nicotinate 17 (Scheme 7), Boc-deprotection of compound 32 was

performed under acidic conditions. Crude amine 44 was found to be unstable on

the bench, necessitating refrigeration to prevent degradation if storage was required.

Otherwise, it could be telescoped immediately to the sulfonylurea formation without

further purification. It was combined with Troc-sulfonamide 33 and heated at reflux

under basic conditions. Purification by flash chromatography, using an eluent system

buffered with acetic acid to elute the fractions, afforded the desired product 17 in
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low yield (13%), confirming the literature-reported low conversion. In addition to

nicotinate 44, sulfonamide 29 was identified in the product mixture, while no Troc-

carbamate 33 was detected. Competing decomposition mechanisms may therefore

have contributed to poor yield despite the complete consumption of 33.
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Scheme 7: Synthesis of lead 17 from Boc-carbamate 32 via telescoped strategy.
(a) 4 M HCl in dioxane, DCM, rt, 30 min, quant.; (b) Et3N, MeCN, reflux, 13%.

In summary, attempts to access divergent intermediate 34 via the Troc-carbamate

route 33 proved inefficient. Scaling up the reaction highlighted challenges in Troc-

carbamate formation and purification, limited yield of the final sulfonylurea formation

step complicated efforts to produce sufficient quantities of the divergent intermediate

34.

In situ generation of isocyanate from nicotinate 32

In an effort to improve sulfonylurea formation, the reaction partners were reversed

by generating an isocyanate in situ from azetidine 44 and using sulfonamide 29

as the nucleophile. This approach circumvented the presence of the highly acidic

proton of sulfonamide carbamates, which previously led to product decomposition.

Spyropoulos and coworkers reported the in situ generation of isocyanates via a

Boc-protecting group, providing a one-pot method for asymmetric urea synthesis.136

Azetidine 32 was treated with triflic anhydride and 2-chloropyridine, stirring

until the complete consumption of starting material was observed by TLC analysis.
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Sulfonamide 29 and triethylamine (Et3N) were added. The reaction mixture was

purified by flash chromatography and afforded the desired product in fair yields

(49%, over 2 steps).
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Scheme 8: Synthesis of lead 17 via in situ generation of isocyanate, followed by
nucleophilic attack by sulfonamide 29. (a) i) Tf2O, 2-chloropyridine, DCM, rt, 50
min, ii) Sulfonamide 29, Et3N, rt, o/n, 49%.

The in situ isocyanate generation was initially uncovered by Banwell and cowork-

ers as an adaptation of Bischler–Napieralski reaction.137 Isolation of intermedi-

ate species contributed toward understanding the mechanism for this reaction

(Scheme 9).136,138–140 The triflic anhydride, a strong and oxophilic electrophile,

reacts with the carbonyl of the Boc-group despite its low nucleophilicity. Under the

acidic conditions, the tert-butyl group then likely dissociates, reforming a mixed

anhydride 46. Subsequent attack of 2-chloropyidine at the labile sulfinate group

could produce intermediate 47, which equilibrates with the protonated isocyanate

48. A base then abstracts the proton, resulting in the formation of isocyanate

intermediate 49.

38



N
H

NN

CN
O

O

O

O

S
O

O

S

O

F

F
F

F

F
F

N
H+

NN

CN
O

O

O

O

S

O

F

F
F

N

NN

CN
O

O

O

O

S

O

F

F
F

N

NN

CN
O

O

H

N

Cl

N+

O Cl

N

NN

CN
O

O

C
O

N

NN

CN
O

O

C
O

H

pKa = 0.49^

H

pKa = 9.0

pKa = 3.8

pKa = 8.7

pKa = 4.0

N

32 45

4647

48 49

Scheme 9: Proposed mechanism for the in situ generation of isocyanate 49 from
Boc-carbamate 32 in the presence of triflic anhydride. Blue represents a base and
red for acids, pK a were predicted with MolGpKa.131 ∧ Experimental pK a obtained
from Linnell and coworkers.141

Another plausible mechanism involves a Mukaiyama-like condensation. In this

model, 2-chloropyridine forms an adduct with carbamate proton, facilitating a

concerted mechanism for the isocyanate formation (Scheme 10).142 This mechanism

presumes that the low nucleophilicity of chloropyridine makes it unlikely to directly

attack the anhydride intermediate 46. Therefore, the Mukaiyama-like condensation

could be an alternative mechanistic pathway to result in isocyanate 49.
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Scheme 10: Proposed mechanism for the in situ generation of isocyanate 49
from Boc-carbamate 32 in the presence of triflic anhydride via the Mukaiyama
condensation-like reaction. Blue represents a base and red for acids, pK a were pre-
dicted with MolGpKa.131 ∧ Experimental pK a obtained from Linnell and coworkers.141

2.4 Fluorinated analogue synthesis

2.4.1 Towards ketone analogues

To access divergent intermediate 34, ethyl ester 17 was hydrolysed under basic

conditions with lithium hydroxide (LiOH) as shown in Scheme 11 (step a). The

product was isolated in quantitative yields.
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Scheme 11: Weinreb ketone synthesis strategy on divergent intermediate 34 to
obtain the ketone series. (a) LiOH, H2O/THF, rt, o/n, quant.; (b) EDC, N,O-
dimethylhydroxylamine, pyridine, THF, 0 ◦C - rt, o/n, 83%; (c) i) 1-Bromo-5-
fluoropentane, magnesium, Et2O, reflux, 1 h, ii) THF, -78 ◦C - rt, o/n; d) i)
1-Bromo-5-fluoropentane, iPrMgCl·LiCl, THF, -40◦C, 1 h, ii) THF, -78 ◦C - rt, o/n.
Red indicates the proton was predicted to be acidic and pK a was predicted with
MolGpKa.131

For the ketone series, divergent intermediate 34 was coupled with N,O -dimethylhy-

droxylamine under standard 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)-

mediated amide coupling conditions (step b, Scheme 11). The crude product was

separated in aqueous acidic conditions to remove the urea byproduct and purified

with flash chromatography to afford Weinreb amide 35 in good yields (83%).

The ketone synthesis began with focus toward ketone 25 (Scheme 11). This

was prioritised due to the relative ease of handling the Grignard reagent precursor, 1-

bromo-5-fluoropentane 52, which is less volatile than the shorter bromofluoroalkanes.

The Grignard reagent was presumably generated in situ by treating bromoalkane

52 with magnesium and refluxed until full consumption of magnesium was observed.

However, after treating Weinreb amide 35 with two-fold excess of the Grignard

reagent — accounting for one equivalent to neutralise the acidic urea proton (pK a

= 4.8, Scheme 11) — showed no consumption of starting material was observed.

To enhance the reactivity, a Turbo-Grignard reagent was prepared by treating

bromoalkane with isopropylmagnesium chloride-lithium chloride, yet once again no

consumption of Weinreb amide 35 was observed.
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Subsequent investigations confirmed that the Grignard reagent was not forming.

Both standard Grignard (condition a, Scheme 12) and Turbo-Grignard conditions

(condition b, Scheme 12) were used to generate a Grignard reagent. These were

titrated in 1,10-phenanthroline and menthol solution as per the literature,143 but the

colour remained unchanged. The addition of a commercially prepared isopropylmag-

nesium chloride-lithium chloride successfully turned the solution purple. Therefore,

Grignard reagent was unable to form, likely due to halogen exchange or coupling

reactions with alkyl fluorides as reported in literature.144 Consequently, the strategy

to generate the fluoroalkyl ketones via the Weinreb ketone synthesis was likely incom-

patible and was temporarily shelved. We instead turned our attention to fluoroalkyl

ester series synthesis through Steglich esterification.

F Br F MgBr
a or b

52 53

Scheme 12: Generation of the Grignard reagent 53 via standard conditions and
Turbo Grignard conditions. The reagents were titrated with 1,10-phenanthroline
and menthol to calculate the concentration of the Grignard reagent. (a) 1-
Bromo-5-fluoropentane, magnesium, Et2O, reflux, 1 h; (b) 1-Bromo-5-fluoropentane,
iPrMgCl·LiCl, THF, -40 ◦C, 5 min.

2.4.2 Synthesis of ester analogues

To synthesise the ester analogues 19-21, divergent intermediate 34 was treated

with hydroxybenzotriazole (HOBt), iPr2NEt and EDC. HOBt was necessary to

catalyse the Steglich esterification by generating an active HOBt ester in situ,

facilitating the nucleophilic attack by the fluorinated alcohols. DCM was used as a

solvent to drive the reaction by decreasing the urea byproduct solubility in solution.

This furnished our ester series 19-21 from low to very good yields (32-86%).
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Scheme 13: Synthesis of ester analogues 19-21 via ester hydrolysis and then
furnished by Steglich esterification. (a) Fluorinated alcohol, HOBt, iPr2NEt, EDC,
DCM, 0 ◦C - rt, o/n, 32-86%.

2.5 Concluding remarks

This chapter focused on the design and synthesis of fluorinated P2Y12 ligands

that could retain binding at P2Y12 and enter the CNS. The proposed library of

fluorinated P2Y12 compounds was based on the structural modification of lead 17.

A divergent synthetic strategy was developed to efficiently access the compound

library. The initial reported synthetic pathway suffered from a poor cumulative yield

(4% over 6 steps), which was impractical for a divergent synthetic strategy. The

synthetic route for lead 17 was optimized, resulting in a significant improvement in

overall yield (28% over 4 steps) and a reduction in the number of steps (Scheme 14).

Further investigation in the urea coupling step could, particularly whether the

exothermic quench decompose the isocyanate intermediate or stabilisation of the

reactive isocyanate intermediate by lowering the reaction temperatures could improve

the yields further.
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Scheme 14: Our pathway to access gram scale of lead 17 with a cumulative yield of
28% over 4 steps. (a) i) DMF-DMA, EtOH, 42 ◦C, 6 h, ii) Malononitrile, Et3N, EtOH,
30 ◦C, 18 h, 67% (over 2 steps); (b) POCl3, MeCN, 80 ◦C, 22 h, 87%; (c) Tert-butyl
azetidin-3-ylcarbamate, iPr2NEt, DCE, rt, o/n, 93%; (d) i) Tf2O, 2-chloropyridine,
DCM, rt, 50 min, ii) 5-Chlorothiophene-2-sulfonamide 29, Et3N, rt, o/n, 49%.

Despite our efforts towards synthesising the ketone series, analogues 22-25 were

not accessible via the Weinreb ketone synthesis pathway. To address this challenge,

an alternative route is proposed in Scheme 15. This approach involves using a

trimethylsilyl (TMS)-protected alcohol to perform the Weinreb ketone synthesis. Sub-

sequent mild acidic deprotection would reveal the alcohol, which could be activated

with tosyl chloride (TsCl). Finally, fluorination could be achieved using a nucleophilic

fluorine source such as tetrabutylammonium fluoride (TBAF) or potassium fluoride

(KF).
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Scheme 15: Proposed synthetic route to access the ketone analogues 22-25. (a)
TMSCl, Et3N, DCM, rt; (b) i) Magnesium, Et2O, reflux, ii) THF, -78 ◦C - rt; (c)
HCl, H2O, rt; (d) TsCl, Et3N, DCM, rt; (e) TBAF or KF, THF, rt.

Given the difficulties encountered in synthesising the ketone series, attention was

turned to synthesising the fluorinated ester analogues 19-21, which were successfully

synthesised using Steglich esterification. These compounds are now intended for

biological evaluation. However, the limited availability of P2Y12 radioligands for

competitive binding assays halted further progression. As a more feasible alternative,

the development of a fluorescence-based assay was considered more suitable given

the available facilities.

45



Chapter 3

Computational studies for the

development of fluorescent P2Y12

probes

3.1 P2Y12 Binding assays

Following the design and synthesis of fluorinated P2Y12 ligands discussed in

Chapter 2, biological evaluation emerged as the next critical step. P2Y12 binding

assessment methods are constrained to competitive radioligand binding assays,110

relying on the displacement of a radioactive ligand with the ligand of interest to

determine binding affinities (reported as K i values). However, radioligands used for

these assays are bespoke to individual organisations, as shown in Table 5, and are

therefore inconvenient for research groups with limited resources to use in campaigns

to develop novel P2Y12 ligands.145 Further drawbacks for radioligand binding assays

include the additional clearances, limited shelf-life, specialist training and equipment

required to conduct these types of assays.107,110,145,146 Surface plasmon resonance

(SPR), fluorescent-based competition, and flux-based binding assays are developed

as alternatives to circumvent these challenges.146,147

A useful binding assay for PET tracer development would evaluate binding affinity
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Table 5: Reported radioligands used in competition binding assays for evaluating
binding affinities of synthetic P2Y12 ligands. Asterisks (*) denote the locations of
3H radionuclides. Binding affinities (K i) measured by displacement of [3H]PSB-0413
on human platelets.157⊕ ADP and 2MeS-ADP were shown to bind proximately, but
distinct sites on P2Y12.158∝ Saturation binding assays allowed determination of
the dissociation constant of [3H]PSB-0413 on P2Y12 on human platelets (K d = 6.5
nM).158

Radioligand (type
of ligand)

K i
(nM) Structure Example

References
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O
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HO
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128,148,149
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S
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*
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2MeS-ADP)
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HO

N

HO
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N
N

N
N
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N/A∝

OO
P

O
P
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O O
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N

HO

OH

N

N
N

NH2

S

*
*

128,148,156

through receptor occupancy. Flux-based assays report on downstream ion-releasing

mechanisms for binding affinity evaluation; this indirect evaluation technique is

sub-optimal for PET tracer development.159 SPR is a rapid method that can evaluate

the binding affinity of a ligand when bound to the protein by detecting subtle energy

changes.160 Although, this strategy directly correlates with receptor occupancy,

it is complex and requires specialist expertise for establishing a robust protocol.

Fluorescent probes are user-friendly, have a long shelf life, and are readily accessible,
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making them ideal for routine analysis of biological systems using fluorescence

spectroscopy in modern research. Therefore, to achieve widespread accessibility

and open up opportunities for future high-throughput screening (HTS) to enable

discovery of CNS P2Y12 PET tracers, fluorescence-based competition binding assays

would be the ideal choice.146,161

3.1.1 Fluorescence-based binding assays

Fluorescence-based assays fall either under direct or indirect measurement cate-

gories: Förster resonance energy transfer (FRET) and Bioluminescence resonance

energy transfer (BRET) respectively.162 Traditional FRET-based binding assays

rely on direct laser excitation of the fluorescent probe, measuring the associated

emission intensity to evaluate binding affinity.163 However, FRET ligands are prone

to photobleaching over the course of data collection and poor signal-to-noise ratio

from non-specific binding,164 and require controlled storage conditions away from

light to maintain their fluorescence activity.163

BRET-based assays were developed to address the fundamental limitations of

FRET-based assays.162,165–168 The BRET approach involves tagging a protein with

a bioluminescent enzyme, also referred to as the BRET donor, and pairing it with

a suitable fluorescent ligand acceptor.165 When the distance between BRET donor

and acceptor is positioned within 10 nm (Figure 13a), light emitted by the BRET

donor is absorbed by the BRET acceptor, which will subsequently fluoresce with a

bathochromic shift as shown in Figure 13b.165,167 This proximity-based fluorescence

drastically reduces the background signal from non-specific binding, resulting in an

improved signal-to-noise ratio.

The BRET ratio is a measurement used to quantify the binding affinity for

BRET-based assays. It is calculated as the relative emission intensity of the acceptor

compared to the donor.169 A dose-response curve could be generated with BRET-ratio

against the compound of interest concentration. This can be used to determine an

IC50 value by extracting the data where 50% BRET-ratio was observed. Using the
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(a)

(b)

Figure 13: (a) The NLuc exhibits peak emission around 460 nm. When the BRET
acceptor is within 10 nm of the donor, it absorbs emitted light and fluoresces at a
longer wavelength, resulting in a bathochromic shift. (b) The peaks appear further
apart on the NanoBRET than BRET, resulting in better signal-to-noise ratio when
the BRET ratios are taken.165

Cheng-Prusoff equation, the IC50 can be converted to a K i value. This approach

allows for the evaluation of non-labelled ligands by assessing their ability to displace

the fluorescent ligand.

NanoBRET represents the most advanced of the BRET-based assays, employing

a small (19.1 kDa) bioluminescent enzyme, dubbed nanoluciferase (NLuc).162,165–167

Its smaller size reduces the impact of the tag on both the protein’s folded structure

and ligand binding.167 Additionally, pairing NLuc with a suitable fluorescent probe

minimises spectral overlap, significantly improving the signal-to-noise ratio.167 There-

fore, the NanoBRET system was chosen as a platform for the development of a novel

P2Y12 binding assay.
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3.1.2 P2Y12 NanoBRET probe design

Designing a NanoBRET probe requires careful consideration of three fundamental

structural components: the ligand, fluorophore, and linker (Figure 14). Our design

approach for a P2Y12 NanoBRET probe followed a similar strategy exemplified by

Toy and coworkers,145,170 focusing on preserving receptor affinity while maximising

the signal-to-noise ratio.145,170

Figure 14: The general structure of a NanoBRET ligand, which consists of a ligand,
linker and a fluorophore.

Considerations for the ligand

The inclusion of a linker and fluorophore can compromise receptor affinity com-

pared to the parent ligand.162 Therefore, selecting a high-affinity ligand with a

well-characterised binding pose serves as the foundation for creating a successful

NanoBRET probe.171 Ligands with high-affinity (K i in the low nanomolar range)

are optimal for preserving receptor affinity.162 The linker attachment site should

be directed toward the extracellular space to facilitate BRET fluorescence while

maintaining receptor compatibility. Additionally, the chosen site should feature

suitable synthetic handles to enable reliable probe synthesis.
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Considerations for the fluorophore

The fluorophore must align with the bioluminescence profile of NLuc to ensure

compatibility with NanoBRET assays.168 A small-molecule fluorophore is preferred to

preserve the receptor affinity of the ligand when attached. Common small-molecule

fluorophores used in NanoBRET probes include rhodamine, boron difluoride and

pyridinium moieties.172 Notably, rhodamine-based 5-TAMRA (often simply referred

to as TAMRA) and difluoride-based BODIPY are widely used due to their reliable

conjugation strategies, suitable fluorescence profiles, and commercial availability

(Figure 15). The pyridinium-based Py-1 features an inbuilt synthetic conjugation

handle, enabling direct fluorescent probe formation by stirring a free amine with the

fluorophore precursor and base. The Py-1 precursor is not commercially available,

but it can be made via a short synthetic sequence using common reagents.173

N+

N

H
N

O

O+

N

NO

O-

N
H

O

O

N+

N

S

B-

F

F

Py-1 TAMRA BODIPY

Figure 15: Structure of fluorophores that were investigated by Grätz and coworkers
in their design of NanoBRET fluorescent probes.

Grätz and coworkers evaluated probes containing BODIPY, Py-1 and TAMRA

fluorophores in their development of a histamine H2 receptor NanoBRET binding

assay.172 Although, the binding affinity was relatively 10-fold greater for probes

containing BODIPY versus Py-1 or TAMRA, the latter two probes displayed signifi-

cantly better BRET ratios. Furthermore, the BODIPY conjugate was unstable under

incubation conditions, undergoing complete degradation within 24 h and making it

unsuitable for biological evaluation.172 Grätz and coworkers ultimately abandoned

BODIPY-conjugated probes due to fluorophore instability and poor BRET ratio.

This work emphasises that the practicality and accuracy of the NanoBRET probes
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under assay conditions are other important factors to consider in the design.

Considerations for the linkers

The linker bridges the fluorophore and ligand, requiring careful optimisation

of its length and structure to balance BRET efficiency and binding affinity.167,171

Among the three probe components, rational linker design for linker type and length

is the most challenging to achieve. Often this requires iterative adjustments through

molecular modelling, synthesis, or both to determine the most appropriate attachment

site for the linker.145,167,170 It is generally accepted that the linker design is best

determined on a case-by-case basis.145,167,170 In saying that, SBDD approaches allow

for efficient use of resources to predict the binding pose. This enables subsequent

identification of the optimal attachment position and evaluation of whether the linker

modifications are tolerable at the binding pocket.

Structure-based design approach

SBDD involves the use of computational tools to model ligand interactions, guiding

ligand design, and therefore reducing the need for costly and time-consuming synthesis

steps.170 For the purposes of this work, protein-ligand interaction prediction tools were

the primary focus for the design of a P2Y12 fluorescent probe. Previously published

P2Y12 crystal structures serve as excellent models for this, as they accurately reflect

the conformation of the protein bound to different agonists and antagonists.174,175

More details on this are provided in Section 3.2.3. The industry-standard Glide

package from Schrödinger’s Maestro suite was used due to its user-friendly interface,

high accuracy, and minimal training requirements.

Given the limited literature on linker and fluorophore effects when extending into

extracellular space, a standardised docking protocol has yet to be established.176,177

Most studies simplify docking simulations by considering only the truncated ligand-

linker combination, excluding the fluorophore, to focus on optimal attachment points

and potential binding site interactions.145,168,170
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3.1.3 Chapter aims and objectives

The aim of this chapter was to identify a suitable structure for developing a

NanoBRET ligand library. The selected structure should possess a synthetically

tractable handle that extends toward extracellular space and can tolerate linker and

fluorophore modifications. The first step involved selection of potential high-affinity

antagonists with established binding poses. A docking library was constructed

from ligand, linker, and fluorophore combinations, alongside an analogous library of

truncated structures. These ligands were docked into an appropriate P2Y12 crystal

structure using Glide to evaluate how structural modifications were tolerated within

the receptor’s binding site.

3.2 NanoBRET P2Y12 probe library

3.2.1 Ligand triage

Literature ligands provided a useful starting point for developing a fluorescent

probe in a resource-efficient manner. After manually tabulating structures and

affinities of hundreds of P2Y12 ligands from the peer-reviewed and patent literature,

we identified high affinity P2Y12 ligands 60 and 61 in a patent from Actelion.178 These

ligands appeared synthetically tractable, potentially allowing a convergent synthetic

strategy towards the core structure, and subsequent late-stage functionalisation to

synthesise a range of analogues via amide coupling reactions.
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Figure 16: Lead ligands identified from Caroff and coworkers resembling the general
antagonist structure of Figure 11.

Upon visual inspection, we identified key similarities between antagonist 60 and

antagonist pharmacophore model as shown in the overlay of Figure 17. While

the carbonyl of the carbamate forms a H-bond with Asn159, the butyl chain is

likely stabilised in the narrow hydrophobic crevice. Typically, antagonists have π–π

stacking interactions with Tyr105, but in this case, piperazine binds via hydrophobic

interactions. The linker retained the critical Lys280 interaction, while the phenylthi-

azole moiety occupied the large hydrophobic pocket at opposite end of the binding

site, stabilising the ligand in the antagonist binding pose. The propanoate moiety

could either extend deeper into the receptor or orient towards the extracellular space,

warranting further investigation in molecular docking studies.

Insertion of alkyl chain in the 
narrow hydrophobic pocket

Hydrogen bond acceptor 
targeting Asn159.

Occupation of the 
hydrophobic cavity

O N

O

N

O

N
H

O

S

N

O

HO

Hydrogen bond acceptor 
targeting Lys280 and 
Arg256

Hydrophobic 
interaction with 
Tyr105

Figure 17: Lead ligand 60 overlay over the general antagonist pharmacophore
structure.178 The propanoate falls outside the crucial bonding interactions and could
be facing deeper towards the receptor or point outwards towards extracellular space.
The carboxylic acid serves as a convenient handle to divergently synthesise our
library.
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3.2.2 Ligand library

To construct the ligand library, the components that remained to be considered

were the fluorophore and linker. Py-1 and TAMRA were selected due to their

superior stability and BRET ratios compared to BODIPY. However, selecting a

single fluorophore proved challenging due to insignificant differences in their reported

properties. Consequently, both fluorophores were subjected to molecular docking

studies to assess potential variations in binding interactions.

Polyethylene glycol (PEG) and linear alkyl chains are commonly used linkers for

NanoBRET probes in bridging fluorophores with ligands.145,172 These linkers were

selected as starting points for further investigation. The resulting combinations of

ligands, linkers, and fluorophores are summarised in Table 6, following the design

considerations discussed in Section 3.1.2.
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Table 6: Summarised general structure of the P2Y12 fluorescent probe combinations.
S = Single bond; D = Double bond (E -isomer).
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Additionally, an analogous series of this library excluding the large fluorophores

is shown in Figure 18. This was designed as an initial in silico screening library

to simplify docking calculations. Ethyl ester analogues 82a and 83a, previously

synthesised and evaluated for P2Y12 binding by Caroff and coworkers,178 served as

benchmarking compounds in molecular docking studies.
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Figure 18: Truncated linker structures submitted to molecular docking studies to
investigate linker tolerability at P2Y12. Binding IC50 values were obtained from
a displacement binding assay using Chinese hamster ovary cells expressing human
P2Y12 with [3H]2MeS-ADP.178

3.2.3 Protocol

The molecular docking studies were conducted with the Glide package within the

Schrödinger Maestro suite. Available P2Y12 crystal structures from the literature

were reviewed to identify a suitable template for docking simulations. Zhang and

coworkers resolved several P2Y12 crystal structures, including antagonist-, agonist-

, and inverse agonist-bound conformations.174,175 Among these, the competitive

antagonist-bound structure (PDB ID: 4NTJ; crystallised ligand (AZD1283 18)) was

selected as the template for molecular docking studies. The resolution of 4NTJ

(2.62 Å) is considered sub-optimal for docking studies (crystal structures with < 2 Å

are typically preferred) due to poor details of the electronic structure.179 However,

Paoletta and coworkers successfully rationalised the observed binding data for a

range of structurally diverse P2Y12 antagonists in their in silico docking studies.127

This was the clear choice, as our chosen lead compounds from the Actelion patent

were also competitive P2Y12 antagonists with similar pharmacophore that occupy

the same binding pocket Figure 19.
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Figure 19: Structure of the antagonist-bound co-crystallisation ligand (AZD1283
18) and thiazoles 60 and 61. The structural similarities between the compounds are
matched with the corresponding highlighted colour. S = Single bond, propanoic acid
60; D = Double bond (E -isomer), propenoic acid 61.

The Protein Preparation Wizard tool was used for protein preparation and Prime

was used to fill in missing side chains, loops, or hydrogen atoms (HA). PROPKA

predicted and adjusted protonation states of the protein at pH 7 and then the overall

structure was minimised to relax HA movement, bonds, angles and clashes using

OPLS3 force field. Ligands, water, detergents, fatty acids, and cholesterol molecules

were manually removed. All that remained was the optimised protein structure,

which was used for ligand-protein binding modelling.

Ligand preparation was performed using the LigPrep package, which predicted

likely ionisation states at pH 7 ± 2 using Epik.180 Tautomers were generated and

geometries were optimised using OPLS3 force field. Conformers were subsequently

generated using the Confgen tool, generating 64 conformers for each individual

ligand. For well-defined binding pocket/ligand pairings, different conformers typically

converge upon a single binding pose regardless of initial conformation.

A Glide grid was generated with the Receptor Grid Generation tool, with the

co-crystallised ligand referenced as the centroid for the modelling study. The grid was

centred around the ligand and defined by a 20 Å3 box as we expected the ligand was

likely to bind within the vicinity of other literature antagonists. Setting a boundary

limit speeds up calculations by limiting the search space and restricts the generation

of erroneous results from Glide attempting to over-fit to all potential binding pockets.

With the individual components for the docking prepared, we then submitted
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our prepared ligand conformers to the prepared protein with extra precision (XP)

protocols. The top scoring docking conformations were visually inspected to verify

the ligand docking depicts the expected binding pose and interactions reported by

Paoletta, Zhang and coworkers.127,174

3.3 Docking results

3.3.1 Validation and benchmarking of modelling

Redocking AZD1283 to 4NTJ showed that the top-scoring predictions unanimously

converged upon the binding pose depicted in Figure 20a. Asn159 was able to form

H-bonding interactions with the carbonyl of the ester group, while the ethyl ester

inserts into the hydrophobic pocket and the pyridine π–π stacking interactions with

Tyr105. The sulfonamide was calculated to be anionic under physiological conditions

and forms an ionic interaction with Arg256. The sulfonyl and carbonyl groups of

the sulfonamide form H-bonding interactions with Lys280 and Arg256. Finally, the

benzyl group occupies the large hydrophobic cavity anchoring the structure as shown

in Figure 20b. This validation study replicated the experimental binding pose

in the crystal structure and conforms with the results obtained by Paoletta and

coworkers,127 allowing us to perform molecular docking studies for our ligand library.

(a) (b)

Figure 20: Validation of binding pose and interactions with the antagonist bound
P2Y12 crystal structure (4NTJ). a) AZD1283 was redocked for model validation. b)
2D residue interactions between AZD1283 at the antagonist binding pocket.
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The orientation of the propanoate and propenoate moieties of leads 60 and 61

were first investigated to determine whether additional binding interactions could be

picked up by this ligand scaffold. Both compounds shared the same core binding

interactions (Figure 21a-d). The carbonyl of the carbamate exhibits H-bonding

interactions with Asn159, while the narrow hydrophobic pocket accommodates the

n-butyl chain. The thiazole exhibits π–cationic bond interactions with Lys280 and

the carbonyl of the secondary amide exhibits hydrogen bonding interactions with

Arg256. The phenyl ring inhabits the large hydrophobic cavity, stabilising the ligand

in a binding pose similar to that of the co-crystallised ligand. Predictably, the

propanoate is more flexible than its unsaturated counterpart, allowing the alkyl chain

to fold back on itself and enabling ionic bonds to form between both oxygens of the

carboxylic acid and Lys280. On the other hand, the propenoate remains rigid and

points towards extracellular space, permitting ionic bonds with a single oxygen of

the carboxylic acid with the Lys280.
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(a) (b)

(c) (d)

Figure 21: Glide docking of ligands at the antagonist bound P2Y12 crystal structure
(4NTJ). a) 3D binding pose of thiazole 60. b) 3D binding pose of thiazole 61. c)
Thiazole 60 key residue binding interactions. d) Thiazole 61 key residue binding
interactions.

The GlideXP scores suggest that propanoate 60 (GlideXP score = -9.9, Ap-

pendix 1) exhibits stronger affinity compared to propenoate 61 (GlideXP score =

-8.9, Appendix 1). However, these predictions were inconsistent with experimental

findings, which demonstrated that the propenoic derivative (IC50 = 19 nM) possessed

a 2-fold higher affinity for P2Y12 than its propanoic counterpart (IC50 = 31 nM).178

It was speculated that scoring function may not have adequately penalised the

strained folding of the propanoate moiety around Ly280. Additionally, Ma and

Dougherty suggested the π–cationic bonding interaction strength could be similar to

hydrogen and ionic bonding interactions.181,182 However, GlideScore could undervalue

contributions from the electron donating propenoate group via π-bonds to thiazole,

which further enhances π–cationic bonding interaction.183

Docking ethyl ester analogues 82a and 83a was expected to reveal similar binding
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interactions. However, discrepancies were flagged by the rigid ethyl propenoate

analogue (Figure 22a and c). This analogue sacrificed the π–cationic bonding

interaction with Lys280 in favour of a H-bonding interaction between the carbonyl

of the secondary amide. Consequently, all interactions with Arg256 were lost and

contorted the binding pose to fit within the pocket as shown in Figure 22.

In contrast, ethyl propanoate analogue 82a sacrificed the ionic interactions with

Lys280 (Figure 22a and b), but conserved the rest of the binding interactions.

The GlideXP scores suggested ethyl propanoate 82a (GlideXP = -8.8, Appendix 1)

bound with higher affinity to P2Y12 than ethyl propenoate 83a (GlideXP = -7.9,

Appendix 1), reflecting previously reported experimental data (ethyl propanoate

82a IC50 = 157 nM and ethyl propenoate 83a IC50 = 268 nM).178 These data served

as a benchmark for the amide linker modifications discussed in the following sections.
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(a)

(b) (c)

Figure 22: Glide docking of ligands at the antagonist bound P2Y12 crystal structure
(4NTJ). a) 3D binding poses of propanoate 82a (blue) and propenoate 83a (pink).
b) Ethyl propanoate 82a key residue binding interactions. c) Ethyl propenoate 83a
key residue binding interactions.

3.3.2 Docking of truncated NanoBRET probes

The tolerability of truncated amides in the P2Y12 binding pocket was investi-

gated by referencing to ester analogues of identical or similar atomic length. Ethyl

propanamide 82b was predicted to lose both H-bonding interactions with Asn159 and

Arg256 to accommodate the ethyl amide (Figure 23a and b). Instead, the binding

interaction became centred around the π–cationic bond with Lys280. This change

facilitated additional H-bonding interactions with Tyr259 and Lys280. However, the

piperazine group became exposed to the non-charged polar environments, reducing

the hydrophobic stabilisation with Tyr105. The loss of these stabilisation interactions

and H-bonding penalties were reflected in the reduced GlideScore (GlideXP = -7.7,
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Appendix 1).

In contrast, ethyl propenamide 83b was rewarded for its rigidity, occupying

the binding pocket in a similar pose to that predicted from inspection of the co-

crystallised ligand and pharmacophore model (Figure 23a and c). H-bonding

interactions with Asn159 and Arg256 were preserved, while an additional H-bond

with Tyr259 was established. The GlideScore for ethyl propenamide 83b (GlideXP

= -8.6, Appendix 1) was the highest among the truncated linker series, likely due

to the additional hydrophobic stabilisation.
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(a)

(b) (c)

(d)

Figure 23: Glide docking of ligands at the antagonist bound P2Y12 crystal struc-
ture (4NTJ). a) 3D binding poses of propamides 82b (orange) and 82c (purple),
and propenamide 83b (light blue). b) Ethyl propanamide 82b key residue bind-
ing interactions. c) Ethyl propenamide 83b key residue binding interactions. d)
Methoxyethyl propanamide 82c key residue binding interactions.

Methoxyethyl propanamide 82c introduced additional polar interactions along an

extended linker. We predicted that this moiety may clash with the bulky hydrophobic
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Tyr259 residue, rather than H-bonding to it, resulting in a reduced docking score.

This clash was observed on inspection of the docking interaction map, where the amide

of the truncated linker instead participated in H-bonding to Thr260. Additionally,

the π–cationic bond with Lys280 was conserved, and an H-bonding interaction with

Arg256 was gained. The GlideScore suggested higher affinity for the methoxyethyl

moiety (GlideXP = -8.0, Appendix 1) compared to ethyl propanamide 82b, likely

due to additional polar interactions introduced by the ether group.

Upon visual inspection, methoxyethyl propenamide 83c failed to display a binding

pose similar to that of the co-crystallised ligand. The structural rigidity of the prope-

namide appeared to restrict its ability to flex and rotate compared to methoxyethyl

propanamide 82c. This rigidity suggested that methoxyethyl propenamide 83c was

likely to adopt another binding pose to avoid unfavourable interaction with Tyr259.

Consequently, PEG linker modifications on propenamide 61 were predicted to result

in reduced affinity.

Overall, Glide docking results indicated that most amides modifications to car-

boxylic acid and ester lead compounds were tolerated within the P2Y12 binding

pocket. Propanamide analogues 82b and 82c were predicted to maintain affinity at

P2Y12 by forming H-bonds with either Tyr259 or Thr260. Ethyl propenamide 83b

was predicted to be higher affinity than the parent ethyl ester analogue 83a.

3.3.3 Docking of NanoBRET probes

We chose to further investigate whether it would be possible to dock some of

the full-length fluorescent probes following a similar methods to obtain further

information. After processing the fluorescent probe library through LigPrep, a

protonated series (protonated at the nitrogen of the julolidine headgroup) of the

Py-1 compounds were generated. Conformers of neutral and protonated compounds

were then created and docked following the standard protocol (3.2.3).
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Propanamide series

From the truncated docking studies, it was observed that a propanamide moiety

demonstrated greater tolerance to linker modifications due to the increased flexibility

of the synthetic handle. This flexibility was evident in the binding interactions of the

ethyl linker derivative 67, which adopted a binding pose to allow for the protonated

julolidine headgroup to occupy a hydrophilic pocket (Figure 24b). Meanwhile,

the thiazole moiety maintained crucial π–cationic interactions with Lys280, and the

amide H-bonded with Arg256. However, the butyl chain was unable to fully insert

into the narrow hydrophobic pocket, potentially limiting additional hydrophobic

stabilisation interactions (Figure 24a).

(a) (b)

Figure 24: Glide docking of fluorescent probe 67 at the antagonist bound P2Y12
crystal structure (4NTJ). a) 3D binding pose of ethyl propanamide 67. b) Key
residue binding interactions of ethyl propanamide 67.

The PEG1 derivative 70 (GlideXP = -7.9, Appendix 2) achieved the highest

score among the P2Y12 fluorescent probe library. As shown in Figure 25b, it

conserved interactions with Lys280 through H-bonding and π–cationic bonding

interactions, while hydrophobic stabilisation from the alkyl chain and phenyl ring

persisted. Interestingly, the Py-1 fluorophore moiety displayed H-bonding with

Glu273 and π–π stacking interactions with Phe277. The PEG1 linker was predicted

to afford the longest tolerable fluorescent ligand from the docked library.
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(a) (b)

Figure 25: Glide docking of fluorescent probe 70 at the antagonist bound P2Y12
crystal structure (4NTJ). a) 3D binding pose of PEG1 propanamide 70. b) Key
residue binding interactions of PEG1 propanamide 70.

For TAMRA propanamide probe 70, π–π stacking interactions with Tyr192

were gained at the expense of interactions with Glu273 and Phe277 (Figure 26).

Consequently, phenyl ring hydrophobic interactions were disturbed, pushing the

phenyl ring toward extracellular space. Despite adopting an unexpected binding

pose, critical H-bonds with Arg256 and Lys280 were preserved. Regardless, this

fluorescent probe displayed the lowest score of all compounds in the propanamide

series (GlideXP = -5.6, Appendix 2).
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(a) (b)

Figure 26: Glide docking of fluorescent probe at the antagonist bound P2Y12
crystal structure (4NTJ). a) 3D binding pose of TAMRA-propanamide 65. b) Key
residue binding interactions of TAMRA-propanamide 65.

Propenamide series

Propenamide 77 was the only fluorescent probe that appeared to occupy the

P2Y12 binding pocket by the ligand moiety adopting the pose of the co-crystallised

ligand. It conserved H-bonding interactions with Arg256 and Lys280, while the

alkyl chain inserted into the hydrophobic pocket. The phenyl ring and julolidine

moiety of the Py1 fluorophore also occupied hydrophobic cavities, contributing to its

favourable binding at P2Y12 (GlideXP = -6.4, Appendix 2).
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(a) (b)

Figure 27: Glide docking of propenamide 77 at the antagonist bound P2Y12 crystal
structure (4NTJ). a) 3D binding pose of propenamide 77. b) Key residue binding
interactions of propenamide 77.

3.4 Summary

This chapter aimed to identify a suitable structure for developing a NanoBRET

ligand library. To achieve this, existing literature ligands were triaged based on their

ability to adopt binding poses consistent with the established binding conformation

of P2Y12 antagonists. A SBDD approach using in silico docking was employed to

evaluate whether selected ligands conformed to the known binding pose. Subse-

quently, NanoBRET probes and the analogous truncated linkers were docked, and

the structures were evaluated.

The results from the truncated fluorescent probes were promising. Not only

were the amide linker modifications predicted to be tolerated, but they also gained

H-bonding interactions with Tyr259 or Thr260. The scores of propanamides 82b

and c, and propenamide 83b were similar to those of the ethyl ester benchmarks,

suggesting that the binding affinity could conceivably be experimentally conserved.

However, methoxyethyl propenamide 83c was the only ligand that did not display

binding poses resembling those of P2Y12 antagonists. This was potentially due to
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the linker rigidity restricting the orientation of the linker and clashes with Tyr259.

Consequently, no ligand poses that reflected the co-crystallisation ligand binding

pose was observed.

Molecular docking studies on P2Y12 NanoBRET fluorescent probes yielded

limited insights to understanding the binding interactions or pose. The suggested

poses for the propenamide series were likely affected by a grid size that was too small,

potentially forcing unrealistic orientations, especially for the rigid propenamide series.

Additionally, it would be unlikely for the high-affinity thiazoles 60 and 61 to be

displaced by the fluorophores. Therefore, manually assigning key ligand binding

interactions or enlarging the Glide grid could remedy these unrealistic poses.

The molecular docking of the truncated fluorescent probes gave insight in

the amide modification tolerance. The orientation of either the propenamide or

propanamide moieties on thiazoles 60 and 61 suggests potential suitability for

repurposing in NanoBRET assays. Based on the highest GlideScore from the

docked truncated compounds, propenoic acid 61 was selected as the lead ligand for

NanoBRET probe development.
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Chapter 4

Towards the synthesis of NanoBRET

probes for P2Y12

4.1 Introduction

Chapter 3 discussed our approaches toward the computational design of P2Y12

NanoBRET probes. This involved the selection of a known P2Y12 ligand as a

starting point to build upon propenoic acid 61, as well as potential linkers and

fluorophores. A combination of these components produced a library of possible

fluorescent probes. Overall, the results indicated that the carboxylic acid attachment

position pointed towards extracellular space as intended and the modifications would

likely be tolerated as summarised in Figure 28. The compound library from the

docking studies was then reviewed for synthetic accessibility and predicted affinity,

creating a focused library of compounds to initially synthesise.

72



S

N

O

H
N

N

O

N

O

O

S/D

O

HO

Extracellular 
Space

NLuc

S = D = 60 61

Figure 28: Summary of the Glide docking data: The carboxylic acid faces toward
extracellular space and the amide modifications were predicted to be tolerable at
P2Y12. S = Single bond, propanoic acid 60, D = Double bond, propenoic acid 61.

4.1.1 Chapter aims

The aim of this chapter was to synthesise P2Y12 NanoBRET probe candidates to

aid the development of a fluorescence-based competition binding assay. As discussed

in Chapter 3, the carboxylic acid was modelled to be the ideal position to attach

a fluorophore (Figure 28). TAMRA and Py-1, were evaluated as fluorophores

with suitable properties for our application. Additionally, linkers of various lengths

were explored in order to identify the optimal linker length for both affinity and

NanoBRET signal strength.

4.1.2 Proposed fluorescent probe library

Propenoic acid 61 was selected as the focus ligand to build the fluorescent probe.

Among the truncated amide library, docking studies predicted propenamide 83b

was the highest affinity amide at P2Y12 (Appendix 1). We chose to conjugate

this ligand to a selection of suitably pre-functionalised commercially available alkyl

and PEG linkers. The fluorophore components, Py-1 and TAMRA, were selected

for their fluorescence properties and stability.172 The ligand, linker and fluorophore
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components were combined to form a structurally diverse P2Y12 NanoBRET probe

library (Table 7).

Table 7: Proposed fluorescent probe library based on the results and discussion in
Chapter 3.
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4.2 Synthetic plan

A convergent synthetic approach was chosen for accessing lead 61 with a divergent

approach best suited to conjugate the fluorescent probes. Although a reported route

to propenoic acid exists 61, the Suzuki coupling reaction used to achieve the structure

from thiazole 90 was poor yielding for a divergent approach and the boronic ester
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coupling partner was not commercially available (Scheme 16).184 Thus, an improved

synthetic route was explored (Scheme 17).

S

N

O

N
H

N

O

N

O

O

O

O
S

N

O

N
H

N

O

N

O

O

Br

a

90 91

Scheme 16: Caroff and coworkers’ olefination of 90 to access ethyl ester 91. (a)
2-Ethoxycarbonylvinylboronic acid pinacol ester, K2CO3, Pd(PPh3)4, in DME and
H2O, 90 ◦C, 40 h, 21%.184

To access the common carboxylic acid lead 61, we proposed that ester 92 could

be hydrolysed under either acidic or basic conditions. An olefination reaction using

Wittig conditions could be completed from thiazole carbaldehyde 94. The formation

of compound 94 could be achieved from an amide coupling between thiazole 94 and

glycine 95. Thiazole 94 could be obtained from the formylation of thiazole ethyl

ester 97 and ester hydrolysis. Cyclisation of thiobenzamide 98 and pyruvate 99

would provide access to thiazole ethyl ester 97.
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Scheme 17: Proposed retrosynthetic plan to synthesise lead 61 starting from
commercially available reagents.

Piperazine 95 could be accessed from the Boc-deprotection of piperazyl glycine

derivative 100 under acidic conditions. An SN2 reaction between piperazine 101

and activated carbamate 102 would yield piperazyl glycine derivative 100. Careful

procedural control could afford mono-amidate piperazine 101 from diamine 104 and

Boc-glycine (Boc-Gly-OH) 115. Accordingly, carbamate 102 could be synthesised

from an SN2 reaction between 1-butanol 106 and carbonyldiimidazole (CDI) 105.

All starting materials in the proposed route were commercially available.
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Scheme 18: Proposed retrosynthetic plan to access piperazine 95 starting from
commercially available reagents.

Py-1 was not commercially available but could be synthesised following the

procedure reported by Höfelschweiger and coworkers.173 The divergent fluorophore

appendage would begin with the linker attachment to lead 61 under standard amide

coupling conditions, yielding compounds 107-114. These could then be converted

to the free amine under acidic conditions and directly coupled to Py-1 under basic

conditions to furnish the Py-1 NanoBRET probe series. A portion of the free amine

could alternatively be directly appended to TAMRA under standard amide coupling

conditions to furnish the TAMRA NanoBRET probe series.
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Scheme 19: General synthetic plan of lead 61 conjugation with TAMRA and Py1
by using a divergent approach. (a) Boc-diamine linker, HATU, iPr2NEt, DMF, rt,
o/n; (b) i) 4 M HCl in dioxane, DCM, rt, 30 min, ii) Py-1, Et3N, in MeOH, 60 ◦C, 1
h; (c) i) 4 M HCl in dioxane, DCM, rt, 30 min, ii) TAMRA, HATU, iPr2NEt, DMF,
rt, o/n.

4.3 Synthesis

4.3.1 Lead synthesis

Piperazine fragment synthesis

To obtain carbamate 102, CDI was used as a safer alternative to phosgene or

triphosgene in the synthesis of an activated intermediate for a carbamate formation
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reaction. CDI was treated with 1-butanol under anhydrous conditions to minimise

the likelihood of hydrolytic decomposition. The reaction was monitored using TLC

analysis, and upon completion and purification via flash chromatography, the desired

product 102 was obtained in good yield (83%, Scheme 20). Excess equivalents

of butanol did not significantly impact the yield (entry 2, Appendix 4), due to

the reduced reactivity of the carbamate product versus the activated urea starting

material. However, a short series of optimisation experiments concluded that a 1:1

ratio of CDI and butanol achieved the best yield (entry 3, Appendix 4).
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Scheme 20: Synthesis of reactive butylimidazole carbamate intermediate 102 for
subsequent butyl carbamate formation. (a) DCM, 0 ◦C - rt, o/n, 83%.

Concurrently, Boc-Gly-OH 115 was coupled to piperazine 104 to give amide 101.

This was initially attempted by pre-stirring Boc-Gly-OH 115 with EDC and HOBt

to form the activated ester before adding excess quantities of piperazine solution

dropwise (Table 8). However, this reacted too quickly and exclusively generated

the diamide product. Re-attempting the reaction with neat piperazine afforded

some product when added to the stirred activated ester solution. Unfortunately,

the rate of the dimerisation reaction was still observed to be faster than dissolution

of solid piperazine, leading to low yields (18%). Thus an attempt was made to

slowly generate the active ester species via slow addition of hexafluorophosphate

azabenzotriazole tetramethyl uronium (HATU) to a solution of Boc-Gly-OH and

piperazine. A slow addition was performed at low temperatures to reduce the speed

of substitution. TLC analysis and a ninhydrin stain were used to visualise the free

amine starting material and product.

79



N

NH

N
H

O

OH
O

O

HN

NH

O

N
H

O

Oa

115 104 101

Scheme 21: Amide coupling of piperazine and Boc-Gly-OH to synthesise piperazine
101. (a) HATU, iPr2NEt, DMF, 0 ◦C - rt, o/n, 83%.

An attempt to purify the product using standard additive-free flash chromatogra-

phy conditions was unsuccessful as the free amine of the product would streak due

to its interaction with the slightly acidic silica medium. A non-nucleophilic organic

base, Et3N, was used to neutralise the interactions to aid in the rate of elution and

resolution of the fractions. This achieved good yields on test scale (83%, entry 3,

Table 8), but significant reduction in yield occurred upon scaling up the reaction.

This posed practical challenges for synthesising large quantities of intermediate 101.

As such, a more robust strategy to synthesise piperazine core (100) that did not rely

on the precise experimental control was explored.

Table 8: Optimisation of the amide coupling conditions to increase yield of the
monoamide as shown in Scheme 21.

Entry Conditions Outcome

1

Boc-Gly-OH, EDC, HOBt and Et3N in DCM

was added slowly to piperazine (5 eq.) in

DCM, rt

Exclusive formation of

diamide product

2

Piperazine (5 eq.) was added to stirring

solution of Boc-Gly-OH, EDC, HOBt and

Et3N in DCM, rt

18% yield

3

HATU in DMF added slowly to piperazine

(5 eq.), Boc-Gly-OH and iPr2NEt DMF, 0

◦C - rt

83% yield

4

HATU in DMF added slowly to piperazine

(5 eq.), Boc-Gly-OH and iPr2NEt DMF, 0

◦C - rt (Scaled up)

33% yield
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The synthesis of piperazine core 100 via commercially available Boc-piperazine

116 as the starting material could improve regioselectivity. Boc-piperazine 116

was first treated with activated carbamate 102 under basic conditions to access

dicarbamate 117 in excellent yields (97%, step a, Scheme 22). The work-up

was performed quickly with dilute hydrochloric acid to remove the imidazole and

triethylamine by-products whilst minimising the chance of Boc-deprotection.
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Scheme 22: Top: Synthesis of butyl piperazine carbamate 118 via forming the
dicarbamate 117 with N -Boc-Piperazine. (a) Et3N, DCM, rt, 71 h, 97%; (b) 4 M
HCl in dioxane, DCM, rt, 1 h, quant. Bottom: Structure of piperazine core 100.

Dicarbamate 117 was then deprotected under acidic conditions to access free

amine 118. The mechanism for the Boc-deprotection of 117 is shown in Scheme 23).

The tertiary carbocation 120 stability allowed the liberation of isobutylene 121 and

the subsequent collapse of carbamate intermediate 122. Expulsion of isobutylene

resulted in a shift of the overall equilibrium towards the collapse of the Boc group

via loss of carbon dioxide. On the other hand, the n-butyl chain 124 is unable to

generate a stable carbocation to liberate itself. As a result, the n-butyl carbamate

was more stable than Boc-group under acidic conditions and selectively generated

amine 118. The by-products of the Boc-deprotection are volatile, so the product
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was used without further purification.
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Scheme 23: Proposed mechanism for the selective deprotection of dicarbamate 117
to yield 118.

To complete the synthesis of the piperazine core, free amine 101 was treated

with carbamate 102 under basic conditions to access disubstituted piperazine 100

in excellent yields (97%, procedure a, Scheme 24). Alternatively, piperazine 118

was treated with Boc-Gly-OH under HATU amide coupling conditions to access

disubstituted piperazine 100 also in excellent yields (97%, procedure b, Scheme 24).

The latter route proved more robust and was used for subsequent synthesis.
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Scheme 24: Synthesis of the piperazine 100 from piperazine 101 and 118. (a)
Et3N, DCM, rt, o/n, 97%; (b) HATU, iPr2NEt, DMF, rt, o/n, 97%.
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Thiazole core synthesis

To access precursor 97 for the thiazole olefination, the thiazole core was prepared

to couple with piperazine 100. Thiazole 97 was synthesised via Hantzsch thiazole

synthesis from the condensation between thiobenzamide 98 and ethyl bromopyruvate

99 under reflux (Scheme 25). The crude product was purified via flash chromatog-

raphy, resulting in a viscous oil. To remove any trapped solvents, the product was

concentrated with Et2O three times to isolate thiazole 97 in excellent yields (97%).

The presence of an aromatic proton signal at 8.15 ppm and two additional aromatic

carbon signals at 130.7 and 148.0 ppm in the NMR spectra confirmed successful

thiazole ring formation (Appendix 11 and Appendix 12).
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Scheme 25: Synthesis of thiazole core 97 via the condensation of thiobenzamide
98 and pyruvate 99. (a) THF, reflux, o/n, 97%.

Thiazole olefination — Wittig reaction

Our first strategy to olefinate this thiazole entailed the use of a Wittig reaction

and avoidance of precious metal catalysis. To access aldehyde 96 required for this

transformation, Vilsmeier reagent was generated in situ from POCl3 in DMF and

added to thiazole 97, before stirring the reaction at 90 ◦C (entry 1, Table 9). The

reaction was monitored by TLC analysis, but unreacted starting material remained,

prompting an increase in temperature to 115 ◦C. Although a UV-visible product

was observed using TLC analysis, staining with dinitrophenylhydrazine (DNP) did

not suggest aldehyde formation. Raising the temperature further to 140 ◦C resulted

in a brown solution and complex reaction mixture, likely due to decomposition of

the Vilsmeier reagent. Trace amounts of what we assumed to be the desired product

within the crude mixture was observed via TLC with DNP staining.
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Table 9: Attempts towards the formylation of thiazole 97. α Assessed likely presence
of carbaldehyde by co-spotting against starting material on TLC with DNP staining.
β Determined by mass spectrometry.
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Entry Conditions Outcome

1 POCl3 (4 equiv.), DMF, 0–140 ◦C, 48 h Trace product + S.M.α

2 POCl3 (10 equiv.), DMF, 0–115 ◦C, 20 h Trace product + S.M.α

3
POCl3 (4 equiv.), Et3N, cat. DMAP, DMF,

0–115 ◦C, 20 h
Trace product + S.M.α

4 i) n-BuLi, THF, -78 ◦C, ii) DMF
Butyl ketone 126 (ma-

jor)

5 i) n-BuLi, Et2O, -78 ◦C, ii) DMF

Complex mixture

(trace product + butyl

ketone 126 + S.M.)αβ

6 i) n-BuLi, toluene, -78 ◦C, ii) DMF

Complex mixture

(trace product + butyl

ketone 126 + S.M.)αβ

7
i) n-BuLi, THF (5 x dilution of entry 4), -78

◦C, ii) DMF
S.M.α

8
i) n-BuLi, diisopropylamine, Et2O, -78 ◦C, ii)

DMF
Complex mixtureα

A second attempt at formylation of 97, while maintaining a temperature below

the decomposition point, produced no significant improvements. It was thought that

the phosphoric acid by-product, generated from the in situ formation of the Vilsmeier

reagent, had protonated the unreacted thiazole 97. This could draw electron density

away from the 5-position and deactivate it for a nucleophilic attack on the Vilsmeier
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reagent. Excess Et3N was added to neutralise the phosphoric acid, and DMAP was

introduced as catalyst to facilitate the Vilsmeier-Haack reaction. However, even

with the measures taken to facilitate the formylation, it was unable to formylate at

the deactivated 5-position. A reactive organolithium intermediate was envisioned to

improve the nucleophilicity at the 5-position and facilitate the formylation.

Lithiation of thiazole 97 at the 5-position was attempted through lithium-

hydrogen exchange with n-butyllithium (n-BuLi). Despite cold temperatures favour-

ing the lithium-halogen exchange reaction over the substitution reaction, the n-BuLi

was too reactive and perhaps unsuprisingly formed the n-butyl ketone 126 as the

major product. n-BuLi predominantly exists as the monomeric form in THF,185,186

which could have been too nucleophilic and substituted the ethyl ester. To moderate

the reactivity and tune the selectivity, solvent trials with toluene and Et2O were

performed to investigate the clustering of organolithium species in the reaction to

attenuate the nucleophilic reactivity of n-BuLi.186 Both solvents prevented the n-

BuLi from directly substituting the ethyl ester, but a complex mixture was generated

after treatment with DMF (entries 5 and 6, Table 9). No consumption of starting

material 97 was observed under more dilute reaction conditions in THF. Trials with

lithium diisopropylamine as a more sterically hindered lithiating reagent resulted in

a complex reaction mixture. The 5-position on the thiazole proved highly unreactive

and incompatible with many sets of reaction conditions.187 This prompted the explo-

ration of a palladium-catalysed carbon-carbon coupling approach to facilitate the

olefination.

Thiazole olefination — C-H activation

We first envisioned that palladium-catalysed C-H activation could be employed

to olefinate the 5-position of thiazole 97. The di-ester 127 would be challenging to

selectively hydrolyse. Thus, thiazole 129 was decided as the olefination substrate.
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Scheme 26: Top: Olefination of thiazole 97 would result in di-ester 127. This
intermediate would be challenging to selectively hydrolyse. Bottom: Thiazole 129
was decided to be the olefination substrate to circumvent the need for selective
hydrolysis.

Carboxylic acid 131 was synthesised via Hantzsch thiazole synthesis from the

condensation between thiobenzamide 98 and bromopyruvic acid 130 under reflux

(Scheme 27). The reaction was monitored by TLC analysis, but full consumption

of starting material was not observed. The reaction was halted, and the desired

product 131 was obtained in 33% yield.
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Scheme 27: Synthesis of thiazole core 131 and 97. (a) 1,4-dioxane, reflux, o/n,
33%; (b) LiOH, H2O/THF, o/n, quant.

The proposed mechanism to form compound 131 was through a bimolecular

nucleophilic substitution (SN2) between thiobenzamide 98 and bromopyruvic acid

130, followed by the deprotonation of amine 132 by thiobenzamide 98 (Scheme 28).

Although the SN2 reaction generates bromide anions, the thiobenzamide was predicted

to be a stronger base to abstract free protons. This would result in the protonation

of thiobenzamide 98, prohibiting its ability to participate in further SN2 reactions.

Moreover, the presence of carboxylic acids (e.g. 131 and 130) could increase the
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acidity of the reaction mixture, potentially also deactivating thiobenzamide 98. The

poor isolated yield could have resulted from the stalled reaction due to these issues.
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Scheme 28: Proposed mechanism of the Hantzsch thiazole synthesis and protonation
of thiobenzamide. The pK a and pK b were predicted using MolGpka.131

As an alternative approach, previously synthesised ethyl ester 97 could be hy-

drolysed to afford carboxylic acid 131 under standard LiOH mediated hydrolysis

conditions. The product was first purified by washing the basic reaction mixture

with EtOAc. The aqueous layer was then acidified to pH ≈ 2 and extracted with

EtOAc, affording the desired product in quantitative yields.

To access thiazole 129, piperazine 100 was Boc-deprotected with hydrochloride

in dioxane to expose the free amine 95 (step a, Scheme 29). This was carried

through without further purification and coupled with carboxylic acid 131 under

standard HATU amide coupling conditions (step b, Scheme 29). The crude product

was purified via flash chromatography eluting with acetone in hexane. However,

dimethylurea 138 co-eluted with the desired product, necessitating an aqueous work-

up with citric acid to extract the dimethyl urea by-product. Pure product 129 was
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isolated in quantitative yields.
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Scheme 29: Synthetic route towards compound 61 via C-H activation of compound
129. Homocoupled starting material was the major product 139. (a) 4 M HCl in
dioxane, DCM, rt, 30 min, quant.; (b) HATU, iPr2NEt, DMF, rt, o/n, quant.; (c)
Butyl acrylate, Pd(OAc)2 (10 mol%), AgOAc, DMF/DMSO, 115 ◦C, 48 h.

Thiazole 129 was subsequently submitted to palladium cross-coupling conditions

(entry 1, Table 10).188 TLC analysis indicated the incomplete consumption of start-

ing materials. In addition to the recovered starting material 129, the homocoupled

product 139 was also isolated via flash chromatography purification. Mass spec-

trometry (881 [M+Na]+, Appendix 13) and a similar spectrum to the starting

material, without the expected thiazole proton at 8.09 ppm, (Appendix 14) were
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evidence for homocoupled product 139 formation. Although the desired product was

not formed, evidently oxidative insertion of compound 129 had occurred. However,

homocoupling to form 139 suggests that reductive elimination to form the desired

olefinated product was slow.

Jeffery and coworkers have shown that addition of tetrabutylammonium (TBA)

salts to Heck reactions effectively mediate reagent transfer.189,190 Compound 129

was therefore resubmitted to the palladium-catalysed C-H activation reaction with

TBA(HSO4) (entry 2, Table 10). The product was isolated via flash chromatography,

and while mass spectrometry suggested that 137 had formed (ESI+: 579 [M+Na]+,

ESI−: 555 [M-1]−), the yield was extremely low, with insufficient material isolated

to perform NMR analysis. In parallel with the previous reaction, tert-amyl alcohol

(t-AmylOH) was trialled to investigate the effects of a polar protic solvent (entry

3, Table 10). It was thought that the solvent could donate electron density to

the palladium catalyst, add steric bulk and improve the reductive elimination step.

However, a similar outcome was achieved as the previous experiment, with only trace

formation of 137.
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Table 10: Attempts to olefinate thiazole 129 with butyl acrylate via palladium
catalysed C-H activation.
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129 137

139

Entry Conditions Outcome

1

Butyl acrylate, Pd(OAc)2 (10 mol%), AgOAc,

DMF/DMSO, under N2, 115 ◦C, 48 h, degassed

and dry

Homocoupled

product 139 and

S.M.

2

Butyl acrylate, Pd(OAc)2 (10 mol%), AgOAc,

TBA(HSO4), DMF/DMSO, under N2, 115 ◦C, 120

h, degassed and dry

Trace product

137 and S.M.

3

Butyl acrylate, Pd(OAc)2 (10 mol%), AgOAc,

TBA(HSO4), t-AmylOH, under N2, 115 ◦C, 120 h,

degassed and dry

Trace product

137 and S.M.

The C-H activation route proved unsuitable for accessing the desired product

137. Suspected palladium catalyst poisoning and the formation of homocoupled

by-product 139 were persistent challenges. Lack of reported studies that overcome

these challenges made systematic optimisation challenging. Consequently, we directed

our focus toward the better-studied Heck reaction to olefinate the thiazole.
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Thiazole olefination — Heck reaction

The Heck cross-coupling reaction involves formation of a new C-C bond between

an aryl or vinyl (pseudo)halide and a suitably activated alkene. For this strategy to

be used, we first required a halogenated analogue of our thiazole core. Therefore, the

synthesis of the bromothiazole derivative 140 was investigated to enable attempts at

the Heck coupling reaction.

Table 11: Optimisation of thiazole 97 bromination. α Co-elution of fractions. β

Recovery of starting material. N.R. = No reaction. S.M. = Starting material.

S

N

O

O

Conditions

S

N

O

O

Br
S

N

O

O

Br

Br

97 140 141

Entry Conditions Outcome

1 Br2, Et2O, rt, 18 h

9% yield 140 + di-

bromothiazole 141α

+ 81% S.M.β

2 Br2, MeCN, reflux, 18 h

71% yield 140 + di-

bromothiazole 141α

+ 16% S.M.β

3 NBS (2 eq.), MeCN, reflux, 17 h
37% yield 140 + di-

bromothiazole 141β

4 NBS (1 eq.), MeCN, reflux, 16 h N.R.β

5 NBS (1 eq.), MeCN (PureSolv), reflux, 19 h
51% yield 140 + 39%

S.M.β

6
NBS (1 eq.), cat. Iodine, MeCN (PureSolv), 35

◦C, 19 h

85% yield 140 +

S.M.β

Initial attempts to brominate thiazole 97 and form bromothiazole 140 used

elemental bromine (entries 1 and 2, Table 11). When the reaction was performed
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in Et2O, the solvent evaporated rapidly under the exothermic reaction condition and

concentrated the reaction mixture in an uncontrolled fashion. Product purification

using flash chromatography proved challenging. The desired product 140 eluted

over many fractions, expending excessive solvent volumes, and co-eluting with

dibrominated by-product 141 (Appendix 15). This resulted in poor yields of

bromothiazole 140 (9%) and substantial recovery of starting material (81%).

To address the solvent evaporation issue, the reaction was performed in acetonitrile

(MeCN). While the yield of bromothiazole 140 improved significantly (71%, entry

2, Table 11), purification challenges persisted. The co-elution of mono- and di-

brominated thiazoles complicated the purification by flash chromatography. It was

surmised that suppression of the formation of dibromothiazole 141 would simplify

purification. The high concentration of reactive elemental bromine in the reaction

mixture was believed to be contributing to dibromination, therefore alternative

bromine sources were investigated to access 140.

Liu and coworkers reported the regioselective mono-bromination at the 5-position

on thiazoles using N -bromosuccinimide (NBS) — a reagent commonly used to

generate low concentrations of elemental bromine in a controlled manner.191 Following

these procedures, thiazole 97 was treated with 2 equivalents of NBS in MeCN under

reflux. The reaction mixture turned brown, indicating the release of elemental

bromine, and TLC analysis indicated the consumption of starting material. The

major isolated products were once again identified as di- and mono-brominated

thiazoles 140 and 141 (entry 3, Table 11). The equivalence of NBS was therefore

reduced to limit the formation of dibrominated thiazole 141 (entry 4, Table 11).

Unexpectedly, no reaction was observed. The presence of residual water in MeCN

could have generated hydrobromic acid or hypobromites Scheme 30. These species

did not appear to act as brominating agents for thiazole 97.

The reaction was repeated under anhydrous conditions to exclusively generate

elemental bromine (entry 5, Table 11). This resulted in 51% yield of desired product

97 and 39% starting material. To further optimise the reaction, iodine was added as

92



a catalyst and generated the desired product 140 in excellent yield (85%, entry 6,

Table 11).

The bromination mechanism was proposed to proceed via the homolysis of

bromine. Although NBS typically serves as a source of electrophilic bromine, it

can also undergo in situ decomposition to generate elemental bromine, which then

homolyses to form bromine radicals. These radicals regioselectively attack the 5-

position of thiazole. Addition of the iodine catalyst could form a reactive iodine

monobromide intermediate in situ and more readily undergo homolysis.192 The

lower temperatures and concentration of elemental bromine in solution allow for the

regioselectivity of the bromination.
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Scheme 30: Mechanism of the bromination reaction, starting with the thermal
decomposition of NBS to generate free bromine, which could then react with the
thiazole or be deactivated in the presence of water.

We next proceeded to investigate the Heck reaction required to olefinate the

thiazole core. We first performed reaction optimisation using thiazole 97 as a test

compound, rather directly attempting our primary strategy of late-stage introduction

of the olefin. This choice was made to limit loss of late-stage material, as previously

encountered during C-H activation studies.

Tert-butyl acrylate was chosen as a suitable coupling partner, as it could be

deprotected via either acidic or basic hydrolysis. Thiazole 97 was reacted with

tert-butyl acrylate, Cy2NMe, PdCl2(dbpf) and TBACl under nitrogen following

the robust condition reported by Murray and coworkers (Scheme 31).193,194 TLC

analysis confirmed formation of a new product, but the reaction did not progress to

completion. It was therefore halted and purified via flash chromatography, resulting

in isolation of desired di-ester product 142 in good yield (70%). The remainder of

the starting material was converted to the dehalogenated by-product 97. Since the
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reaction was carried out at high temperatures near the boiling point of tert-butyl

acrylate (124-127 ◦C),195 the reaction was attempted once again in a sealed tube to

ensure the acrylate remained in solution. Pleasingly, this further improved the yield

of desired product 142 (91%).
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Scheme 31: Olefination of thiazole 140 under Heck reaction conditions. (a) Tert-
butyl acrylate, Cy2NMe, PdCl2(DBPF) (2 mol%), TBACl, DMA, under N2, 80 ◦C,
71 h, 85%.

With the Heck coupling conditions optimised on bromothiazole 97, we proceeded

to synthesise bromothiazole 144 to allow incorporation of this high-yielding cross-

coupling reaction at a later stage of the synthesis. This began by submitting thiazole

140 to LiOH catalysed hydrolysis conditions (step a, Scheme 32) and yielded the

desired product 143 in excellent yield (92%). Subsequently, piperazine 95 and

bromothiazole 143 were treated with HATU under basic conditions to access amide

144.

Amide 144 was next submitted to our optimised Heck coupling conditions (step

c, Scheme 32). Gratifyingly, the reaction translated well to the more complex

substrate, and desired product 92 was obtained in 89% yield following purification

via flash chromatography. In contrast to the previous C-H activation strategy to

olefinate the thiazole, this strategy used lower quantities of palladium catalyst,

improved conversion, and selectively generated the desired product 92. The choice of

ligand was crucial in the success of this olefination strategy, as use of the electron-rich
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bidentate ligand suppressed formation of the homocoupled product. This olefination

strategy was scaled up to half a gram without sacrificing yields.

Finally, tert-butyl ester 92 was treated with TFA to deprotect the tert-butyl

ester. This afforded the desired product 61 in quantitative yield, which was used in

subsequent steps without further purification.
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Scheme 32: Synthesis of lead 61 via Heck reaction conditions. (a) LiOH, in H2O
and THF, rt, o/n, 92%; (b) HATU, iPr2NEt, DMF, rt, o/n, 85%; (c) Tert-butyl
acrylate, Cy2NMe, PdCl2(DBPF) (2 mol%), TBACl, DMA, 80 ◦C, 65 h, 89%; (d)
TFA, DCM, rt, 3 h, quant.

4.3.2 Py-1 synthesis

In preparation for the conjugation of carboxylic acid 61 to our desired fluo-

rophores, Py-1 precursor 149 was synthesised as the key intermediate for accessing

Py-1 probe series 77-86. Julolidine carbaldehyde 146 and pyrylium salt 148 were

first synthesised from common lab reagents following the procedure reported by
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Höfelschweiger and coworkers.173

Julolidine carbaldehyde 146 was synthesised through in situ generation of the

Vilsmeier reagent with POCl3 and DMF, followed by treatment with julolidine. The

crude product was purified by flash chromatography to yield the desired product

146 (78%). Concurrently, pyrylium salt 148 was prepared via the condensation of

acetic anhydride in the presence of t-BuOH. The crude product was recrystallised

to obtain pyrylium 148 (34%). Julolidine carbaldehyde 146 was then treated with

pyrylium salt 148 under reflux in methanol, resulting in an immediate colour change

from colourless to blue. The crude product was purified by flash chromatography to

afford Py-1 precursor 149 in quantitative yield.
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Scheme 33: Synthesis of Py-1 from commercially available lab reagents. (a) POCl3,
DMF, 0–90 ◦C, 20 h, 78%; (b) t-BuOH, 48% w/v aq. HBF4, 5–100 ◦C, 5 min, 34%;
(c) MeOH, reflux, 21 h, quant.

The mechanism for the synthesis of pyrylium 148 begins with the protonation

of tert-butanol (t-BuOH), liberating isobutylene 153 and water. The isobutylene

153 attacks the protonated acetic anhydride 154, forming intermediate 155. De-

protonation by a suitable conjugate base in solution (e.g. acetate) generates alkene

156, followed by elimination of acetic acid to form intermediate 157, which can

tautomerise to intermediate 158. The nucleophilicity of the terminal alkene of 158

is greater than that of a saturated alkene 157. This allows intermediate 158 to

react with acetic anhydride 154, forming intermediate 159 that undergoes proton

transfer and elimination of acetic acid once more to form intermediate 161. The

final steps involve cyclisation, aromatisation, and dehydration to drive the reaction
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to the pyrylium salt 148. Various protonation sites and counterion exist throughout

the intermediates, but these have been simplified in this mechanism for clarity.
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Scheme 34: Proposed mechanism for the synthesis of trimethylpyrylium tetrafluo-
roborate.

4.3.3 Linker and fluorophore conjugation

The conjugation of the Py-1 and TAMRA probes 77-89 began by appending

linkers to the thiazole P2Y12 ligand. Then via a divergent strategy, the Py-1 and

TAMRA fluorophores could be appended (Scheme 19).

Linker conjugation

A small selection of mono-Boc-protected amine linkers, readily available within

our research group, was appended to carboxylic acid 61 using standard HATU amide

coupling conditions (step a, Scheme 35). TLC analysis confirmed the complete

conversion of starting material 61 and the reaction was subsequently halted. The
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crude products were purified via flash chromatography, yielding the respective

compounds 107, 108 and 112. However, flash chromatography was unable to

separate an oily residue from the desired products.

Analysis by mass spectrometry did not reveal the presence of any species in

addition to the desired product, but 1H NMR spectroscopy revealed additional peaks

in the aliphatic region (1.80-1.63, 1.32-1.18 and 0.90-0.79 ppm). This suggested the

product was likely lipophilic and co-eluted with aliphatic impurities. Attempts were

made to remove this byproduct by partitioning the crude product in MeCN and

hexane, but after concentration, the impurity persisted when analysed by 1H NMR

spectroscopy. Trituration with hexane was also attempted, but the product formed

a very fine suspension which proved challenging to filter to separate it from the

greasy residue. Even after filtering and dissolving the product again, the byproduct

continued to persist in the samples. Recrystallisation was attempted, but it was

challenging to determine whether the oily product had dissolved on small-scale. To

achieve a more reliable purification process, reverse-phase column chromatography

was employed using C18 silica as the stationary phase, buffering with TFA to improve

resolution. This purification strategy successfully removed the byproduct and afforded

the respective products 107, 108 and 112 in moderate to quantitative yields (step

a, Scheme 35).

Py-1 analogues

With the purified Boc-protected amines 107, 108 and 112 in hand, Boc-

deprotection was performed using hydrogen chloride in dioxane in preparation for the

final conjugation step. The crude free amines 163, 164 and 165 were directly used

in conjugation with Py-1 precursor 149. Upon heating, the solution changed colour

from blue to red and was monitored via TLC analysis until complete consumption

of starting material was observed. Unfortunately, although attempts were made

to isolate products 77, 78 and 80 by flash chromatography using multiple eluent

systems, 1H NMR analysis showed multiple impurities across the spectrum. After
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three days at ambient temperature, the compounds had decomposed into brown oily

residues.
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Scheme 35: Appending N -Boc-diaminelinkers to the lead 61 and subsequent
attempts to Py-1 149 conjugation. (a) N -Boc-diaminelinker, HATU, iPr2NEt, DMF,
rt, o/n, 62% - quant.; (b) 4 M HCl in dioxane, DCM, rt, 30 min, quant.; (c) Py-1
precursor 149, MeCN, 60 ◦C, o/n.

A literature report recommended aqueous salt eluent systems to purify the

pyridinium salt analogues.196 Using sodium tetrafluoroborate in a gradient of water

and acetone, the counterion was maintained as tetrafluoroborate. Despite this system

aiding elution, NMR analysis indicated the product remained impure. Purification

via reverse-phase chromatography was attempted without an acidic buffer component,

and the product remained bound to the stationary phase. Buffering the solution

with Et3N or acetic acid, the product also remained bound to the stationary phase.

Ultimately, TFA had to be used for the mobile phase and product 77 then eluted.

Although mass spectrometry indicated the presence of the desired product, NMR
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analysis was challenging with 77 observed to be poorly soluble in organic solvents.

The purification challenges were not exclusive to compound 77, but applied to

the other analogues in the Py-1 series. Instability of the product to atmospheric

conditions and light made the series undesirable for the purposes of this project.

Therefore, our attention turned towards preparation of the TAMRA fluorescent

probes.

TAMRA analogues

To synthesise fluorescent probes 72, 73 and 75, the respective amines 163, 164

and 165 were treated with HATU and iPr2NEt to conjugate the ligand (Scheme 36).

Mass spectrometry analysis suggested the formation of products 72, 73 and 75.

However, TLC analysis indicated the formation of multiple products with poor

resolution, preventing their separation, isolation, and characterisation. Flash chro-

matography was even more challenging than TLC analysis suggested, so purification

was attempted using preparative TLC. Unfortunately, resolution of the preparative

TLC was also poor and only trace quantities of product were isolated, as suggested by

mass spectrometry analysis. Insufficient material was isolated for NMR analysis (<2

mg), exacerbated by the large molecular weight of the compounds. HPLC analysis

revealed the presence of many impurities with similar retention times, prompting

the search for a cleaner synthetic method.
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Scheme 36: Conjugation of the ligand with TAMRA. (a) 4 M HCl in dioxane,
DCM, rt, 30 min, quant.; (b) TAMRA, HATU, iPr2NEt, DMF, rt, o/n.

TAMRA N -hydroxysuccinimide (NHS) ester has commonly been used to aid

conjugation with amines.197,198 Efforts were therefore made to synthesise the TAMRA-

NHS active ester 167 to enable facile conjugation with amines 163, 164 and 165.

TAMRA 166 and NHS were pre-stirred with Et3N, followed by the addition of

diisopropyl carbodiimide (DIC). Attempts to purify the product with MeOH in

DCM, buffered with Et3N, inadvertently resulted in the substitution of the NHS

ester with methanol. To mitigate this issue, purification with acetic acid and acetone

proved more effective.199 The isolated major product was the di-NHS ester 168,

with minor quantities of the mono-NHS ester 167 and starting material (entry 1,

Table 12).

The reaction was repeated at low temperatures to investigate whether regioselec-

tivity could be improved by starting cold and then slowly bringing the mixture to

room temperature (entry 2, Table 12). However, cooling had an insignificant effect
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on the regioselectivity of the reaction, again yielding both products 167 and 168.

The use of EDC to introduce steric bulk to the carbodiimide, with the intention of

favouring the 5-position intermediate (entry 3, Table 12), also failed to significantly

influence regioselectivity.

Table 12: Attempted synthesis and optimisation of TAMRA NHS ester 167. (a)
Conditions (see table). S.M. = starting material; α Suggested by mass spectrometry
and TLC analysis.

HO

O

O+

N

NO

OH

a

O

O

O+

N

NO

OH

N

O

O

O

O

O+

N

NO

O

N

O

O N

O

O

35 35
35

166 167 168

Entry Condition Outcome

1 NHS, DIC, Et3N, DCM, rt, o/n

Di-NHS ester 168 (Major) +

Mono-NHS ester 167 (Minor)

+ S.M.α

2 NHS, DIC, Et3N, DCM, 0 ◦C - rt, o/n

Di-NHS ester 168 (Major) +

Mono-NHS ester 167 (Minor)

+ S.M.α

3
NHS, EDC, Et3N, DCM, 0 ◦C - rt,

o/n

Di-NHS ester 168 (Major) +

Mono-NHS ester 167 (Minor)

+ S.M.α

To form the TAMRA lactone isomer 169 and deactivate the carboxylic acid at the

3-position, TAMRA was pre-stirred with a base (Scheme 37).199,200 However, the

formation of di-NHS ester persisted despite the attempt to deactivate the 3-position.
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Scheme 37: Structural isomers of TAMRA under acidic and basic conditions.

Given the challenges of pre-functionalising TAMRA, we instead chose to reverse

the coupling partners for our final probe conjugation step – preparing activated

esters from P2Y12 ligand 61. Carboxylic acid 61 was esterified under Steglich

esterification conditions with suitable alcohols (entries 1 and 2, Table 13), resulting

in the isolation of activated esters 170 (49%) and 171 (28%). Imidazole-substituted

amide derivative 172 was synthesised by treating carboxylic acid 61 with CDI (33%,

entry 3, Table 13). The NHS-ester was the highest yielding from the trials, and was

further optimised by addition of a base (iPr2NEt), resulting in significantly improved

yields (89%, entry 4, Table 13).
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Table 13: Synthesis of activated esters and imidazole-substituted amide 170-172.

S

N

O

N
H

N

O

N O

O

OH

Conditions

O

S

N

O

N
H

N

O

N O

O

R

O

O
N

O

O

R =

O

NO2

N

N

61

170 171 172

Entry Conditions Outcome

1 4-Nitrophenol, EDC, DMAP, DCM, 0 ◦C - rt, o/n 28% yield of 171

2 NHS, EDC, DMAP, DCM, 0 ◦C - rt, o/n 49% yield of 170

3 CDI, DCM, rt, o/n 33% yield of 172

4 NHS, DCC, DMAP, iPr2NEt, DMA, 0 ◦C - rt, o/n 89% yield of 170

For the conjugation of TAMRA 166 to the linker and the synthesis of compounds

173-180, a strategy employing standard HATU amide coupling conditions was

envisioned. TAMRA was pre-stirred with Et3N to encourage spirocyclisation to its

lactone form, followed by the addition of HATU and the respective amine (step

a, Scheme 38). Initial purification using normal-phase chromatography resulted

in co-elution with impurities. However, subsequent reverse-phase chromatography

purification afforded the TAMRA-linker compounds 173-180 in moderate to high

yields.
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Scheme 38: Synthesis of fluorescent probes 72-89. (a) N -Boc-diamine linker,
HATU, Et3N, DMF, rt, o/n, 33-89%; (b) 4 M HCl in dioxane, DCM, rt, 30 min; (c)
4-Nitrophenyl ester 171, iPr2NEt, DCM, rt, o/n, 49% (over 2 steps); (d) NHS ester
170, iPr2NEt, DCM, rt, o/n, 43-93%.

Based on 1H NMR spectroscopy, products 173-180 were confirmed to be mono-

amidated, but the regioselectivity of the linker attachment was unclear. NMR strate-

gies, including heteronuclear single quantum coherence (HSQC) and heteronuclear

multiple-bond coherence (HMBC), failed to definitively identify the hydrogen-carbon

correlations for the 3 and 5-position carboxylic acid due to weak signals. Conse-

quently, discriminating the regioisomer of the amides through HMBC would not be

possible without definitive evidence of the peak correlations. As an alternative, nu-

clear Overhauser effect spectroscopy (NOESY) correlation was employed to ascertain
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whether unwanted 3-position regioisomers were formed. The absence of NOESY

signals between the linker and TAMRA (Figure 29) represented tentative evidence

for the desired 5-position regioisomer.

H
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Figure 29: TAMRA-linker compounds regioisomer determination strategy by the
presence or absence of an expected NOESY correlation peak.

With regioisomerically pure TAMRA-linker compounds (173, 174, and 178) in

hand, Boc-deprotection was performed using HCl in dioxane (step b, Scheme 38).

TLC analysis confirmed the complete conversion of the starting materials. The

deprotected amines (181, 182, and 186) were individually suspended in acetonitrile,

filtered, and taken up in a solution of Et3N and chloroform before being concentrated

and conjugated with the activated ester (step c or d, Scheme 38). The NHS

ester 170 substituted more rapidly than the nitrophenol ester 171. After 2 hours,

significant product formation was observed with the NHS ester, while only minor

product formation was observed with the nitrophenol ester. The crude products were

purified via reverse-phase chromatography, buffering with TFA. Pure products 72,

73, and 75 were obtained. Unlike the Py-1 series, the products were stable under

ambient conditions.

Interestingly, the Boc-deprotected products 175-177, 179, and 180, when con-

jugated without filtration, produced impurities in the final compounds (74-88, 76,

and 89) that were observable by NMR analysis. However, no observable impurity

peaks appeared by mass spectrometry analysis.

The final step prior to biological evaluation of the probes was HPLC analysis

to confirm sample purity. Analytical HPLC separated the analytes using a reverse-

phase column and a UV-Vis detector read the intensity at a particular wavelength to

estimate the purity of the compounds. Analysis of compound 72 showed two analytes
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with close retention times (Appendix 39a). Intriguingly, the two chromatogram

peaks share similar UV-Vis spectra with absorption peaks that were characteristic of

the long-wave UV active phenylthiazole propenamide core and TAMRA (343-348

and 556-558 nm). No analyte was detected in the intermediates that shared the

same retention time (RT = 22.2 min), suggesting it is unlikely to be an impurity

from the reaction. NMR analysis did not suggest any notable impurities. Apart

from the desired product, no other species were observed by matrix-assisted laser

desorption/ionisation (MALDI) and atmospheric pressure chemical ionisation (APCI)

mass spectrometry. Further purification by a slow reverse phase column was able to

separate two impurities, but yielded identical HPLC chromatograms to those acquired

before the purification process. Mass spectrometry and NMR analysis confirmed

the successful conjugation between active ester 170 and amine 181, leading to the

conclusion that the HPLC analytes could be artefacts of various protonation states,

peak tailing, or both, under standard analytical HPLC conditions.201

The next step was to identify alternative HPLC conditions for analysing the

fluorescent probes. In HPLC analysis, a buffered mobile phase is used to maintain

a homogenous pH environment, ensuring the single protonation state throughout

the run. TFA is the gold-standard buffering reagent, typically maintaining a pH

of 2 with 0.1% v/v concentration in the chromatographic solution. However, this

concentration proved insufficient to maintain a single protonation state, leading to

multiple analytes for compound 72. Switching to an ammonium hydroxide buffer

with a Waters Xbridge column produced a single analyte in the chromatogram for

compound 73 (Appendix 43). However, this broad peak raises the possibility

of overlap with other analytes in the sample. Many attempts in adjusting the

chromatographic solution, column and method were unable to quantify the purity of

our final compounds, exhausting all avenues within the given timeframe.
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4.3.4 TAMRA analogue fluorescent properties

To assess the suitability of TAMRA analogues 72, 73, and 75 for NanoBRET

applications, their fluorescent properties were evaluated in methanol under standard

conditions (Appendix 5). Excitation spectra were recorded using UV-Vis spec-

trophotometry, and emission spectra were obtained via fluorometry, as shown in

Figure 30. The recorded excitation and emission maxima (λex ≈ 552 nm, λem ≈

578 nm) were consistent with the characteristic photophysical properties of TAMRA

fluorophores,202 indicating that conjugation to the ligand did not significantly per-

turb fluorescence behaviour. These results support the potential of these TAMRA

analogues for use in NanoBRET-based assays.
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Figure 30: Excitation and emission spectra of fluorescent probes 72, 73 and 75
were recorded in MeOH. Experimental conditions are detailed in Appendix 5.
Data were normalised to the maximal peak excitation and emission. The colours
of the excitation and emission spectra correspond to their respective peak wave-
lengths, converted to RGB using the wavelength-to-RGB calculator from Academo:
https://academo.org/demos/wavelength-to-colour-relationship/. a) Excitation and
emission spectra of fluorescent probe 72 (left). b) Excitation and emission spectra of
fluorescent probe 73 (left). c) Excitation and emission spectra of fluorescent probe
75 (left).
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4.4 Concluding remarks

The goal of this chapter was to synthesise a library of P2Y12 probes for the

development of a fluorescence-based competition binding assay. The design of the

NanoBRET probe library were based on the results from molecular docking in

Chapter 3. Along the library synthesis, TAMRA and Py-1 were evaluated for their

suitability for fluorescence-based competition binding assay. The main focus of the

library was to identify the optimal linker length and composition.

The divergent strategy to access the library required scalable procedures to access

divergent intermediate 61. The optimised synthetic route to divergent intermediate

61 was achieved with an overall yield of over 40% yield across 12 steps. Using this

intermediate to generate the Py-1 library, the fluorophore was found to be unstable

and unsuitable for fluorescence-based competition binding assay. In contrast, the

TAMRA analogues were stable and demonstrated the expected fluorescence properties,

indicating their suitability for NanoBRET applications. As a result, the TAMRA

series became the focus for further optimisation, particularly in evaluating the ideal

linker length. Nonetheless, biological evaluation was hampered by purification and

analytical HPLC challenges.

HPLC suggested compound 72 was impure, whereas NMR and mass spectrometry

suggested the product was pure. The contradiction in observations were speculated

to be the presence of multiple ionisation states, peak tailing or a combination of

both during the chromatographic separation. Switching to a base-buffered condition

caused peak broadening, and further investigation is needed to better resolve the

peaks.

Overall, the goals for this chapter have been partially met, though progress is

currently hindered by the limitations of the purity evaluation strategy. The biological

evaluation of the proposed fluorescent probe library will be crucial in determining

the optimal linker length and fluorophore. The binding and BRET ratio data of the

fluorescent probes will be assessed for their utility in NanoBRET binding assays.

Depending on the results, the fluorescent probes may need further development
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or could be used for establishing a NanoBRET P2Y12 competition binding assay

protocol. The development of a P2Y12 NanoBRET assay would immediately facilitate

the biological evaluation of the PET tracers discussed in Chapter 2. This will also

open the future horizons for the de novo design of P2Y12 PET tracers through HTS.
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Chapter 5

Conclusion and future directions

5.1 Summary of our work toward chemical probes

for studying P2Y12

Neuroinflammation, the native immune response of the CNS mediated primarily

by microglia, is poorly understood in normal physiological conditions and even less

so in the context of neurodegenerative diseases. P2Y12 upregulation is suggested to

correlate with the critical but understudied anti-inflammatory microglial response in

the CNS. PET imaging of P2Y12 using highly targeted small molecule radiotracers

could enable cell-specific molecular imaging, that will provide real-time insights into

the complex biochemical processes of neuroinflammation. Developing a suite of

radiolabelled tool compounds to investigate this receptor is an important first step

toward understanding neuroinflammation and its role in health and disease. Previous

efforts have been made to repurpose existing P2Y12 ligands from the literature

for CNS PET imaging applications, but these ligands cannot cross the BBB or

accumulate in the CNS. As a result, the overarching goal of this thesis was to develop

new molecules for imaging P2Y12 in the CNS.

In Chapter 2, the design and synthesis of fluorinated P2Y12 probes were

explored. Results from extensive structure activity relationship (SAR) studies from

P2Y12 anti-thrombotic drug discovery campaigns were leveraged to identify a small,
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high-affinity lead compound suitable for CNS applications. The lead compound was

subsequently modified to incorporate fluorine, with the goal of investigating fluorine

tolerability within the binding pocket. A divergent synthetic approach was proposed

to furnish our desired compounds, motivating an optimisation campaign to access

lead compound 17. The optimised pathway removed 2 steps from the published

synthesis and improved its cumulative yield by 3-fold. This allowed access to gram-

scale quantities of the lead compound 17. Hydrolysis of 17 followed by Steglich

esterification successfully produced the desired ester series 19-21. However, attempts

to synthesise the corresponding ketones 22 and 23 via Weinreb ketone synthesis

were unsuccessful due to rapid deactivation of the Grignard reagents. During this

period of the project, COVID lockdowns significantly limited research capabilities.

Latest literature suggested the lead scaffold was CNS impenetrable due to the anionic

sulfonylurea moiety under physiological conditions. Thus, attention was turned to

the development of fluorescent probes for biological evaluation of the synthesised

compounds.

In Chapter 3, P2Y12 ligands from literature were reassessed for their potential

as starting points for P2Y12 fluorescent probe development. A suitable thiazole

scaffold was identified, and molecular docking studies were performed to establish

the binding pose of the ligand at P2Y12. The carboxylic acid groups of thiazoles

61 and 60 were suggested to point into the extracellular space by docking studies.

Simultaneously, the carboxylic acid group was identified as a synthetic handle for

development of a NanoBRET fluorescent probe. Based on these findings, a library of

truncated NanoBRET fluorescent probes was designed to investigate the tolerability

of the proposed modifications. Docking results suggested that amide linkers would be

tolerated within the binding pocket for both scaffolds. Further docking investigation

on a library of the full-length fluorescent probes, including the linker and fluorophore,

was performed. Although docking of the full-length fluorescent probes showed that

short alkyl linkers were favoured, the docking scores of the truncated ligands provided

sufficient evidence of tolerability of the modifications at the binding pocket.
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InChapter 4, the design and synthesis of fluorescent P2Y12 probes were explored.

A library of fluorescent P2Y12 probes was designed based upon lead compound

61. A divergent synthetic approach was proposed to furnish both TAMRA and

Py-1 series 72-86, motivating an optimisation campaign to access large quantities of

late-stage divergent intermediate 61. Highly optimised and robust Heck coupling

conditions were developed to overcome the challenges associated with olefination of

the thiazole 5-position to yield the tert-butyl ester 92. Optimisation resulted in a

cumulative yield of over 40% across 12 steps and facilitated the divergent synthetic

approach. Conjugation with fluorophores revealed that Py-1-based probes were

unstable under ambient conditions, whereas TAMRA-based probes were stable and

further investigated. However, the TAMRA-based probes presented challenges in

purity analysis using HPLC that have yet to be fully resolved, delaying their biological

evaluation. Subsequently, the optimum linker length has yet to be identified.

5.2 Future directions

In the current landscape, a BBB permeable P2Y12 PET tracer has not yet been

developed through the repurposing of literature P2Y12 ligands. Recently, Wildt

and coworkers have administered radiolabelled sulfonylurea 17 in mouse models,

but they did not observe CNS uptake, even with co-administration of BBB efflux

transporter (P-gp) inhibitor tariquidar.100 Wildt and coworkers have explored the

use of in silico BBB permeability predictive algorithms to select leads for CNS PET

tracer development, but the thienopyrimidine structures were subject to efflux by

P-gp transporters.100 These findings suggest that anti-thrombotic candidates may not

be suitable for CNS applications, indicating the potential need for a novel scaffold.

Before developing a new tracer, an accessible binding assay must be developed and

validated in order to identify a new scaffold.

Fluorescence-based assays offer advantages over traditional radioligand binding

assays that improve accessibility. Fluorescent probes exhibit long shelf-lives, and

fluorescence-based binding assays require fewer resources, special clearances, or
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handling and safety training. Currently, we are developing a fluorescence-based

P2Y12 binding assay incorporating NLuc-expressing protein and a BRET acceptor

ligand. First, our library of probes will be screened for affinity toward P2Y12 and

BRET ratios evaluated. The highest-affinity ligand that generates the strongest

BRET ratio will be selected for further validation. It will also be important to validate

the NanoBRET binding assay accurately reflects biological binding dynamics that

corresponding to native, unlabelled P2Y12.167 This can be achieved by measuring

the affinity of the fluorescent probe for the native ligand using laser irradiation and

comparing the results to those obtained from the NanoBRET assay. Alternatively,

cross-validation using a competition radioligand binding assay could be used should

such a platform become available.203

Fragment or HTS would be a viable option for discovery of novel P2Y12 ligands

with the advent of a robust and reliable NanoBRET assay. The design of a P2Y12

PET tracer lead candidate from a new scaffold will allow for prudent modifications

to promote BBB permeability. To rationalise the development of a BBB permeable

P2Y12 PET tracer, in silico tools such as docking studies, and prediction of ligand

efficiency and BBB permeability using a range of complementary algorithms would

inform the ligand design. Leveraging the antagonist-bound crystal structure (PDB:

4NTJ) would support rapid and high-accuracy lead optimisation. Ligand efficiency

metrics can help maintain a balance of potency and small molecular size, essential

for both binding specificity and BBB permeability.204 Meanwhile, BBB permeability

prediction algorithms can further screen modifications for favourable structural

characteristics. This integration of these tools will improve the likelihood of developing

a successful P2Y12 PET tracer.

The development of a P2Y12 PET tracer that can image the receptor in the CNS

would provide invaluable insight into microglial behaviour during neuroinflammatory

events, particularly in neurodegenerative diseases. In addition, the use of fluorescent-

based tools for in vitro cell imaging could complement these studies, further enhancing

understanding of P2Y12 expression and function in different pathological states.
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A limited understanding of neurodegenerative disease mechanisms has hindered

the development of effective treatments. The identification of key diagnostic or

therapeutic targets through in vivo tools could streamline the development of drugs

for neurodegenerative diseases. Early-stage diagnosis via molecular imaging of

receptor expression could prompt timely treatment, potentially improving patient

outcomes and slowing disease progression. Evidence also suggests that partial

antagonism of P2Y12 may improve lesion repair,92 a finding that could inform

disease-modifying therapies for neurodegenerative conditions. Ultimately, further

exploration of P2Y12 in the CNS could elucidate its role in neuroinflammation and

advance the development of effective therapeutic strategies.
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Chapter 6

Experimental

6.1 Docking studies

The P2Y12 crystal structures (4NTJ, 4PXZ and 4PY0) were prepared using

preparation and refinement protocols, directed by the Protein Preparation Wizard

embedded in Maestro v13.6 (Schrödinger, LLC, New York, USA). This process

includes assigning bond orders, adding hydrogen atoms, and creating zero order

bonds to metals and disulphide bonds. The hydrogen bond network within the

protein was also optimised with all heteroatom groups within the receptor grid

bounding box previously removed and the protein structure minimised to a root

mean square deviation (RMSD) of 0.3 Å using the OPLS3 force field

The energy minimised structure of desired ligands was generated using Chemdraw

Professional 22.2.0 and Chem3D 22.2.0 (CambridgeSoft Ltd). Following this, ligands

were prepared using the LigPrep v4.9 module to generate possible stereoisomers of

the ligands. Structures of all potential ionisation states at pH 7 ± 2 were generated.

Tautomers were generated and geometries were optimised using OPLS3 force field.

Conformers were randomly created for each LigPrep-processed ligand, yielding up to

64 conformers using the ConfGen package.

The receptor grid generation tool in Glide v8.4 was used to characterise the

binding site for these docking studies. Binding sites were centred on either the ligand
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of the active site or were centred on key residues. A Coulomb-van der Waals scaling

factor of 1.0 for receptor van der Waals radii was applied to protein atoms with a

partial charge of less than 0.25 e and a similar factor of 0.8 was applied to ligand

atoms with a partial charge cutoff of less than 0.15 e. Rotations of hydroxyl and thiol

groups were not allowed. All ligands were docked into the receptor grid using Glide

v8.4, with all docking carried out using the Extra Precision (XP) scoring function.

6.2 General experimental details

All solvents and reagents were purchased from commercial sources. Anhydrous

solvents were obtained from an Innovative Technology PureSolv7 purification system

and dried over 5 Å molecular sieves. All reagents were weighed out under ambient

conditions. Reactions that calls for anhydrous conditions were kept under nitrogen

or argon.

Analytical TLC was performed using Merck aluminium backed silica gel 60 F254

(0.2 mm) plates that were all visualised with UV light (254 or 365 nm), with solvent

reported as volume:volume ratio. Otherwise visualised with vanillin, anisaldehyde,

ninhydrin, dinitrophenylhydrazide, potassium permanganate and bromocresol green

stains. Flash chromatography was performed using Merck Kieselgel 60 (230-400

mesh) or Chem-Supply Silica Gel 60 (0.04-0.06 mm, 230-400 mesh), unless otherwise

stated. Reverse phase chromatography was performed on Biotage® Isolera™ One

with a ILOK™-SL pre-packed SL4 irregular C18 60 Å column (40-63 µm). Preparative

TLC was performed using Analtech glass backed silica gel 60, 10 µm particle (1000

microns thickness) and visualised under visible light. Eluent mixture reported as the

percentage of total solution, and the addition of buffers as a volume percentage of

the total solution where stated. Hexane and petroleum benzine 40-60 boiling range

were used interchangeably.

Melting points were recorded using an Optimelt Automated melting point appa-

ratus from Stanford Research Systems and were measured in open capillary tubes.

Decomposition temperature was taken from when the initial colour change has
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occurred.

Nuclear magnetic resonance spectra were recorded at 300 K using either a Bruker

AVANCE NEO 300 (300 MHz), AVANCE III 400 (400 MHz), AVANCE III 500

(500 MHz) and AVANCE NEO 500 (500 MHz) spectrometer. 1H chemical shifts

are expressed as parts per million (ppm) with CDCl3 (δ 7.26), CD3OD (δ 3.31),

DMSO-d6 (δ 2.50) and CD3CN (δ 1.94) as reference and are reported as chemical

shift (δ); ; multiplicity (s = singlet, br = broad singlet, d = doublet, dd = doublet of

doublets, dt = doublet of triplets, q = quartet, t = triplet, td = triplet of doublets, tt

= triplet of triplets, m = multiplet); coupling constants (J) reported in Hz; relative

integral. Proton decoupled 13C chemical shifts are expressed as parts per million

(ppm) with residual CDCl3 (δ 77.16), CD3OD (δ 49.00), DMSO-d6 (δ 39.52) and

CD3CN (δ 1.32, 118.26) as reference and reported as chemical shift (δ). Proton

decoupled 19F chemical shifts are reported as parts per million (ppm).

Low-resolution mass spectra (LRMS) were recorded using electrospray ionisation

(ESI) on a Bruker AmaZon SL ion trap spectrometer. High-resolution mass spec-

trometry (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/hr on a Cole Palmer

syringe pump into the ESI source. HRMS samples were run by Dr. Nicholas

Proschogo.

High performance liquid chromatography (HPLC) analysis of organic purity was

conducted on a Waters Alliance e2690 instrument using either a SunFire™ C18

column (5 µm, 2.1 × 150 mm) or XBridge™ C18 column (5 µm, 2.1 × 150 mm) and

detected using a Waters 2998 photodiode array detector analysing between 210-700

nm. Condition a: Separation was achieved using water + 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 10-100% B over 30 minutes. Condition b: Separation was achieved using water

+ 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 1-100% B over 30 minutes. Condition c: separation was
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achieved using water + 0.1% ammonium hydroxide (solvent A) and MeCN + 0.1%

ammonium hydroxide (solvent B) at a flow rate of 0.2 mL/min and a gradient of

10-100% B over 30 minutes.

The DMSO solvent used in photophysical studies was of analytical grade (UNI-

VAR, Ajax Finechem). All coumpounds were prepared as a DMSO (UNIVAR, Ajax

Finechem) stock solution diluted to the appropriate concentration using MeOH

(LiChrosolv®, Merck). Emission property characterisations were performed on a

Horiba FluoroMax®-4 spectrofluorometer equipped with a temperature controlled

multicell holder with temperature control enabled (25 ◦C) using a quartz cuvette (10

mm pathlength). Excitation property characterisations were performed on a Cary

4000 UV-Vis spectrophotometer using a quartz cuvette (10 mm pathlength).
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(31) Ethyl 5-cyano-2-methyl-6-oxo-1,6-dihydropyridine-3-car-

boxylate

O

O

N
H

CN

O

N,N -Dimethylformamide dimethyl acetal (DMF-DMA, 46 mL, 0.35 mol) in EtOH

(82 mL, 1.4 mol) was stirred with ethyl acetoacetate (40 mL, 0.31 mol) for 3 h at 42

◦C until the starting material was consumed as observed by TLC. The mixture was

cooled to room temperature (rt) before the slow addition of triethylamine (Et3N,

4.4 mL, 32 mmol) and malononitrile (24 g, 0.36 mol) in EtOH (180 mL) while

maintaining between 25-36 ◦C. This was allowed to stir for a further 18 h at rt.

Acetic acid (22 mL, 0.38 mol) was then added dropwise, keeping the temperature

below 25 ◦C, resulting in a precipitate. The reaction mixture was heated to 75

◦C, water (560 mL) was added, and the reaction mixture was cooled to 0 ◦C. The

precipitate was collected, washed with water (3 × 200 mL), and dried in vacuo to

afford the title compound as an orange solid (43 g, 67%). mp: 213-215 ◦C; 1H

NMR (300 MHz, DMSO-d6): δ 12.94 (br, 1H), 8.43 (s, 1H), 4.22 (q, J = 7.0

Hz, 2H), 2.60 (d, J = 1.4 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H) ppm; LRMS (ESI+)

m/z : 229 [M+Na]+. Spectroscopic data consistent with literature.130

(27) Ethyl 6-chloro-5-cyano-2-methylnicotinate

N

O

O

CN

Cl

Pyridinone 31 (0.50 g, 2.4 mmol) was dissolved in a solution of phosphoryl

chloride (0.36 mL, 3.9 mmol) in MeCN (1.5 mL) and stirred under nitrogen for 22

h at reflux. The mixture was cooled to 0 ◦C before adding methyl tert-butyl ether

(3 mL), water (3 mL) and stirred for 30 min at 20 ◦C. The layers were separated
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and the aqueous layer was extracted again with methyl tert-butyl ether (1 mL). The

combined organic layer was washed with water (2 mL), aq. potassium carbonate (5%

w/v, 2 mL), water (2 mL), dried over MgSO4 and concentrated in vacuo. EtOH (3 ×

10 mL) was added and concentrated in vacuo repeatedly to afford the title compound

as a yellow solid (0.48 g, 87%). mp: 65-66 ◦C; 1H NMR (300 MHz, CDCl3 with

0.1% v/v TMS): δ 8.49 (s, 1H), 4.42 (q, J = 7.1 Hz, 2H), 2.90 (s, 3H), 1.42 (t, J

= 7.1 Hz, 3H) ppm; LRMS (ESI+) m/z : 247/249 [M+Na]+. Spectroscopic data

consistent with literature.130

(32) Ethyl 6-(3-((tert-butoxycarbonyl)amino)azetidin-1-yl)-5-

cyano-2-methylnicotinate

N

O

O

CN

N

N
H

O

O

Tert-butyl azetidin-3-ylcarbamate hydrochloride (6.2 g, 30 mmol), nicotinate 27

(6.2 g, 28 mmol), and iPr2NEt (10 mL, 60 mmol) were dissolved in 1,2-dichloroethane

(DCE, 40 mL) and stirred overnight at rt. The mixture was concentrated and then

taken up in EtOAc (100 mL), washed with sat. NaHCO3 (2 × 40 mL), brine (40

mL) and dried over MgSO4. This was concentrated in vacuo and the crude product

was purified by flash chromatography (SiO2; 14% v/v EtOAc in hexane). Remaining

impure fractions were concentrated, recrystallised from EtOAc, and combined with

the pure compounds from the column to afford the title compound as white crystals

(8.8 g, 93%). mp: 173 ◦C; 1H NMR (300 MHz, CDCl3 with 0.1% v/v TMS):

δ 8.26 (s, 1H), 4.98 (br, 1H), 4.70 (t, J = 8.7 Hz, 2H), 4.59 (br, 1H), 4.30 (q, J = 7.1

Hz, 2H), 4.24-4.15 (m, 2H), 2.70 (s, 3H), 1.46 (s, 9H), 1.37 (t, J = 7.1 Hz, 3H) ppm;

LRMS (ESI+) m/z : 383 [M+Na]+. Spectroscopic data consistent with literature.99
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(33) 2,2,2-Trichloroethyl ((5-chlorothiophen-2-yl)sulfonyl)car-

bamate

O N
H

O

S

O

O

S
Cl

Cl

Cl
Cl

NaOH (8.1 g, 200 mmol) in water (100 mL) was added to 5-chlorothiophene-2-

sulfonamide (15 g, 76 mmol) in DCE (350 mL). 2,2,2-Trichloroethyl chloroformate

(13.5 mL, 98 mmol) was added dropwise to vigorously stirring 5-chlorothiophene-

2-sulfonamide mixture at 0 ◦C. After complete addition, the mixture was brought

up to rt and further stirred for 7 h. The mixture was acidified to pH < 1 with

concentrated HCl, extracted with DCM (500 mL), followed by washing the organic

layer with brine (100 mL) and drying over MgSO4, and concentrating in vacuo. The

crude product was purified by flash chromatography (SiO2; 5-25% v/v EtOAc in

hexane) to afford the title compound as a white solid (8.5 g, 30%). mp: 69-76 ◦C;

1H NMR (300 MHz, CDCl3 with 0.1% v/v TMS): δ 8.31 (br, 1H), 7.70 (d,

J = 4.2 Hz, 1H), 6.98 (d, J = 4.1 Hz, 1H), 4.75 (s, 2H) ppm; LRMS (ESI−) m/z :

372 [M-H]−. Spectroscopic data consistent with literature.99

(44) 6-(3-Aminoazetidin-1-yl)-5-cyano-2-methylnicotinate hy-

drochloride

N

O

O

CN

N

NH2

·2 HCl

Hydrogen chloride in 1,4-dioxane (4 M, 14 mL, 56 mmol) was added slowly to

a stirring suspension of Boc-amine 32 (0.98 g, 2.7 mmol) in DCM (10 mL), which

was then left stirring for 18 h at rt. The reaction mixture was concentrated to afford

the title compound as a white solid, which was carried through without further

purification. 1H NMR (400 MHz, DMSO-d6): δ 8.61 (br, 3H), 8.34 (s, 1H),
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4.57 (t, J = 9.0 Hz, 2H), 4.36-4.27 (m, 2H), 4.24 (q, J = 7.1 Hz, 2H), 4.17-4.09 (m,

1H), 2.64 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H) ppm (rapid proton exchange made the

pyridinium proton more difficult to observe); LRMS (ESI+) m/z : 261 [M+H]+.

(17) Ethyl 6-(3-(3-((5-chlorothiophen-2-yl)sulfonyl)ureido)-

azetidin-1-yl)-5-cyano-2-methylnicotinate

N

CN

N

O

O

N
H

N
H

O

S

O

O
S

Cl

2-Chloropyridine (80 µL, 0.85 mmol) was added to amine 44 (0.10 g, 0.29 mmol)

in dry DCM (1 mL), to which trifluoromethanesulfonic anhydride (50 µL, 0.30 mmol)

was added dropwise. The resulting reaction mixture was stirred for 50 min at rt

under nitrogen atmosphere. Et3N (0.23 mL, 1.7 mmol) was added dropwise, followed

by the addition of 5-chlorothiophene-2-sulfonamide (0.19 g, 0.86 mmol) and stirring

overnight at rt. The reaction mixture was diluted in chloroform (50 mL), washed

with water (25 mL), brine (25 mL) and dried over MgSO4. This was concentrated in

vacuo and the crude product was purified by flash chromatography (SiO2; 30-50%

v/v EtOAc in hexane and then 30-50% v/v EtOAc in hexane + 0.5% AcOH) to

afford the title compound as a white solid (68 mg, 49%). 1H NMR (300 MHz,

DMSO-d6): δ 11.24 (br, 1H), 8.29 (s, 1H), 7.59 (d, J = 4.1 Hz, 1H), 7.38 (s, 1H),

7.23 (d, J = 4.1 Hz, 1H), 4.52 (m, 3H), 4.22 (q, J = 7.1 Hz, 2H), 4.14 (d, J = 6.3

Hz, 2H), 2.61 (s, 3H), 1.29 (t, J = 7.1 Hz, 3H) ppm; LRMS (ESI−) m/z : 482/484

[M-H]−; HRMS (ESI+) m/z : C20H20N4O4 [M+H]+ calculated: 484.0511/486.0478,

found: 484.0509/486.0480. Spectroscopic data consistent with literature.99

(34) 6-(3-(3-((5-Chlorothiophen-2-yl)sulfonyl)ureido)azetidin-

1-yl)-5-cyano-2-methylnicotinic acid
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N

CN

N

O

HO

N
H

N
H

O

S

O

O
S

Cl

Aq. LiOH (3 M, 0.5 mL, 1.5 mmol) was added to ester 17 (0.02 g, 41 µmol)

in THF and water (50% v/v, 1 mL) at rt, the reaction was stopped when there

is complete consumption of starting material by TLC. The mixture was diluted

with water (50 mL) and washed with EtOAc (25 mL). The aqueous layer was

acidified with concentrated HCl until pH < 3, extracted with EtOAc (3 × 25 mL),

washed with water (25 mL), brine (25 mL) and dried over MgSO4. The product

was concentrated in vacuo to afford the title compound as an off-white solid (18

mg, quant.). 1H NMR (300 MHz, DMSO-d6): δ 12.81 (br, 1H), 11.37 (br,

1H), 8.25 (s, 1H), 7.56 (d, J = 4.1 Hz, 1H), 7.34 (br, 1H), 7.22 (d, J = 4.1 Hz,

1H), 4.51-4.49 (m, 3H), 4.12 (d, J = 5.8 Hz, 2H), 2.61 (s, 3H) ppm; 13C NMR

(126 MHz, DMSO-d6): δ 166.5, 164.8, 158.3, 151.8, 146.5, 139.5, 136.4, 133.5,

127.9, 117.4, 114.6, 86.6, 58.9, 40.8, 25.9; LRMS (ESI−) m/z : 454/456 [M-H]−;

HRMS (ESI+) m/z : C16H12ClN5O5S2 [M-2H]− calculated: 226.4990/227.4975,

found: 226.4989/227.4975.

(35) 6-(3-(3-((5-Chlorothiophen-2-yl)sulfonyl)ureido)azetidin-

1-yl)-5-cyano-N -methoxy-N,2-dimethylnicotinamide

N

N

O

O CN

N

N
H

N
H

O

S

O

O

S
Cl

Pyridine (60 µL, 0.70 mmol) was added to nicotinic acid 34 (0.16 g, 0.35 mmol)

and N,O-dimethylhydroxylamine hydrochloride (45 mg, 0.45 mmol) in THF (3 mL)

at rt. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 0.13 g, 0.70 mmol)
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and pyridine (60 µL, 0.70 mmol) were added to the reaction mixture and stirred for

22 h at rt. The crude mixture was diluted with EtOAc (100 mL), washed with water

(100 mL), aq. citric acid (10% w/v, 100 mL), brine (100 mL) and then dried over

MgSO4. This was concentrated in vacuo and the crude product was purified by flash

chromatography (SiO2; 70% v/v EtOAc in hexane, 70-100% v/v EtOAc in hexane +

0.5% AcOH) to afford the title compound as a white solid (0.14 g, 83%). Rf 0.42

(20% v/v EtOAc/hexane + 3 drops AcOH); 1H NMR (500 MHz, DMSO-d6):

δ 11.43 (br, 1H), 7.92 (s, 1H), 7.62 (d, J = 4.1 Hz, 1H), 7.54 (br, 1H), 7.25 (d,

J = 4.1 Hz, 1H), 4.50-4.43 (m, 3H), 4.10-4.06 (m, 2H), 3.48 (s, 3H), 3.22 (s, 3H),

2.31 (s, 3H); 13C NMR (126 MHz, DMSO-d6): δ 167.0 (deduced from HSQC

and HMBC, Appendix 9 and Appendix 10), 159.3, 158.0, 151.1, 141.9, 138.8,

136.1, 133.2, 127.5, 119.6, 117.2, 85.7, 61.0, 58.4, 40.4, 30.7, 22.8; LRMS (ESI−)

m/z : 497/499 [M-H]−; HRMS (ESI−) m/z : C18H19ClN6O5S2 [M-H]− calculated:

497.0474/499.0444, found: 497.0474/499.0442.

General procedure for esterification of nicotinic acid 34

EDC was added to iPr2NEt, nicotinic acid 34, HOBt and fluorinated alcohol in

dry DCM (0.11 mmol/mL) under nitrogen atmosphere and stirred overnight at rt.

The reaction mixture was diluted with DCM (230 mL/mmol), washed with water

(90 mL/mmol), brine (90 mL/mmol) and dried over MgSO4. This was concentrated

in vacuo and the crude product was purified by flash chromatography (SiO2; 10-40%

v/v EtOAc in hexane, 40% v/v EtOAc in hexane + 0.5% AcOH) and recrystallised

with MeCN to afford the respective compound.

(19) 4-Fluoroethyl 6-(3-(3-((5-chlorothiophen-2-yl)sulfonyl)-

ureido)azetidin-1-yl)-5-cyano-2-methylnicotinate
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O

O

N

CN

N

N
H

N
H

S S
Cl

O O

O

F

Followed general procedure for esterification of nicotinic acid 34 with EDC (84

mg, 0.44 mmol), iPr2NEt (90 µL, 0.53 mmol), nicotinic acid 34 (100 mg, 0.22 mmol),

HOBt (19 mg, 0.11 mmol) and 2-fluoroethanol (40 µL, 0.68 mmol) to afford the title

compound as off-white crystals (95 mg, 86%). 1H NMR (300 MHz, DMSO-d6):

δ 11.38 (br, 1H), 8.32 (s, 1H), 7.60 (d, J = 4.1 Hz, 1H), 7.41 (d, J = 5.6 Hz, 1H),

7.24 (d, J = 4.1 Hz, 1H), 4.86–4.77 (dd, J = 4.7, 3.2 Hz 1H), 4.70–4.61 (dd, J =

4.7, 3.2 Hz 1H), 4.60–4.44 (m, 4H), 4.39 (dd, J = 4.7, 3.2 Hz, 1H), 4.15 (d, J =

7.1 Hz, 2H), 2.62 (s, 3H) ppm; 13C NMR (126 MHz, DMSO-d6): δ 164.4, 164.1,

157.7, 151.4, 146.0, 133.0, 127.4, 116.8, 112.8, 86.2, 82.3, 81.0, 63.9, 63.7, 58.5, 40.4,

25.3 ppm; 19F NMR (471 MHz, DMSO-d6): δ -223.1 (s) ppm; LRMS (ESI−)

m/z : 500/502 [M-H]−; HRMS (ESI−) m/z : C18H16ClN5O5S2 [M-H]− calculated:

500.0271/502.0239, found: 500.0276/502.0249.

(20) 4-Fluoropropyl 6-(3-(3-((5-chlorothiophen-2-yl)sulfonyl)-

ureido)azetidin-1-yl)-5-cyano-2-methylnicotinate

O

O

N

CN

N

N
H

N
H

S S
Cl

O O

O

F

Followed general procedure for esterification of nicotinic acid 34 with EDC (84

mg, 0.44 mmol), iPr2NEt (90 µL, 0.53 mmol), nicotinic acid 34 (92 mg, 0.20 mmol),

HOBt (17 mg, 0.13 mmol) and 3-fluoro-1-propanol (40 µL, 0.50 mmol) to afford

the title compound as off-white crystals (67 mg, 61%). 1H NMR (500 MHz,

DMSO-d6): δ 11.39 (br, 1H), 8.34 (s, 1H), 7.60 (d, J = 4.1 Hz, 1H), 7.40 (d, J =

6.0 Hz, 1H), 7.24 (d, J = 4.1 Hz, 1H), 4.64 (t, J = 5.9 Hz, 1H), 4.55 (t, J = 5.9
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Hz, 1H), 4.53–4.47 (m, 3H), 4.28 (t, J = 6.2 Hz, 2H), 4.15 (m, 2H), 2.61 (s, 3H),

2.13–2.08 (m, 1H), 2.08–2.02 (m, 1H) ppm; 13C NMR (126 MHz, DMSO-d6): δ

164.7 (2 × C peaks), 158.2, 146.5, 133.4, 127.9, 117.4, 113.6, 86.6, 82.2, 80.9, 61.3

(2 × C peaks), 59.0, 40.8, 29.7, 29.5, 25.8; 19F NMR (471 MHz, DMSO-d6):

δ -220.2 (s) ppm; LRMS (ESI−) m/z : 514/516 [M-H]−; HRMS (ESI−) m/z :

C19H18ClN5O5S2 [M-H]− calculated: 514.0427/516.0395, found: 514.0433/516.0406.

(21) 4-Fluorobutyl 6-(3-(3-((5-chlorothiophen-2-yl)sulfonyl)-

ureido)azetidin-1-yl)-5-cyano-2-methylnicotinate

N

CN

N

O

O

N
H

N
H

O

S

O

O
S

Cl

F

Followed general procedure for esterification of nicotinic acid 34 with EDC (84

mg, 0.44 mmol), iPr2NEt (90 µL, 0.53 mmol), nicotinic acid 34 (92 mg, 0.20 mmol),

HOBt (20 mg, 0.14 mmol) and 4-fluoro-1-butanol (80 µL, 0.57 mmol) to afford

the title compound as off-white crystals (37 mg, 32%). 1H NMR (500 MHz,

DMSO-d6): δ 11.38 (br, 1H), 8.30 (s, 1H), 7.59 (d, J = 4.1 Hz, 1H), 7.37 (s, 1H),

7.23 (d, J = 4.1 Hz, 1H), 4.57–4.46 (m, 4H), 4.44 (t, J = 6.0 Hz, 1H), 4.22 (t, J =

6.0 Hz, 2H), 4.18–4.11 (m, 2H), 2.61 (s, 3H), 1.82–1.71 (m, 4H) ppm; 13C NMR

(126 MHz, DMSO- d6): δ 164.3, 164.2, 157.7, 145.8, 132.8, 127.3, 116.9, 113.2,

86.2, 84.2, 82.9, 64.1, 58.5, 40.4, 26.7, 26.5, 25.3, 24.2 (2 × C peaks) ppm; 19F NMR

(471 MHz, DMSO-d6): δ -217.1 (s) ppm; LRMS (ESI−) m/z : 528/530 [M-

H]−; HRMS (ESI−) m/z : C20H20ClN5O5S2 [M-H]− calculated: 528.0584/530.0552,

found: 528.0590/530.0564.

(102) Butyl 1H -imidazole-1-carboxylate
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N

O

O
N

1-Butanol (2.9 mL, 31 mmol) was added dropwise to a stirred solution of 1,1′-

carbonyldiimidazole (CDI, 5.1 g, 32 mmol) in dry DCM (25 mL) at 0 ◦C. The reaction

mixture was brought up to rt and stirred for 70 h, and then concentrated under a

flow of nitrogen. The mixture was suspended in Et2O (150 mL) and filtered through

a Celite® pad, which washed with further Et2O (100 mL). After concentrating in

vacuo, the resulting crude product was purified by flash chromatography (SiO2; 5-15%

v/v acetone in hexane) to afford the title compound as a clear oil (4.4 g, 83%). Rf

0.21 (10% v/v acetone in hexane); 1H NMR (300 MHz, CDCl3 with 0.1% v/v

TMS): δ 8.12 (s, 1H), 7.42 (s, 1H), 7.07 (s, 1H), 4.41 (t, J = 6.6 Hz, 2H), 1.83-1.74

(m, 2H), 1.51-1.43 (m, 2H), 1.01-0.98 (t, J = 7.4 Hz, 3H) ppm; 13C NMR (75

MHz, CDCl3 with 0.1% v/v TMS): δ 148.8, 137.1, 130.6, 117.1, 68.2, 30.5, 19.0,

13.6 ppm; LRMS (ESI+) m/z : 256 [M+H]+; HRMS (ESI+) m/z : C8H12N2O2

[M+Na]+ calculated: 191.0791, found: 191.0792.

(101) Tert-butyl (2-oxo-2-(piperazin-1-yl)ethyl)carbamate

N

O

N
H

O

O

NH

HATU (0.28 g, 0.73 mmol) in dry DMF (1 mL) was dropwise to a stirred solution

of piperazine (0.26 g, 3 mmol), Boc-Gly-OH (0.10 g, 0.59 mmol) and iPr2NEt (0.14

mL, 0.82 mmol) in dry DMF (3 mL) at rt. The reaction mixture was stirred for

14 h and then quenched with sat. aq. sodium carbonate, extracted with EtOAc

(3 × 20 mL) and the organic layer was washed with sat. aq. Na2SO4 (20 mL).

The crude product was concentrated under a flow of nitrogen and purified by flash

chromatography (SiO2; 5-10% v/v MeOH in DCM and then 10% v/v MeOH in DCM

+ 0.5% Et3N) to afford the title compound as a white solid (0.12 g, 83%). Rf 0.27

(10% v/v MeOH in DCM + 5 drops Et3N); 1H NMR (300 MHz, CDCl3 with
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0.1% v/v TMS): δ 5.52 (br, 1H), 3.93 (d, J = 4.4 Hz, 2H), 3.59 (t, J = 5.1 Hz,

2H), 3.34 (t, J = 5.1 Hz, 2H), 2.86-2.82 (m, 4H), 1.44 (s, 9H) ppm; LRMS (ESI+)

m/z : 266 ([M+Na]+). Spectroscopic data consistent with literature.205

(117) Butyl 4-((tert-butoxycarbonyl)glycyl)piperazine-1-car-

boxylate

O

O

O

O

N

N

1-Boc-piperazine (2.6 g, 13 mmol) and Et3N (1.9 mL, 13 mmol) in DCM (10

mL) was added to carbamate 102 (2.2 g, 13 mmol) and stirred for 71 h at rt. The

reaction mixture was concentrated under a flow of nitrogen and taken up in EtOAc

(200 mL), washed with 0.25 M aq. HCl (2 × 100 mL), brine (50 mL) and dried

over MgSO4. This was concentrated in vacuo and the crude product was purified

by flash chromatography (SiO2; 5-20% v/v acetone in hexane) to afford the title

compound as a white solid (3.7 g, 97%). 1H NMR (300 MHz, CDCl3 with

0.1% v/v TMS): 4.07 (t, J = 6.6 Hz, 2H), 3.40 (m, 8H), 1.65-1.55 (m, 2H), 1.44

(s, 9H), 1.41–1.29 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H) ppm; LRMS (ESI+) m/z : 309

[M+Na]+; HRMS (ESI+) m/z : C14H26N2O4 [M+Na]+ calculated: 309.1785, found:

309.1786. Spectroscopic data consistent with literature.149

(100) Butyl 4-((tert-butoxycarbonyl)glycyl)piperazine-1-

carboxylate

N

O

N
H

O

O

N

O

O
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Procedure 1: Via piperazine 101

Piperazine 101 (1.3 g, 5.3 mmol) and Et3N (0.74 mL, 5.3 mmol) in DCM (13

mL) was added to carbamate 102 (0.92 g, 5.5 mmol) in DCM (13 mL) and stirred

for 23 h at rt. The reaction mixture was concentrated under a flow of nitrogen and

purified by flash chromatography (SiO2; 10-20% v/v acetone in hexane) to afford

the title compound as a white solid (1.8 g, 97%).

Procedure 2: Via piperazine 117

Hydrogen chloride in 1,4-dioxane solution (4 M, 16 mL, 64 mmol) was added to

Boc-piperazine 117 (3.7 g, 13 mmol) in DCM (16 mL) under nitrogen and stirred for

1 h at rt. This was concentrated and used without further purification. The crude

amine and iPr2NEt (6.8 mL, 30 mmol) in DMF (23 mL) was added to HATU (5.8 g,

15 mmol) and Boc-Gly-OH (2.3 g, 13 mmol) in DMF (15 mL) over 11 min at 0 ◦C.

The reaction mixture was brought up to rt and stirred for 22 h. The crude product

was concentrated under a flow of nitrogen, taken up in EtOAc (250 mL), washed

with aq. citric acid (10% w/v, 100 mL), brine (100 mL) and dried over NaSO4.

The product was recrystallised from EtOAc:toluene:MeCN (4:2:1) to afford the title

compound as a white solid (3.8 g, 86%). Rf 0.41 (30% v/v acetone in hexane); 1H

NMR (500 MHz, CDCl3 with 0.1% v/v TMS): δ 5.47 (br, 1H), 4.10 (t, J

= 6.6 Hz, 2H), 3.96 (d, J = 4.6 Hz, 2H), 3.61 (t, J = 5.2 Hz, 2H), 3.51-3.46 (m,

4H), 3.37 (t, J = 5.2 Hz, 2H), 1.65-1.59 (m, 2H), 1.45 (s, 9H), 1.40-1.34 (m, 2H),

0.94 (t, J = 7.4 Hz, 3H) ppm; 13C NMR (126 MHz, CDCl3 with 0.1% v/v

TMS): δ 167.2, 155.8, 155.4, 79.8, 65.8, 44.2, 42.3, 41.8, 31.0, 28.4, 19.2, 13.7 ppm;

LRMS (ESI+) m/z : 366 ([M+Na]+); HRMS (ESI+) m/z : C16H29N3O5 [M+Na]+

calculated: 366.1999, found: 366.1995.

(97) Ethyl 2-phenylthiazole-4-carboxylate
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Ethyl-3-bromopyruvate (3.9 g, 20 mmol) was added dropwise to a solution of

thiobenzamide (2.0 g, 15 mmol) in THF (40 mL) and heated at reflux for 27 h. The

crude product was concentrated in vacuo and then purified by flash chromatography

(SiO2; 5-7% Et2O, 20% v/v toluene in hexane). The solution was repeatedly con-

centrated in vacuo from Et2O to afford the title compound as a viscous yellow oil

(3.0 g, 97%). Rf 0.53 (20% v/v acetone in hexane); 1H NMR (300 MHz, CDCl3

with 0.1% v/v TMS): δ 8.16 (s, 1H), 8.06-7.97 (m, 2H), 7.50-7.42 (m, 3H), 4.45

(q, J = 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 2H) ppm; 13C NMR (75 MHz, CDCl3

with 0.1% v/v TMS): δ 168.9, 161.4, 148.0, 132.8, 130.7, 129.0, 127.1, 127.0, 61.5,

14.4 ppm; LRMS (ESI+) m/z : 169 [M+H]+. Spectroscopic data consistent with

literature.191

(131) 2-Phenylthiazole-4-carboxylic acid

S

N

O

OH

LiOH (0.58 g, 24 mmol) was added to a solution of ethyl 2-phenylthiazole-4-

carboxylate (0.30 g, 1.3 mmol) in water in THF (50% v/v, 9 mL) and stirred for 8

h at rt. The reaction mixture was washed with EtOAc (3 × 50 mL), the aqueous

layer was acidified to pH < 1 with concentrated HCl and extracted with EtOAc (3 ×

50 mL). The organic layer was washed with brine (50 mL) and dried over Na2SO4.

This was concentrated in vacuo to obtain an off-white solid. This was recrystallised

from toluene to afford the title compound as off-white crystals (0.22 g, 83%). Rf

0.43 (10% v/v MeOH in DCM); 1H NMR (300 MHz, DMSO-d6): δ 12.73 (br,
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1H), 8.50 (s, 1H), 7.99-7.95 (m, 2H), 7.56-7.51 (m, 3H) ppm; 13C NMR (75 MHz,

CD3CN): δ 148.8, 137.1, 130.6, 117.1, 68.2, 30.5, 19.0, 13.6 ppm; LRMS (ESI+)

m/z : 256 [M+H]+. Spectroscopic data consistent with literature.191

(95) Butyl 4-glycylpiperazine-1-carboxylate hydrochloride

O

O

H2N

O

N

NHCl

Hydrogen chloride in 1,4-dioxane solution (4 M, 3.1 mL, 12 mmol) was added

dropwise to Boc-carbamate 100 (190 mg, 0.56 mmol) in dry DCM (2.1 mL) and

stirred at rt for 30 min. Upon complete consumption of starting material as observed

by TLC, the reaction mixture was concentrated under a flow of nitrogen and the crude

material used without further purification. LRMS (ESI+) m/z : 266 [M+Na]+;

HRMS (ESI+) m/z : C11H21N3O3 [M+H]+ calculated: 244.1656, found: 244.1656.

(129) Butyl 4-((2-phenylthiazole-4-carbonyl)glycyl)piperazine-

1-carboxylate

N

N

O

N
H

O

O

O

N

S

Hydrogen chloride in 1,4-dioxane solution (4 M, 3.1 mL, 12 mmol) was added

dropwise to Boc-carbamate 100 (190 mg, 0.56 mmol) in dry DCM (2.1 mL) and

stirred at rt for 30 min. Upon complete consumption of starting material as observed

by TLC, the reaction mixture was concentrated under a flow of nitrogen and used

without further purification. HATU (0.26 g, 0.67 mmol) in DMF (2.1 mL) were

added dropwise to carboxylic acid 131 (0.11 g, 0.52 mmol), the crude amine 95 and

iPr2NEt (0.43 mL, 2.4 mmol) in DMF (2.1 mL) and stirred at rt for 18 h. The
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reaction mixture was concentrated under flow of nitrogen, taken up with EtOAc (200

mL), washed with aq. citric acid (10% w/v, 100 mL), water (100 mL), brine (50 mL)

and dried over MgSO4. This was concentrated in vacuo and the crude product was

purified by flash chromatography (SiO2; 5-40% v/v acetone in hexane) to afford the

title compound as an off-white solid (0.21 g, quant.). Rf 0.14 (20% v/v acetone in

hexane); 1H NMR (500 MHz, CDCl3 with 0.1% v/v TMS): δ 8.36 (t, J =

4.6 Hz, 1H), 8.09 (s, 1H), 8.01-7.99 (m, 2H), 7.47-7.45 (m, 3H), 4.32 (d, J = 4.5 Hz,

2H), 4.12 (t, J = 6.7 Hz, 2H), 3.69 (t, J = 5.3 Hz, 2H), 3.57-3.49 (m, 6H), 1.67–1.62

(m, 2H), 1.43–1.36 (m, 2H), 0.95 (t, J = 7.4 Hz, 2H) ppm; 13C NMR (126 MHz,

CDCl3 with 0.1% v/v TMS): δ 168.5, 166.8, 161.3, 155.6, 150.4, 132.9, 130.8,

129.2, 126.9, 123.2, 66.0, 44.6, 42.0, 41.4, 31.2, 19.3, 13.9 ppm; LRMS (ESI+) m/z :

453 [M+Na]+; HRMS (ESI+) m/z : C21H26N4O4S [M+Na]+ calculated: 453.1567,

found: 453.1567.

(140) Ethyl 5-bromo-2-phenylthiazole-4-carboxylate

S

N

O

O

Br

Iodine (0.48 g, 1.7 mmol) was added to a solution of thiazole 97 (2.7 g, 12 mmol)

and N -bromosuccinimide (2.1 g, 12 mmol) in dry MeCN (37 mL) under nitrogen

atmosphere at 35 ◦C. The resulting mixture and stirred for 24 h. The reaction

was quenched with 5% aq. sodium thiosulfate, extracted with Et2O (3 × 150 mL),

washed with brine (150 mL) and dried over MgSO4. This was concentrated in

vacuo and the crude product was purified by flash chromatography (SiO2; 0-5.5%

v/v ether in hexane, 5.5-10% ether and 20% v/v toluene in hexane) to afford the

title compound as a waxy off-white solid (3.1 g, 85%). Rf 0.73 (40% v/v ether in

hexane); 1H NMR (500 MHz, CDCl3 with 0.1% v/v TMS): δ 7.92-7.90 (m,

2H), 7.47-7.45 (m, 3H), 4.47 (q, J = 7.1 Hz, 2H), 1.45 (t, J = 7.1 Hz, 3H) ppm; 13C
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NMR (126 MHz, CDCl3 with 0.1% v/v TMS): δ 168.0, 161.3, 144.6, 132.5,

131.2, 129.2, 126.8, 116.5, 77.4, 77.4, 77.2, 76.9, 62.0, 14.4 ppm; LRMS (ESI+) m/z :

645/647/649 [2M+Na]+; HRMS (ESI+) m/z : C12H11BrNO2S [M+H]+ calculated:

311.9688/313.9668, found: 311.9684/313.9664.

(142) Ethyl (E)-5-(3-(tert-butoxy)-3-oxoprop-1-en-1-yl)-2-

phenylthiazole-4-carboxylate

S

N

O

O

O

O

Tert-butyl acrylate (1.2 mL, 8.4 mmol) and Cy2NMe (0.54 mL, 2.5 mmol) in

dry DMA (3 mL) was degassed with nitrogen sparging and added to ethyl 5-bromo-

2-phenylthiazole-4-carboxylate (0.51 g, 1.7 mmol), TBACl (43 mg, 0.17 mmol)

and PdCl2(dbpf)2 (21 mg, 0.034 mmol, 2 mol%) in a sealed tube under nitrogen

atmosphere. The reaction mixture was then stirred for 71 h at 80 ◦C. This was

concentrated under a flow of nitrogen and the crude product was purified by flash

chromatography (SiO2; 10-20% v/v acetone in hexane, 2.5% increments) to afford

the title compound as an off-white solid (0.50 g, 85%). Rf 0.56 (20% v/v acetone

in hexane); 1H NMR (300 MHz, CDCl3 with 0.1% v/v TMS): δ 8.47 (d, J

= 15.9 Hz, 1H), 8.03–7.92 (m, 2H), 7.46 (m, 3H), 6.27 (d, J = 15.9 Hz, 1H), 4.48

(q, J = 7.1 Hz, 2H), 1.54 (s, 9H), 1.47 (t, J = 7.1 Hz, 3H) ppm; 13C NMR (75

MHz, CDCl3 with 0.1% v/v TMS): δ 166.9, 165.0, 161.9, 145.3, 141.2, 133.0,

132.5, 131.4, 129.2, 127.2, 126.3, 81.4, 62.0, 28.3, 14.5 ppm; LRMS (ESI+) m/z :

741 [2M+Na]+; HRMS (ESI+) m/z : C19H21NO4S [M+Na]+ calculated: 382.1084,

found: 382.1083.

(143) 5-Bromo-2-phenylthiazole-4-carboxylic acid
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S

N

O

OH

Br

LiOH (0.59 g, 25 mmol) was added to ester 140 (2.6 g, 8.2 mmol) in water (24

mL) and THF (24 mL), and stirred for 18 h at rt. The reaction mixture was washed

with ether (200 mL), the aqueous layer was acidified to pH < 4 with concentrated

HCl. This was extracted with EtOAc (3 × 100 mL), washed with brine (100 mL),

dried over Na2SO4 and concentrated in vacuo. The crude product was recrystallised

(60% v/v toluene in hexane) to afford the title compound as off-white crystals

(2.1 g, 92%). Rf 0.09 (20% v/v EtOAc in DCM + 5 drops AcOH); 1H NMR

(500 MHz, CD3CN): δ 7.95-7.93 (m, 2H), 7.55-7.50 (m, 3H) ppm; 13C NMR

(126 MHz, CD3CN): δ 168.5, 161.4, 144.6, 133.0, 132.3, 130.3, 127.3, 117.5 ppm;

LRMS (ESI−) m/z : 282/284 [M-H]−; HRMS (ESI−) m/z : C10H5BrNO2S [M-H]−

calculated: 282.9230/283.9209, found: 281.9226/283.9204.

(144) Butyl 4-((5-bromo-2-phenylthiazole-4-carbonyl)glycyl)-

piperazine-1-carboxylate

N

N

O

N
H

O

O

O

N

S
Br

Hydrogen chloride in 1,4-dioxane solution (4 M, 19 mL, 76 mmol) was added

dropwise to Boc-carbamate 100 (2.9 g, 8.3 mmol) in dry DCM (30 mL) and stirred at

rt for 30 min. Upon complete consumption of starting material as observed by TLC,

the reaction mixture was concentrated under a flow of nitrogen and used without

further purification. HATU (3.8 g, 9.8 mmol) was added to carboxylic acid 143 (2.2

g, 7.6 mmol), the crude amine 95 and iPr2NEt (6.6 mL, 38 mmol) in DMF (30 mL)

and stirred for 17 h at rt. The reaction mixture was concentrated under flow of
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nitrogen, taken up in DCM (200 mL), washed with aq. citric acid (10% w/v, 100

mL), water (100 mL), brine (100 mL) and dried over Na2SO4. This was concentrated

in vacuo and the crude product was recrystallised from water and MeCN (50% v/v

water in MeCN) to afford the title compound as an off-white solid (3.3 g, 85%). Rf

0.49 (30% v/v acetone in hexane); 1H NMR (500 MHz, CDCl3 with 0.1% v/v

TMS): δ 8.37 (t, J = 4.7 Hz, 1H), 7.90-7.88 (m, 2H), 7.48-7.44 (m, 3H), 4.28 (d,

J = 4.6 Hz, 2H), 4.12 (t, J = 6.7 Hz, 2H), 3.69-3.67 (m, 2H), 3.57-3.47 (m, 6H),

1.66–1.61 (m, 2H), 1.42–1.37 (m, 2H), 0.95 (t, J = 7.3 Hz, 3H) ppm; 13C NMR

(126 MHz, CDCl3 with 0.1% v/v TMS): δ 167.4, 166.8, 160.8, 155.5, 144.7,

132.3, 131.2, 129.3, 126.6, 113.2, 65.9, 44.6, 43.7, 42.0, 41.3, 31.1, 19.3, 13.9 ppm;

LRMS (ESI+) m/z : 531/533 [M+Na]+; HRMS (ESI+) m/z : C21H25BrN4O4S

[M+Na]+ calculated: 531.0672/533.0652, found: 531.06814/533.0661.

(92) Butyl (Z )-4-((5-(3-(tert-butoxy)-3-oxoprop-1-en-1-yl)-2-

phenylthiazole-4-carbonyl)glycyl)piperazine-1-carboxylate

N

N

O

N
H

O

O

O

N

S

O

O

Tert-butyl acrylate (0.86 mL, 5.9 mmol) and Cy2NMe (0.38 mL, 1.8 mmol) in

dry DMA (2 mL) was degassed and added to bromothiazole 144 (0.61 g, 1.2 mmol),

TBACl (33 mg, 0.12 mmol) and PdCl2(dbpf)2 (16 mg, 0.024 mmol, 2 mol%) in a

sealed tube under inert atmosphere. The reaction mixture was stirred at 80 ◦C for

65 h and then concentrated under a flow of nitrogen, taken up in EtOAc (150 mL),

washed with water (100 mL), brine (100 mL) and dried over Na2SO4. This was

concentrated under the flow of nitrogen and the crude product was purified by flash

chromatography (SiO2; 10-18% v/v acetone in hexane) to afford the title compound
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as an off-white solid (0.59 g, 89%). Rf 0.24 (40% v/v EtOAc in hexane); 1H NMR

(300 MHz, CDCl3 with 0.1% v/v TMS): δ 8.75 (d, J = 16.0 Hz, 1H), 8.48

(t, 1H), 8.02–7.91 (m, 2H), 7.51–7.39 (m, 3H), 6.21 (d, J = 16.0 Hz, 1H), 4.30 (d,

J = 4.5 Hz, 2H), 4.12 (t, J = 6.5 Hz, 3H), 3.72-3.63 (m, 2H), 3.58-3.42 (m, 6H),

1.70–1.57 (m, 2H), 1.53 (s, 9H), 1.47–1.31 (m, 2H), 0.95 (t, J = 7.3 Hz, 3H) ppm;

13C NMR (75 MHz, DMSO-d6): δ 166.7, 166.3, 165.2, 161.7, 155.5, 146.2, 138.8,

133.4, 132.4, 131.4, 129.2, 127.0, 125.9, 81.1, 65.9, 44.6, 42.0, 41.3, 31.1, 28.3, 19.3,

13.9 ppm; LRMS (ESI+) m/z : 579 [M+Na]+; HRMS (ESI+) m/z : C28H36N4O6S

[M+Na]+ calculated: 579.2248, found: 579.2242.

(61) (Z )-3-(4-((2-(4-(butoxycarbonyl)piperazin-1-yl)-2-oxo-

ethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylic acid

N

N

O

N
H

O

O

O

N

S

O

OH

TFA (2.0 mL, 26 mmol) was added to tert-butyl ester 92 (0.59 g, 1.1 mmol) in dry

DCM (12 mL) and stirred for 3 h at rt. The reaction mixture was concentrated under

the flow of nitrogen, taken up in EtOAc and Et2O (50% v/v, 200 mL) and washed

with 1 M aq. NaOH (3 × 100 mL). The aq. layer was acidified with concentrated

HCl to pH < 4, extracted with EtOAc (3 × 70 mL) and dried over Na2SO4. This

was concentrated under the flow of nitrogen and the crude product was recrystallised

(70% EtOAc and 5% v/v MeCN in hexane) to afford the title compound as off-white

crystals (530 mg, quant.). Rf 0.20 (20% v/v acetone in hexane); 1H NMR (500

MHz, DMSO-d6): δ 8.76 (t, J = 5.5 Hz, 1H), 8.70 (d, J = 15.9 Hz, 1H), 8.08-8.02

(m, 2H), 7.61-7.55 (m, 3H), 6.32 (d, J = 16.0 Hz, 1H), 4.20 (d, J = 5.4 Hz, 2H),

4.02 (t, J = 6.5 Hz, 2H), 3.53-3.42 (m, 6H), 1.61-1.51 (m, 2H), 1.39-1.30 (m, 2H),
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0.90 (t, J = 7.4 Hz, 3H) ppm; 13C NMR (126 MHz, DMSO-d6): δ 167.1 (2 ×

C), 166.3, 165.9, 161.0, 154.7, 146.7, 137.4, 131.8, 131.7, 129.5, 126.8, 124.3, 64.8,

43.8, 41.3, 40.8, 30.6, 18.7, 13.7 ppm; LRMS (ESI+) m/z : 523 [M+Na]+; HRMS

(ESI−) m/z : C24H27N4O6S [M-H]− calculated: 499.1657, found: 499.1653.

(146) 2,3,6,7-Tetrahydro-1H,5H -pyrido[3,2,1-ij ]quinoline-9-

carbaldehyde

N

O H

Phosphoryl chloride (0.59 mL, 6.3 mmol) was added dropwise to dry DMF (7.9

mL) under nitrogen atmosphere at 0 ◦C, the reaction mixture was brought up to rt

and stirred for 1 h. The phosphoryl chloride solution was added to julolidine (1.0 g,

5.8 mmol) under nitrogen, which was brought up to 90 ◦C and stirred for a further

19 h. After the reaction mixture was cooled to rt, it was diluted with water (50

mL), quenched with sat. aq. bicarb solution until pH ≈ 7, extracted with EtOAc

(3 × 400 mL), washed with brine (200 mL) and then concentrated in vacuo. The

crude product was purified by flash chromatography (SiO2; 5-15% v/v acetone in

hexane) to afford the title compound as a yellow solid (0.90 g, 78%). Rf 0.31 (15%

v/v acetone in hexane); 1H NMR (300 MHz, CDCl3 with 0.1% v/v TMS):

δ 9.60 (s, 1H), 7.29 (s, 2H), 3.29 (t, J = 6.3 Hz, 4H), 2.76 (t, J = 6.3 Hz, 4H),

2.00-1.92 (m, 4H) ppm; 13C NMR (75 MHz, CDCl3 with 0.1% v/v TMS): δ

190.3, 148.0, 129.6, 124.2, 120.5, 50.2, 27.8, 21.4 ppm; LRMS (ESI+) m/z : 425

[2M+Na]+. Spectroscopic data consistent with literature.206,207

(148) 2,4,6-Trimethylpyrylium tetrafluoroborate
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O

BF4

Tetrafluoroboric acid (48% w/v, 5.8 mL, 44 mmol) was added dropwise to a

stirring solution of t-BuOH (3.1 g, 42 mmol) in acetic anhydride (50 mL, 0.53 mol)

while maintaining below 100 ◦C. The reaction mixture was cooled to 80 ◦C and then

rapidly to 5 ◦C. Diethyl ether (130 mL) was added, the white precipitate was filtered

and collected. The crude product was recrystallised from EtOH in MeOH (50% v/v)

with 10 drops of tetrafluoroboric acid to afford the title compound as white crystals

(3.0 g, 34%). 1H NMR (300 MHz, CD3OD): δ 7.87 (s, 2H), 2.88 (s, 6H), 2.72

ppm (s, 3H); LRMS (ESI+) m/z : 123 [M]+. Spectroscopic data consistent with

literature.208

(149) (E)-2,6-dimethyl-4-(2-(2,3,6,7-tetrahydro-1H,5H -

pyrido[3,2,1-ijquinolin-9-yl)vinyl)pyrylium tetrafluoroborate

N

O+

BF4
-

Julolidine carbaldehyde 146 (0.48 g, 2.4 mmol) in MeOH (6 mL) was added to

pyrylium 148 (0.76 g, 3.6 mmol) in MeOH (6 mL) and refluxed for 21 h. The reaction

mixture was concentrated in vacuo and purified by flash chromatography (SiO2; 5%

v/v acetone in DCM, 10% v/v MeOH in CHCl3) to afford the title compound as a

fine blue powder (0.94 g, quant.). Rf 0.20 (10% v/v MeOH in CHCl3); 1H NMR

(500 MHz, CD3OD): δ 7.90 (d, J = 14.7 Hz, 1H), 7.32-7.30 (br, 2H), 6.68 (d,

J = 14.7 Hz, 1H), 3.48 (t, J = 5.8 Hz, 4H), 2.77 (t, J = 6.2 Hz, 4H), 2.02-1.98
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(m, 4H) ppm; LRMS (ESI+) m/z : 306 [M]+. Spectroscopic data consistent with

literature.173

General amide coupling condition appending linkers to Actelion

lead

HATU (1.3 eq.) was added to carboxylic acid 61 (1 eq.), Boc-diamine linker

(1.3 eq.) and iPr2NEt (5 eq.) in DMF (6.3 mL/mmol) and stirred for 19 h at

rt. The reaction mixture was concentrated under a flow of nitrogen, taken up in

EtOAc (500 mL/mmol), washed with aq. citric acid (10% w/v, 250 mL/mmol),

brine (250 mL/mmol) and then dried over MgSO4. This was concentrated under a

flow of nitrogen and the crude product was purified by flash chromatography (SiO2;

10-30% v/v EtOAc in hexane, 10-30% v/v acetone in hexane) to afford the respective

compounds.

(107) Butyl (E)-4-((5-(3-((2-((tert-butoxycarbonyl)amino)-

ethyl)amino)-3-oxoprop-1-en-1-yl)-2-phenylthiazole-4-car-

bonyl)glycyl)piperazine-1-carboxylate

N

N

O

N
H

O

O

O

N

S

O

H
N

N
H O

O

Followed general amide coupling conditions to append linkers with HATU

(40 mg, 0.10 mmol), carboxylic acid 61 (41 mg, 0.080 mmol), N -Boc-ethylenediamine

(17 mg, 0.10 mmol) and iPr2NEt (71 µL, 0.40 mmol) to afford the title compound as

an off-white solid (33 mg, 64%). Rf 0.54 (30% v/v acetone in hexane); 1H NMR

(500 MHz, CDCl3 with 0.1% v/v TMS): δ 8.65 (d, J = 15.6 Hz, 1H), 8.44 (t,
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J = 4.5 Hz, 1H), 7.94 (d, J = 7.1 Hz, 2H), 7.44 (q, J = 7.5 Hz, 3H), 6.60 (s, 1H),

6.30 (d, J = 15.9 Hz, 1H), 5.06 (s, 1H), 4.30 (d, J = 4.6 Hz, 2H), 4.12 (t, J = 6.7

Hz, 2H), 3.72–3.65 (m, 2H), 3.53 (m, 8H), 3.34 (m, 2H), 1.68–1.60 (m, 2H), 1.44 (s,

9H), 1.43-1.36 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H) ppm; LRMS (ESI+) m/z : 665

[M+Na]+; HRMS (ESI+) m/z : C31H43N6O7S [M+H]+ calculated: 643.2909, found:

643.2916.

(108) Butyl (E)-4-((5-(3-((3-((tert-butoxycarbonyl)amino)-

propyl)amino)-3-oxoprop-1-en-1-yl)-2-phenylthiazole-4-car-

bonyl)glycyl)piperazine-1-carboxylate

N

N

O

N
H

O

O

O

N

S

O

H
N H

N
O

O

Followed general amide coupling conditions to append linkers with

HATU (11 mg, 0.029 mmol), carboxylic acid 61 (10 mg, 0.020 mmol), N -Boc-1,3-

propanediamine (4.3 mg, 0.025 mmol) and iPr2NEt (1 drop) to afford the title

compound as an off-white solid (12 mg, 90%). Rf 0.61 (40% v/v acetone in Et2O);

1H NMR (500 MHz, CDCl3 with 0.1% v/v TMS): δ 8.56 (d, J = 15.8 Hz,

1H), 8.43 (t, J = 4.6 Hz, 1H), 7.86 (d, J = 7.5 Hz, 2H), 7.49-7.32 (m, 3H), 6.88 (t, J

= 6.3 Hz, 1H), 6.27 (d, J = 15.8 Hz, 1H), 4.26 (d, J = 4.5 Hz, 2H), 4.09 (t, J =

6.6 Hz, 2H), 3.64 (m, 2H), 3.50 (m, 6H), 3.36 (q, J = 6.4 Hz, 2H), 3.17 (q, J =

6.1 Hz, 2H), 1.66 (m, 2H), 1.64–1.58 (m, 2H), 1.43 (s, 9H), 1.37 (m, 2H), 0.93 (t,

J = 7.4 Hz, 3H) ppm; 13C NMR (101 MHz, CDCl3 with 0.1% v/v TMS):

δ 166.9, 165.9, 165.6, 161.9, 157.0, 155.6, 145.8, 139.0, 132.3, 131.3, 130.1, 129.2,

127.0, 79.6, 65.9, 44.5, 43.7, 42.0, 41.3, 37.4, 36.5, 31.1, 30.2, 28.6, 19.3, 13.9 ppm;
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LRMS (ESI+) m/z : 709 [M+Na]+; HRMS (ESI+) m/z : C33H46N6O8S [M+Na]+

calculated: 709.2990, found: 709.2988.

(112) Butyl (E)-4-((5-(2,2-dimethyl-4,12-dioxo-3,8-dioxa-5,11-

diazatetradec-13-en-14-yl)-2-phenylthiazole-4-carbonyl)gly-

cyl)piperazine-1-carboxylate

N

N

O

N
H

O

O

O

N

S

O

H
N

O
H
N

O

O

Followed general amide coupling conditions to append linkers with HATU

(20 mg, 0.052 mmol), carboxylic acid 61 (20 mg, 0.040 mmol), tert-butyl (2-(2-

aminoethoxy)ethyl)carbamate (9.0 mg, 0.044 mmol) and iPr2NEt (2 drops) to afford

the title compound as an off-white solid (28 mg, quant.). Rf 0.54 (30% v/v acetone

in hexane); 1H NMR (300 MHz, CDCl3 with 0.1% v/v TMS): δ 8.64 (d, J =

15.9 Hz, 1H), 8.46 (t, J = 4.2 Hz, 1H), 7.92 (d, J = 7.9 Hz, 2H), 7.50–7.37 (m, 3H),

6.58 (s, 1H), 6.37 (d, J = 15.9 Hz, 1H), 5.05 (s, 1H), 4.29 (d, J = 4.5 Hz, 2H), 4.11 (t,

J = 6.6 Hz, 2H), 3.67 (m, 2H), 3.60–3.39 (m, 12H), 3.32 (m, 2H), 1.70–1.56 (m, 2H),

1.43 (s, 9H), 1.42-1.3 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H) ppm; 13C NMR (101 MHz,

CDCl3 with 0.1% v/v TMS): δ 166.8, 165.8, 165.4, 161.8, 156.4, 155.5, 145.9,

139.1, 132.4, 131.3, 130.0, 129.2, 127.2, 127.0, 79.6, 70.5, 69.7, 65.9, 44.5, 43.5, 42.0,

41.3, 39.7, 31.2, 28.6, 19.3, 13.9 ppm; LRMS (ESI+) m/z : 679 [M+Na]+; HRMS

(ESI+) m/z : C32H44N6O7S [M+Na]+ calculated: 679.2884, found: 679.2894.
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(72) (E)-9-(4-((2-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-

yl)-2-oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)-

ethyl)carbamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)-

xanthylium

N

N

O

N
H

O

O

O

N

S

O

H
N

N
H

O

O
HO

O+

N

N

Hydrogen chloride in 1,4-dioxane solution (4 M, 40 µL, 0.16 mmol) was added to

Boc-carbamate 173 (9 mg, 0.016 mmol) in dry DCM (0.4 mL) and stirred for 40

min at rt. The reaction mixture was concentrated under a flow of nitrogen, taken

up in MeCN (5 mL), filtered, and the solid was rinsed with MeCN. The solid was

taken up in Et3N and chloroform (0.1% v/v, 20 mL) and concentrated under a flow

of nitrogen. Activated ester 170 (8.5 mg, 0.014 mmol) in DCM (0.35 mL) was added

to the crude amine product, to which iPr2NEt (7.5 µL, 0.043 mmol) was added,

followed by stirring for 3 h at rt. This was concentrated under a flow of nitrogen and

the crude product was purified by reverse phase chromatography (C18, 10-100% v/v

MeCN in water + 0.05% TFA) to afford the title compound as a purple solid (12.6

mg, 93%). Rf 0.33 (10% v/v MeOH in DCM); 1H NMR (500 MHz, DMSO-d6):

δ 9.26 (s, 1H), 9.02 (t, J = 5.5 Hz, 1H), 8.72 (m, 2H), 8.57 (d, J = 15.7 Hz, 1H),

8.50 (t, J = 5.8 Hz, 1H), 8.32 (dd, J = 7.9, 2.0 Hz, 1H), 8.05 (m, 2H), 7.63–7.54

(m, 4H), 7.11 – 6.99 (m, 4H), 6.95 (d, J = 2.4 Hz, 2H), 6.56 (d, J = 15.7 Hz, 1H),

4.20 (d, J = 5.4 Hz, 2H), 4.03 (t, J = 6.5 Hz, 2H), 3.54–3.42 (m, 4H), 3.41–3.36
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(m, 3H), 3.27 (s, 12H), 1.60-1.53 (m, 2H), 1.40-1.31 (m, 2H), 0.91 (t, J = 7.4 Hz,

3H) ppm; LRMS (ESI+) m/z : 955 [M]+; HRMS (ESI+) m/z : C51H55N8O9S

[M]+ calculated: 955.3807, found: 955.3796; HPLC (λ = 220 nm), condition

a: 84.9%, tR = 22.686 min. 2D NMR spectra are shown in Appendix 16 and

Appendix 17.

(73) (E)-9-(4-((3-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-

yl)-2-oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)-

propyl)carbamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)-

xanthylium

N

N

O
N
H

O

O

O

N

S

O

H
N

H
N O

OH

O+

N

N

O

Hydrogen chloride in 1,4-dioxane solution (4 M, 40 µL, 0.16 mmol) was added to

Boc-carbamate 174 (12 mg, 0.021 mmol) in dry DCM (0.4 mL) and stirred for 40

min at rt. The crude product was concentrated under the flow of nitrogen, taken up

in MeCN (5 mL), filtered and rinsed with MeCN. The solid was taken up in Et3N and

chloroform (0.1% v/v, 20 mL) and concentrated under a flow of nitrogen. Activated

ester 170 (11 mg, 0.019 mmol) in DCM (0.42 mL) was added to the crude amine

product, to which iPr2NEt (9.8 µL, 0.056 mmol) was added and stirred for 3 h at rt.

This was concentrated under a flow of nitrogen and the crude product was purified by

reverse phase chromatography (C18, 10-100% v/v MeCN in water + 0.05% TFA) to

afford the title compound as a purple solid (8.5 mg, 47%). Rf 0.19 (10% v/v MeOH

in DCM); 1H NMR (500 MHz, DMSO-d6): δ 8.91 (t, J = 5.8 Hz, 1H), 8.70 (m,

2H), 8.53 (dd, J = 15.8, 1.5 Hz, 1H), 8.37 (t, J = 5.8 Hz, 1H), 8.31 (d, J = 8.0 Hz,

145



1H), 8.02 (d, J = 7.0 Hz, 2H), 7.62–7.52 (m, 4H), 7.03 (m, 4H), 6.92 (s, 2H), 6.54 (d,

J = 15.7 Hz, 1H), 4.19 (d, J = 5.5 Hz, 2H), 4.02 (t, J = 6.5 Hz, 3H), 3.56-3.33 (m,

10H, deduced from HSQC and HMBC, Appendix 18 and Appendix 19), 3.30 (q,

J = 6.4 Hz, 2H), 3.25 (s, 12H), 1.79 (m, 2H), 1.56 (m, 2H), 1.33 (m, 2H), 0.89 (t,

J = 7.4 Hz, 4H) ppm; LRMS (ESI+) m/z : 991 [M+Na]+; HRMS (MALDI+)

m/z : C52H57N8O9S [M]+ calculated: 969.3964, found: 969.3970; HPLC (λ = 215

nm), condition b: 65.5%, tR = 24.357 min.

(75) (E)-9-(4-((2-(2-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-

yl)-2-oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)-

ethoxy)ethyl)carbamoyl)-2-carboxyphenyl)-3,6-bis(dimethyl-

amino)xanthylium

N

N

O
N
H

O

O

O

N

S

O

H
N

O

O

OH

O+

N

N

NH

O

Hydrogen chloride in 1,4-dioxane solution (4 M, 40 µL, 0.16 mmol) was added to

Boc-carbamate 178 (11 mg, 0.018 mmol) in dry DCM (0.4 mL) and stirred for 40

min at rt. The crude product was concentrated under the flow of nitrogen, taken up

in MeCN (5 mL), and filtered over Celite® pad discarding the filtrate. The filtrant

was taken up in solid was taken up in Et3N and chloroform (0.1% v/v, 20 mL) and

concentrated under the flow of nitrogen. Activated ester 171 (10 mg, 0.016 mmol)

in DCM (0.33 mL) was added to the crude TAMRA product, to which iPr2NEt (8.4

µL, 0.048 mmol) was added and stirred for 3 h at rt. This was concentrated under a

flow of nitrogen and the crude product was purified by reverse phase chromatography

(C18, 10-100% v/v MeCN in water + 0.05% TFA) to afford the title compound as
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a purple solid (7.8 mg, 49%). Rf 0.27 (10% v/v MeOH in DCM); 1H NMR (500

MHz, DMSO-d6): δ 8.82 (t, J = 5.3 Hz, 1H), 8.68 (s, 1H), 8.58 (t, J = 5.2 Hz,

1H), 8.52 (d, J = 15.7 Hz, 1H), 8.36 (m, 2H), 7.91 (d, J = 7.4 Hz, 2H), 7.60-7.51

(m, 2H), 7.49 (t, J = 7.4 Hz, 2H), 6.93 (s, 4H), 6.79 (s, 2H), 6.54 (d, J = 15.7 Hz,

1H), 4.10 (d, J = 5.3 Hz, 2H), 4.03 (t, J = 6.5 Hz, 2H), 3.63 (t, J = 5.4 Hz, 2H),

3.67-3.33 (m, 14H), 3.19 (s, 12H), 1.61–1.51 (m, 2H), 1.40-1.28 (m, 2H), 0.90 (t,

J = 7.3 Hz, 3H) ppm; HRMS (MALDI+) m/z : C53H59N8O10S [M]+ calculated:

999.4069, found: 999.4075; HPLC (λ = 215 nm), condition b: 93.8%, tR =

23.381 min. 2D NMR spectra are shown in Appendix 20 and Appendix 21.

(170) Butyl (E)-4-((5-(3-((2,5-dioxopyrrolidin-1-yl)oxy)-3-oxo-

prop-1-en-1-yl)-2-phenylthiazole-4-carbonyl)glycyl)piperazine-

1-carboxylate

N

N

O

N
H

O

O

O

N

S

O

O

N

O

O

DCC (26 mg, 0.11 mmol) and iPr2NEt (25 mg, 0.2 mmol) were sequentially

added to carboxylic acid 61 (48 mg, 0.1 mmol), NHS (14 mg, 0.12 mmol), and

DMAP (7.1 mg, 0.058 mmol) in dry DMA (0.50 mL) under nitrogen and stirred for

19 h at rt. This was concentrated under a flow of nitrogen and the crude product

was purified by flash chromatography (SiO2; 10-50% v/v acetone in hexane) to afford

the title compound as an off-white solid (51 mg, 89%). Rf 0.29 (30% v/v acetone in

hexane); 1H NMR (500 MHz, CDCl3 with 0.1% v/v TMS): δ 9.16 (d, J =

16.1 Hz, 1H), 8.49 (t, J = 4.6 Hz, 1H), 7.97 (d, J = 6.8 Hz, 2H), 7.53 – 7.37 (m,

3H), 6.38 (d, J = 16.0 Hz, 1H), 4.27 (d, J = 4.5 Hz, 2H), 4.10 (t, J = 6.6 Hz, 2H),

147



3.67 (t, J = 5.2 Hz, 2H), 3.58–3.44 (m, 6H), 2.86 (s, 4H), 1.65 – 1.57 (m, 2H), 1.42 –

1.33 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H) ppm; 13C NMR (126 MHz, CDCl3 with

0.1% v/v TMS): δ 169.3, 168.1, 166.6, 161.2, 161.0, 155.5, 148.0, 139.6, 136.9,

132.0, 131.9, 129.3, 127.2, 116.2, 65.9, 44.5, 43.6 (2 × C peaks), 42.0, 41.2, 31.1,

25.7, 19.2, 13.8 ppm; LRMS (ESI+) m/z : 620 [M+Na]+; HRMS (ESI+) m/z :

C28H31N5O8S [M+Na]+ calculated: 620.1786, found: 620.1775.

(171) Butyl (E)-4-((5-(3-(4-nitrophenoxy)-3-oxoprop-1-en-1-

yl)-2-phenylthiazole-4-carbonyl)glycyl)piperazine-1-carboxy-

late

N

N

O

N
H

O

O

O

N

S

O

O

NO2

EDC (29 mg, 0.15 mmol) and DMAP (25 mg, 0.2 mmol) were added to carboxylic

acid 61 (50 mg, 0.1 mmol) and 4-nitrophenol (22 mg, 0.15 mmol) in dry DCM (0.5

mL) under nitrogen and stirred for 24 h at rt. The reaction mixture was diluted with

DCM (50 mL), washed with 1 M aq. HCl (15 mL), sat. aq. bicarb solution (15 mL),

water (15 mL), brine (15 mL) and then dried over Na2SO4. This was concentrated

under a flow of nitrogen and the crude product was purified by flash chromatography

(SiO2; 10-50% v/v acetone in hexane) to afford the title compound as an off-white

solid (17 mg, 28%). Rf 0.16 (20% v/v acetone in hexane); 1H NMR (500 MHz,

CDCl3 with 0.1% v/v TMS): δ 9.16 (d, J = 15.9 Hz, 1H), 8.53 (t, J = 4.6 Hz,

1H), 8.33–8.26 (dt, J = 9.1, 2.2 Hz, 2H), 8.00 (dt, J = 6.7, 1.6 Hz, 2H), 7.54–7.46

(m, 3H), 7.40–7.34 (dt, J = 9.1, 2.1 Hz, 2H), 6.43 (d, J = 16.0 Hz, 1H), 4.30 (d,

J = 4.5 Hz, 2H), 4.12 (t, J = 6.7 Hz, 2H), 3.72–3.63 (m, 2H), 3.61–3.43 (m, 6H),
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1.67-1.59 (m, 2H), 1.43–1.34 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H) ppm; 13C NMR

(126 MHz, CDCl3 with 0.1% v/v TMS): δ 167.7, 166.5, 163.3, 161.5, 155.6,

155.5, 147.5, 145.5, 137.6, 137.4, 132.1, 131.8, 129.3, 127.2, 125.3, 122.6, 121.2, 66.0,

44.5, 43.6 (2 × C peaks), 42.0, 41.3, 31.1, 19.3, 13.9 ppm; LRMS (ESI+) m/z :

644 [M+Na]+; HRMS (ESI+) m/z : C30H31N5O8S [M+Na]+ calculated: 644.1786,

found: 644.1777.

(172) Butyl (E)-4-((5-(3-(1H -imidazol-1-yl)-3-oxoprop-1-en-1-

yl)-2-phenylthiazole-4-carbonyl)glycyl)piperazine-1-carboxy-

late

N

N

O

N
H

O

O

O

N

S

O

N

N

CDI (22 mg, 0.12 mmol) was added to (Z )-3-(4-((2-(4-(butoxycarbonyl)piperazin-

1-yl)-2-oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylic acid (48 mg, 0.1 mmol) in

dry DCM (0.25 mL) under nitrogen and stirred for 14 h at rt. This was concentrated

under a flow of nitrogen and the crude product was purified by flash chromatography

(SiO2; 10-70% v/v acetone in hexane) to afford the title compound as an off-white

solid (17 mg, 33%). Rf 0.27 (20% v/v acetone in hexane); 1H NMR (500 MHz,

CDCl3 with 0.1% v/v TMS): δ 9.23 (d, J = 15.5 Hz, 1H), 8.50 (s, 1H), 8.28 (s,

1H), 7.98 (d, J = 1.8 Hz, 1H), 7.60 (s, 1H), 7.52–7.43 (m, 3H), 7.15 (s, 1H), 6.88

(d, J = 15.5 Hz, 1H), 4.30 (d, J = 4.5 Hz, 2H), 4.12 (t, J = 6.7 Hz, 3H), 3.67 (d,

J = 5.4 Hz, 2H), 3.58–3.45 (m, 6H), 1.63 (m, 2H), 1.39 (m, 2H), 0.94 (t, J = 7.4

Hz, 3H) ppm; 13C NMR (126 MHz, CDCl3 with 0.1% v/v TMS): δ 167.8,

166.5, 161.2, 160.9, 155.5, 148.3, 139.1, 137.0, 136.4, 132.0, 131.9, 131.4, 129.4, 129.4,

127.2, 119.7, 116.5, 65.9, 44.5, 43.5 (2 × C peaks), 42.0, 41.3, 31.1, 19.3, 13.9 ppm;
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LRMS (ESI+) m/z : 573 [M+Na]+; HRMS (ESI+) m/z : C27H31N6O5S [M+H]+

calculated: 551.2071, found: 551.2069.

General amide coupling condition appending linkers to

TAMRA

Et3N (5 eq.) was added to 5-TAMRA (1 eq.) in DMA (43 mL/mmol) and stirred

for 5 min at rt, to which HATU (1.3 eq.) and then Boc-diamine linker (1.3 eq.) in

DMA (43 mL/mmol) were added to the 5-TAMRA solution. This was stirred for 22

h and then purified by reverse phase chromatography (10-100% v/v MeCN in water

+ 0.1% Et3N) to afford the respective compounds.

(173) 9-(4-((2-((Tert-butoxycarbonyl)amino)ethyl)car-

bamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

O+N N

ON
H

OH

O

H
NO

O

Followed general amide coupling condition appending linkers to

TAMRA with Et3N (16 µL, 0.12 mmol), 5-TAMRA (10 mg, 0.023 mmol), HATU

(11 mg, 0.030 mmol) and N -Boc-ethylenediamine (4.8 mg, 0.030 mmol) to afford

the title compound as a purple solid (9.6 mg, 72%). Rf 0.41 (10% v/v MeOH in

DCM); 1H NMR (300 MHz, CDCl3 with 0.1% v/v TMS): δ 8.45 (s, 1H),

8.16 (dd, J = 8.0, 1.6 Hz, 1H), 7.69 (t, J = 4.2 Hz, 1H), 7.23 (d, J = 8.0 Hz,

1H), 6.60 (d, J = 8.9 Hz, 2H), 6.49 (d, J = 2.5 Hz, 2H), 6.40 (dd, J = 8.9, 2.6

Hz, 2H), 5.16 (m, 1H), 3.61 (q, J = 5.1 Hz, 2H), 3.42 (m, 2H), 2.99 (s, 12H), 1.44

(s, 9H) ppm; 13C NMR (126 MHz, CDCl3 with 0.1% v/v TMS): δ 169.2,

150



166.6, 157.7, 154.8, 153.3, 152.6, 136.1, 133.7, 129.0, 124.9, 123.8, 109.1, 106.8, 98.5,

80.3, 42.4, 40.4, 28.5 ppm; LRMS (ESI+) m/z : 573 [M]+; HRMS (ESI+) m/z :

C32H37N4O6 [M]+ calculated: 573.2708, found: 573.27129. 2D NMR spectra are

shown in Appendix 22 and Appendix 23.

(174) 9-(4-((2-((Tert-butoxycarbonyl)amino)propyl)car-

bamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

O+N N

ON
H

OH

O

N
H

O

O

Followed general amide coupling condition appending linkers to

TAMRA with Et3N (16 µL, 0.12 mmol), 5-TAMRA (10 mg, 0.023 mmol), HATU

(11 mg, 0.030 mmol) and N -Boc-1,3-propanediamine (5.2 mg, 0.030 mmol) to afford

the title compound as a purple solid (12 mg, 89%). Rf 0.41 (10% v/v MeOH in

DCM); 1H NMR (400 MHz, DMSO-d6): δ 8.78 (t, J = 5.6 Hz, 1H), 8.44 (s,

1H), 8.22 (dd, J = 8.0, 1.8 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 6.81 (t, J = 5.7 Hz,

1H), 6.59–6.41 (m, 6H), 3.30 (m, 2H), 3.01 (q, J = 6.6 Hz, 2H), 2.94 (s, 12H), 1.67

(m, 2H), 1.38 (s, 9H) ppm; 13C NMR (101 MHz, DMSO-d6): δ 168.4, 164.7,

155.6, 154.8, 152.1, 152.0, 136.2, 134.4, 128.4, 126.9, 124.2, 123.1, 109.0, 105.6, 98.0,

84.8, 77.5, 39.8, 37.8, 37.2, 29.4, 28.2 ppm; LRMS (ESI+) m/z : 587 [M]+; HRMS

(ESI+) m/z : C33H39N4O6 [M]+ calculated: 587.2864, found: 587.2856. 2D NMR

spectra are shown in Appendix 24 and Appendix 25.

(175) 9-(4-((4-((Tert-butoxycarbonyl)amino)butyl)car-

bamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium
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O+N N

ON
H

OH

O

H
NO

O

Followed general amide coupling condition appending linkers to

TAMRA with Et3N (16 µL, 0.12 mmol), 5-TAMRA (10 mg, 0.023 mmol), HATU

(11 mg, 0.030 mmol) and N -Boc-1,4-butanediamine (5.6 mg, 0.030 mmol) to afford

the title compound as a purple solid (12 mg, 88%). Rf 0.41 (10% v/v MeOH in

DCM); 1H NMR (500 MHz, DMSO-d6): δ 8.80 (t, J = 5.6 Hz, 1H), 8.43 (s,

1H), 8.22 (dd, J = 8.0, 1.6 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 6.79 (t, J = 5.8 Hz,

1H), 6.56–6.40 (m, 6H), 3.32-3.27 (m, 2H), 2.97-2.91 (m, 14H), 1.55-1.50 (m, 2H),

1.48–1.41 (m, 2H), 1.37 (s, 9H) ppm; 13C NMR (126 MHz, DMSO-d6): δ 168.5,

164.7, 155.7, 154.8, 152.2, 152.0, 136.3, 134.5, 128.4, 126.9, 124.2, 123.1, 109.0, 105.6,

98.0, 84.9, 77.4, 39.8, 39.1 (deduced from HSQC and HMBC, Appendix 26 and

Appendix 27), 28.3, 27.1, 26.4 ppm; LRMS (ESI+) m/z : 601 [M]+; HRMS

(ESI+) m/z : C34H41N4O6 [M]+ calculated: 601.3021, found: 601.3013.

(176) 9-(4-((5-((Tert-butoxycarbonyl)amino)pentyl)car-

bamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

O+N N

ON
H

OH

O

N
H

O

O

Followed general amide coupling condition appending linkers to
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TAMRA with Et3N (16 µL, 0.12 mmol), 5-TAMRA (10 mg, 0.023 mmol), HATU

(11 mg, 0.030 mmol) and N -Boc-cadaverine (6.1 mg, 0.030 mmol) to afford the title

compound as a purple solid (4.5 mg, 33%). Rf 0.41 (10% v/v MeOH in DCM);

1H NMR (500 MHz, DMSO-d6): δ 8.78 (t, J = 5.6 Hz, 1H), 8.43 (s, 1H), 8.21

(dd, J = 8.0, 1.6 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 6.76 (t, J = 5.9 Hz, 1H),

6.56–6.44 (m, 6H), 3.30 (d, J = 6.2 Hz, 2H), 2.94 (s, 12H), 2.93-2.86 (m, 2H),

1.59–1.51 (m, 2H), 1.45-1.38 (m, 2H), 1.36 (s, 9H), 1.34–1.28 (m, 2H) ppm; 13C

NMR (126 MHz, DMSO-d6): δ 168.5, 164.7, 155.7, 154.8, 152.2, 152.0, 136.3,

134.5, 128.4, 126.9, 124.2, 123.1, 109.0, 105.6, 98.0, 84.8, 77.4, 39.9 (deduced from

HSQC and HMBC, Appendix 28 and Appendix 29), 39.7 (deduced from HSQC

and HMBC), 39.4 (deduced from HSQC and HMBC), 29.3, 28.7, 28.3, 23.8 ppm;

LRMS (ESI+) m/z : 637 [M-H+Na]+; HRMS (ESI+) m/z : C35H43N4O6 [M]+

calculated: 615.3177, found: 615.3173.

(177) 9-(4-((6-((Tert-butoxycarbonyl)amino)hexyl)car-

bamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

O+N N

ON
H

OH

O

H
NO

O

Followed general amide coupling condition appending linkers to

TAMRA with Et3N (16 µL, 0.12 mmol), 5-TAMRA (10 mg, 0.023 mmol), HATU

(11 mg, 0.030 mmol) and N -Boc-1,6-hexanediamine (6.5 mg, 0.030 mmol) to afford

the title compound as a purple solid (9.9 mg, 74%). Rf 0.41 (10% v/v MeOH

in DCM); 1H NMR (500 MHz, DMSO-d6): δ 8.78 (t, J = 5.6 Hz, 1H), 8.43

(s, 1H), 8.22 (dd, J = 8.1, 1.6 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 6.75 (t, J =
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5.8 Hz, 1H), 6.55–6.48 (m, 6H), 3.33–3.27 (m, 2H), 2.94 (s, 12H), 2.92–2.87 (m,

2H), 1.58–1.51 (m, 2H), 1.42–1.37 (m, 2H), 1.36 (s, 9H), 1.34–1.25 (m, 4H) ppm;

13C NMR (126 MHz, DMSO-d6): δ 168.5, 164.7, 155.7, 154.8, 152.2, 152.0,

136.3, 134.5, 128.4, 126.9, 124.2, 123.1, 109.0, 105.6, 98.0, 84.8, 79.2, 77.4, 39.8,

39.7 (deduced from HSQC and HMBC, Appendix 30 and Appendix 31), 39.4

(deduced from HSQC and HMBC), 29.5, 29.0, 28.3, 26.2, 26.1 ppm; LRMS (ESI+)

m/z : 629 [M]+; HRMS (ESI+) m/z : C36H45N4O6 [M]+ calculated: 629.3334,

found: 629.3326.

(178) 9(4((2(2((Tert-butoxycarbonyl)amino)ethoxy)ethyl)car-

bamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

O+N N

ON
H

OH

O

O
N
H

O

O

Followed general amide coupling condition appending linkers to

TAMRA with Et3N (16 µL, 0.12 mmol), 5-TAMRA (10 mg, 0.023 mmol), HATU

(11 mg, 0.030 mmol) and tert-butyl (2-(2-aminoethoxy)ethyl)carbamate (6.2 mg,

0.030 mmol) to afford the title compound as a purple solid (11 mg, 82%). Rf 0.41

(10% v/v MeOH in DCM); 1H NMR (400 MHz, DMSO-d6): δ 8.86 (t, J = 5.5

Hz, 1H), 8.45 (s, 1H), 8.23 (d, J = 8.0 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 6.75 (d,

J = 5.9 Hz, 1H), 6.63 – 6.40 (m, 6H), 3.56 (t, J = 5.9 Hz, 2H), 3.47 (t, J = 5.7

Hz, 3H), 3.43 (t, J = 6.2 Hz, 2H), 3.10 (q, J = 5.9 Hz, 2H), 2.94 (s, 12H), 1.36 (s,

9H) ppm; 13C NMR (101 MHz, DMSO-d6): δ 168.3, 164.9, 155.6, 154.8, 152.1,

152.0, 136.0, 134.5, 128.4, 126.9, 124.1, 123.2, 109.0, 105.6, 98.0, 84.8, 77.6, 69.0,

68.5, 39.7 (deduced from HSQC and HMBC, Appendix 32 and Appendix 33),

39.3 (deduced from HSQC and HMBC), 28.2 ppm; LRMS (ESI+) m/z : 617 [M]+;
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HRMS (ESI+) m/z : C34H41N4O7 [M]+ calculated: 617.2970, found: 617.2967.

(179) 9-(2-Carboxy-4-((2,2-dimethyl-4-oxo-3,8,11-trioxa-5-aza-

tridecan-13-yl)carbamoyl)phenyl)-3,6-bis(dimethylamino)xan-

thylium

O+N N

ON
H

OH

O

O
O

H
NO

O

Followed general amide coupling condition appending linkers to

TAMRA with Et3N (16 µL, 0.12 mmol), 5-TAMRA (10 mg, 0.023 mmol), HATU

(11 mg, 0.030 mmol) and tert-butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate

(7.5 mg, 0.030 mmol) to afford the title compound as a purple solid (8.2 mg, 51%).

Rf 0.41 (10% v/v MeOH in DCM); LRMS (ESI+) m/z : 661 [M]+; 1H NMR

(500 MHz, DMSO-d6): δ 8.88 (t, J = 5.5 Hz, 1H), 8.46 (d, J = 1.5 Hz, 1H), 8.23

(dd, J = 8.0, 1.6 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 6.73 (t, J = 5.3 Hz, 1H), 6.52

(d, J = 8.8 Hz, 2H), 6.50 (s, 2H), 6.48 (dd, J = 8.8, 2.5 Hz, 2H), 3.58 (t, J = 6.0

Hz, 2H), 3.56 (dd, J = 5.4, 2.6 Hz, 2H), 3.52 (dd, J = 5.2, 2.6 Hz, 2H), 3.48 (q, J

= 5.8 Hz, 2H), 3.38 (t, J = 6.1 Hz, 2H), 3.05 (q, J = 6.1 Hz, 2H), 2.94 (s, 12H),

1.36 (s, 9H) ppm; 13C NMR (126 MHz, DMSO-d6): δ 168.4, 164.8, 155.6, 154.8,

152.2, 152.0, 136.0, 134.5, 128.4, 126.9, 124.2, 123.2, 109.0, 105.6, 98.0, 84.8, 77.6,

69.6, 69.5, 69.2, 68.8, 39.8, 39.7 (deduced from HSQC and HMBC, Appendix 34

and Appendix 35), 39.4 (deduced from HSQC and HMBC), 28.2 ppm; HRMS

(ESI+) m/z : C36H45N4O8 [M]+ calculated: 661.3232, found: 661.3222.
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(180) 9-(2-Carboxy-4-((2,2-dimethyl-4-oxo-3,9,12,15-tetraoxa-

5-azaoctadecan-18-yl)carbamoyl)phenyl)-3,6-bis(dimethyl-

amino)xanthylium

O+N N

ON
H

OH

O

O
O

ON
H

O

O

Followed general amide coupling condition appending linkers to

TAMRA with Et3N (16 µL, 0.12 mmol), 5-TAMRA (10 mg, 0.023 mmol), HATU

(11 mg, 0.030 mmol) and tert -butyl (3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)-

carbamate (7.5 mg, 0.023 mmol) to afford the title compound as a purple solid (8.4

mg, 56%). Rf 0.41 (10% v/v MeOH in DCM); 1H NMR (500 MHz, DMSO-d6):

δ 8.79 (t, J = 5.6 Hz, 1H), 8.43 (s, 1H), 8.22 (d, J = 8.1 Hz, 1H), 7.30 (d, J = 8.0

Hz, 1H), 6.72 (t, J = 5.8 Hz, 1H), 6.58–6.44 (m, 6H), 3.56–3.44 (m, 10H), 3.35-3.30

(m, 4H), 2.98-2.91 (m, 14H), 1.79 (m, 2H), 1.58 (m, 2H), 1.35 (s, 9H) ppm; 13C

NMR (126 MHz, DMSO-d6): δ 168.4, 164.8, 155.6, 154.8, 152.2, 152.0, 136.3,

134.5, 128.4, 126.9, 124.2, 123.1, 109.0, 105.6, 98.0, 84.8, 79.2, 77.5, 69.8 (2 × C

peaks, Appendix 36 and Appendix 37), 69.6 (2 × C peaks), 68.3, 68.1, 39.8,

37.3, 36.9, 29.7, 29.3, 28.3 ppm; LRMS (ESI+) m/z : 755 [M-H+Na]+; HRMS

(ESI+) m/z : C40H53N4O9 [M]+ calculated: 733.3807, found: 733.3799.
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Chapter 7

Appendix:

Selected tables

Compound GlideXP

60 -9.9

82a -8.8

82b -7.7

82c -8.0

61 -8.9

83a -7.9

83b -8.6

83c -α

Appendix 1: Top GlideXP scores from truncated NanoBRET probe docking studies.
α No binding pose was identified that reflects the ligand pose expected from the
crystal structure (4NTJ) by visual inspection.
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Compound GlideXP

67 -6.8

68 -α

69 -α

70 -7.9

71 -α

62 -α

63 -α

64 -α

65 -5.6

66 -α

Appendix 2: Top GlideXP scores from propanamide fluorescent probe series
docking. α No binding pose was identified that reflects the ligand pose expected from
the crystal structure (4NTJ) by visual inspection.

Compound GlideXP

77 -7.7

78 -α

79 -α

80 -α

81 -α

72 -α

73 -α

74 -α

75 -α

76 -α

Appendix 3: Top GlideXP scores from propenamide series probe docking studies.
α No binding pose was identified that reflects the ligand pose expected from the
crystal structure (4NTJ) by visual inspection.
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Entry 1-Butanol CDI Yield (%)

1 1 1.1 65

2 2 1 62

3 1 1 83

Appendix 4: Optimisation of the imidazole carbamate reaction in Scheme 20 by
varying the equivalence. Entries 1 and 2 were concentrated under rotovap, potentially
contributing to the lower yields.

Excitation/Emission Compound Concentration
(µM)

Slit width
(nm)

Excitation
72 67 -
73 33 -
75 33 -

Emission
72 100 0.9
73 100 1
75 100 0.9

Appendix 5: Experimental conditions for the excitation and emission spectra of
TAMRA probes 72, 73 and 75. Compound stock solutions (10 mM) were prepared
in DMSO and subsequently diluted in MeOH to the desired concentrations. Slit
width was optimised based on solution intensity to achieve maximal signal detection.
All measurements were conducted using a 10 mm pathlength quartz cuvette.
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Selected NMR and MS spectra

(31) Ethyl 5-cyano-2-methyl-6-oxo-1,6-dihydropyridine-3-carboxy-

late

Appendix 6: (31) Ethyl 5-cyano-2-methyl-6-oxo-1,6-dihydropyridine-3-carboxylate
1H NMR spectrum.
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(27) Ethyl 6-chloro-5-cyano-2-methylnicotinate

Appendix 7: (27) Ethyl 6-chloro-5-cyano-2-methylnicotinate 1H NMR spectrum.
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Appendix 8: (27) Ethyl 6-chloro-5-cyano-2-methylnicotinate MS spectrum.
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(35) 6-(3-(3-((5-Chlorothiophen-2-yl)sulfonyl)ureido)azetidin-1-

yl)-5-cyano-N -methoxy-N,2-dimethylnicotinamide

Appendix 9: (35) 6-(3-(3-((5-Chlorothiophen-2-yl)sulfonyl)ureido)azetidin-1-yl)-5-
cyano-N -methoxy-N,2-dimethylnicotinamide HSQC.
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Appendix 10: (35) 6-(3-(3-((5-Chlorothiophen-2-yl)sulfonyl)ureido)azetidin-1-yl)-
5-cyano-N -methoxy-N,2-dimethylnicotinamide HMBC.
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(97) Ethyl 2-phenylthiazole-4-carboxylate

Appendix 11: (97) Ethyl 2-phenylthiazole-4-carboxylate 1H NMR spectrum.
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Appendix 12: (97) Ethyl 2-phenylthiazole-4-carboxylate 13C NMR spectrum.
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(139) Dibutyl 4,4′-(2,2′-((2,2′-diphenyl-[5,5′-bithiazole]-4,4′-di-

carbonyl)bis(azanediyl))bis(acetyl))bis(piperazine-1-carboxylate)

Appendix 13: (139) Dibutyl 4,4′-(2,2′-((2,2′-diphenyl-[5,5′-bithiazole]-4,4′-dicar-
bonyl)bis(azanediyl))bis(acetyl))bis(piperazine-1-carboxylate) MS spectra.
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Appendix 14: (139) Dibutyl 4,4′-(2,2′-((2,2′-diphenyl-[5,5′-bithiazole]-4,4′-dicar-
bonyl)bis(azanediyl))bis(acetyl))bis(piperazine-1-carboxylate) 1H NMR spectrum.
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(141) Ethyl 5-bromo-2-(4-bromophenyl)thiazole-4-carboxylate-

ethyl 5-bromo-2-(4-bromophenyl)thiazole-4-carboxylate

Appendix 15: (141) Ethyl 5-bromo-2-(4-bromophenyl)thiazole-4-carboxylateethyl
5-bromo-2-(4-bromophenyl)thiazole-4-carboxylate 1H NMR spectrum.
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(72) (E)-9-(4-((2-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-yl)-

2-oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)ethyl)-

carbamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

194



Appendix 16: (72) (E )-9-(4-((2-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-yl)-2-
oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)ethyl)carbamoyl)-2-carboxy-
phenyl)-3,6-bis(dimethylamino)xanthylium HSQC.
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Appendix 17: (72) (E )-9-(4-((2-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-yl)-2-
oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)ethyl)carbamoyl)-2-carboxy-
phenyl)-3,6-bis(dimethylamino)xanthylium HMBC.
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(73) (E)-9-(4-((3-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-yl)-

2-oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)propyl)-

carbamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

197



Appendix 18: (73) (E )-9-(4-((3-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-yl)-2-
oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)propyl)carbamoyl)-2-carboxy-
phenyl)-3,6-bis(dimethylamino)xanthylium HSQC.
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Appendix 19: (73) (E )-9-(4-((3-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-yl)-2-
oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)propyl)carbamoyl)-2-carboxy-
phenyl)-3,6-bis(dimethylamino)xanthylium HMBC.

199



(75) (E)-9-(4-((2-(2-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-yl)-

2-oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)ethoxy)-

ethyl)carbamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xan-

thylium
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Appendix 20: (75) (E )-9-(4-((2-(2-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-yl)-2-
oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)ethoxy)ethyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HSQC.
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Appendix 21: (75) (E )-9-(4-((2-(2-(3-(4-((2-(4-(butoxycarbonyl)piperazin-1-yl)-2-
oxoethyl)carbamoyl)-2-phenylthiazol-5-yl)acrylamido)ethoxy)ethyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HMBC.
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(173) 9-(4-((2-((Tert-butoxycarbonyl)amino)ethyl)carbamoyl)-

2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

Appendix 22: (173) 9-(4-((2-((Tert -butoxycarbonyl)amino)ethyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HSQC.
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Appendix 23: (173) 9-(4-((2-((Tert -butoxycarbonyl)amino)ethyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HMBC.
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(174) 9-(4-((2-((Tert-butoxycarbonyl)amino)propyl)carbamoyl)-

2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

Appendix 24: (174) 9-(4-((2-((Tert -butoxycarbonyl)amino)propyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HSQC.
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Appendix 25: (174) 9-(4-((2-((Tert -butoxycarbonyl)amino)propyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HMBC.
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(175) 9-(4-((4-((Tert-butoxycarbonyl)amino)butyl)carbamoyl)-

2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

Appendix 26: (175) 9-(4-((4-((Tert -butoxycarbonyl)amino)butyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HSQC.
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Appendix 27: (175) 9-(4-((4-((Tert -butoxycarbonyl)amino)butyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HMBC.
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(176) 9-(4-((5-((Tert-butoxycarbonyl)amino)pentyl)carbamoyl)-

2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

Appendix 28: (176) 9-(4-((5-((Tert -butoxycarbonyl)amino)pentyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HSQC.
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Appendix 29: (176) 9-(4-((5-((Tert -butoxycarbonyl)amino)pentyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HMBC.
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(177) 9-(4-((6-((Tert-butoxycarbonyl)amino)hexyl)carbamoyl)-

2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

Appendix 30: (177) 9-(4-((6-((Tert -butoxycarbonyl)amino)hexyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HSQC.
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Appendix 31: (177) 9-(4-((6-((Tert -butoxycarbonyl)amino)hexyl)carbamoyl)-2-
carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HMBC.
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(178) 9(4((2(2((Tert-butoxycarbonyl)amino)ethoxy)ethyl)car-

bamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium

Appendix 32: (178) 9(4((2(2((Tert -butoxycarbonyl)amino)ethoxy)ethyl)car-
bamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HSQC.
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Appendix 33: (178) 9(4((2(2((Tert -butoxycarbonyl)amino)ethoxy)ethyl)car-
bamoyl)-2-carboxyphenyl)-3,6-bis(dimethylamino)xanthylium HMBC.
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(179) 9-(2-Carboxy-4-((2,2-dimethyl-4-oxo-3,8,11-trioxa-5-aza-

tridecan-13-yl)carbamoyl)phenyl)-3,6-bis(dimethylamino)xanthylium

Appendix 34: (179) 9-(2-Carboxy-4-((2,2-dimethyl-4-oxo-3,8,11-trioxa-5-azatri-
decan-13-yl)carbamoyl)phenyl)-3,6-bis(dimethylamino)xanthylium HSQC.
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Appendix 35: (179) 9-(2-Carboxy-4-((2,2-dimethyl-4-oxo-3,8,11-trioxa-5-azatri-
decan-13-yl)carbamoyl)phenyl)-3,6-bis(dimethylamino)xanthylium HMBC.
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(180) 9-(2-Carboxy-4-((2,2-dimethyl-4-oxo-3,9,12,15-tetraoxa-5-

azaoctadecan-18-yl)carbamoyl)phenyl)-3,6-bis(dimethylamino)-

xanthylium
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Appendix 36: (180) 9-(2-Carboxy-4-((2,2-dimethyl-4-oxo-3,9,12,15-tetraoxa-5-aza-
octadecan-18-yl)carbamoyl)phenyl)-3,6-bis(dimethylamino)xanthylium HSQC.
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Appendix 37: (180) 9-(2-Carboxy-4-((2,2-dimethyl-4-oxo-3,9,12,15-tetraoxa-5-aza-
octadecan-18-yl)carbamoyl)phenyl)-3,6-bis(dimethylamino)xanthylium HMBC.
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Selected HPLC chromatograms and spectra

(a)

(b)

(c)

(d)

(e)

Appendix 38: HPLC analysis of compound 163. Eluent: 10-100% A in B. A =
MeCN + 0.1% TFA, B = H2O + 0.1% TFA. (a) Chromatogram at 220 nm; (b)
Spectrum of analyte at tR = 19.287 min; (c) Spectrum of analyte at tR = 19.567
min; (d) Spectrum of analyte at tR = 21.371 min; (e) Spectrum of analyte at tR =
29.262 min.
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(a)

(b)

(c)

Appendix 39: HPLC analysis of compound 72. Eluent: 10-100% A in B. A =
MeCN + 0.1% TFA, B = H2O + 0.1% TFA. (a) Chromatogram at 220 nm; (b)
Spectrum of analyte at tR = 22.198 min; (c) Spectrum of analyte at tR = 22.686
min.
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(a)

(b)

(c)

(d)

Appendix 40: HPLC analysis of compound 173. Eluent: 10-100% A in B. A =
MeCN + 0.1% TFA, B = H2O + 0.1% TFA. (a) Chromatogram at 220 nm; (b)
Spectrum of analyte at tR = 17.817 min; (c) Spectrum of analyte at tR = 18.578
min; (d) Spectrum of analyte at tR = 19.080 min.
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(a)

(b)

(c)

(d)

Appendix 41: HPLC analysis of compound 181. Eluent: 10-100% A in B. A =
MeCN + 0.1% TFA, B = H2O + 0.1% TFA. (a) Chromatogram at 220 nm; (b)
Spectrum of analyte at tR = 18.538 min; (c) Spectrum of analyte at tR = 21.811
min; (d) Spectrum of analyte at tR = 23.756 min.
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Appendix 42: HPLC analysis of compound 166, chromatogram of analyte at
220nm.
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(a)

(b)
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(c)

(d)

Appendix 43: HPLC analysis of compound 73. Eluent: 10-100% A in B. A =
MeCN + 0.1% NH4OH, B = H2O + 0.1% NH4OH. (a) Chromatogram at 220 nm;
(b) Spectrum of analyte at tR = 0.792 min; (c) Spectrum of analyte at tR = 16.172
min; (d) Spectrum of analyte at tR = 34.567 min
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